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Abstract

Lattices are classical objects in the geometry of numbers. A lattice L is a discrete
(abelian) subgroup of the n-dimensional vector space over the real numbers. Lattices
have numerous applications ranging from number theory over computer algebra to opti-
mization and cryptography.

In this thesis, we study the complexity of four classical problems from the geometry
of numbers, the shortest vector problem (SvP), the successive minima problem (SMP),
the shortest independent vectors problem (SIvP), and the closest vector problem (CvP).
These problems can be defined for any norm on R™. The focus of this thesis is the algo-
rithmic complexity of the four lattice problems described above with respect to arbitrary,
especially non-Fuclidean norms.

Extending and generalizing results of Ajtai et al. we present probabilistic single expo-
nential time algorithms for all four lattice problems using single exponential space. The
algorithms solve SvP and restricted versions of the other problems optimally using at
most (2" logy(r))®() arithmetic operations, where n is the dimension of the vector space
and r is an upper bound on the size of the input instance. Furthermore, the algorithms
solve the general versions of SMP, Sivp, and CVP almost optimally, i.e., with approx-
imation factor 1 + €, where 0 < € < 3/2. Here, the number of arithmetic operations
of the algorithms is ((2 + 1/€)™logy(r))©(). While single exponential time algorithms
that solve SvP optimally and CvP almost optimally were first presented in the seminal
work of Ajtai et al., see [AKSO01], [AKS02], the results for approximating S1vp and SMP
improve upon previous results. Furthermore, Ajtai et al. describe their algorithm only
for the Euclidean norm, whereas our algorithms work for any £,-norm, 1 < p < oo.

To obtain algorithms that solve SMP, Sivp, and CvP exactly with respect to arbi-
trary norms, we consider CvP in detail since there exist polynomial time reductions
from SMpP and Sivp to Cvp which work for any norm, see [Mic08]. We will describe
in this thesis deterministic polynomially space bounded algorithms for Cvp for all £,-
norms, 1 < p < oo, and all polyhedral norms, in particular for the ¢;-norm and the
lx-norm. For the running time we achieve the following results: For all £,-norms with
1 < p < oo the number of arithmetic operations of the algorithm is p-log, (1)@ n(2+e()n
where r is an upper bound on the size of the Cvp-instance and n is the dimension of
the vector space. For polyhedral norms, we obtain an algorithm with running time
(5 - logy(r))?Wn+e)n where 7 and n are defined as above and s is the number of
constraints defining the polytope. To the best of our knowledge this is the first result of
this type. While there exist deterministic algorithms for CvP with respect to arbitrary
norms using n(*/3+t°M) log, ()9 arithmetic operations, see [DPV11], [DV12], these
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algorithms do not run in polynomial space.
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Zusammenfassung

Gitter sind klassische Objekte aus der Geometrie der Zahlen. Ein Gitter ist definiert als
eine diskrete (abelsche) Untergruppe des R™. Gitter haben eine Vielzahl von Anwendun-
gen, die von der Zahlentheorie {iber die Computeralgebra bis hin zur Optimierung und
Kryptographie reichen.

Diese Dissertationsschrift beschiftigt sich mit der algorithmischen Komplexitit von
vier klassischen Problemen aus der Geometrie der Zahlen, dem Problem des kiirzesten
Gittervektors, dem Problem der sukzessiven Minima, dem Problem der kiirzesten linear
unabhdangigen Gittervektoren sowie dem Problem des ndchsten Gittervektors. Diese Prob-
leme kénnen beziiglich jeder beliebigen Norm auf dem R” definiert werden. Der Schwer-
punkt dieser Dissertation liegt auf der Untersuchung der algorithmischen Komplexitét
dieser oben erwdhnten Gitterprobleme mit einem speziellen Fokus auf ihrer Losbarkeit
beziiglich allgemeiner, nicht euklidischer Normen.

Aufbauend auf Algorithmen von Ajtai, Kumar und Sivakumar (|[AKSO01]|, [AKS02]) fiir
das Problem des kiirzesten Gittervektors und das Problem des néchsten Gittervektors
beschreiben wir in dieser Arbeit randomisierte Algorithmen mit einfach exponentieller
Laufzeit fiir alle vier erwdhnten Gitterprobleme. Diese Algorithmen l6sen das Problem
des kiirzesten Gittervektors sowie wie eingeschrinkte Varianten der anderen Gitterprob-
leme exakt. Dabei ist die Anzahl der arithmetischen Operationen beschrinkt durch
(2" logy(1))°M) | wobei n die Dimension des betrachteten Vektorraumes und 7 eine obere
Schranke fiir die Eingabeinstanz ist. Fiir die allgemeinen Varianten des Problems der
sukzessiven Minima, des Problems der kiirzesten linear unabhingigen Gittervektoren
sowie des Problems des nichsten Gittervektors beschreiben wir randomisierte Algorith-
men mit einfach exponentieller Laufzeit, die diese Probleme mit Approximationsfaktor
1+ e fiir 0 < e < 3/216sen. Die Anzahl der bendtigten arithmetischen Operationen ist
dabei beschrinkt durch ((2 4 1/¢)"logy(r))®M). Im Gegensatz zu den Algorithmen von
Ajtai, Kumar und Sivakumar arbeiten alle von uns vorgestellen Algorithmen nicht nur
fiir die euklidsche Norm sondern fiir allgemeine £,-Normen mit 1 < p < oo.

Um Algorithmen fiir das Problem der sukzessiven Minima, das Problem der kiirzesten
linear unabhéngigen Gittervektoren sowie fiir das Problem des ndchsten Gittervektors
zu entwickeln, die diese Probleme exakt 16sen, konzentrieren wir uns im zweiten Teil
dieser Dissertationsschrift auf das Problem des néchsten Gittervektors. Dabei nutzen
wir aus, dass sowohl das Problem der sukzessiven Minima als auch das Problem der
kiirzesten linear unabhéngigen Gittervektoren polynomiell auf das Problem des néchsten
Gittervektors reduzierbar sind, unabhéngig von der entsprechenden Norm ([Mic08]).
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Zusammenfassung

Fiir das Problem des nichsten Gittervektors entwickeln wir in dieser Arbeit deter-
ministische Algorithmen, die das Problem fiir alle /,-Normen mit 1 < p < oo und alle
Normen gegeben durch ein Polytop 16sen, insbesondere auch fiir die ¢;-Norm und die
loo-Norm. Alle Algorithmen benétigen lediglich polynomiellen Platz. Allerdings ist die
Anzahl der bendtigten arithmetischen Operationen p - logy (r)©Mn(+e(n  wenn man
das Problem des nédchsten Gittervektors beziiglich einer £,-Norm mit 1 < p < oo 16st.
Dabei ist r eine obere Schranke fiir die Gréfe der Koeffizienten der Eingabeinstanz und
n die Dimension des betrachteten Vektorraumes. Ist die Norm gegeben durch ein Poly-
top, so bendtigt der Algorithmus zur Losung des Problems des néchsten Gittervektors
(5 - logy (1)) O Mn+e(n arithmetische Operationen. Dabei sind die Parameter ~ und n
wie oben definiert und s ist die Anzahl der Ungleichungen, die das Polytop definieren.
Zwar existieren deterministische Algorithmen, die das Problem des néchsten Gittervek-
tors beziiglich allgemeiner Normen mit n(4/3+e()" Jog, ()©() arithmetischen Operatio-
nen 16sen ([DPV11], [DV12]), allerdings verwenden diese Algorithmen einfach exponen-
tiell viel Platz.

viil



Contents

1. Introduction 1
2. Norms and convex bodies 9
2.1. Equivalence between norms and convex bodies symmetric about the origin 9
2.1.1. Basic properties of convex sets and convex functions . . . .. ... 9

2.1.2. Relation between norms and convex bodies symmetric about the
origin . . . . ..o 16
2.1.3. Algorithmic aspects of norms and convex bodies . . ... ... .. 19
2.2. Special convex bodies and the corresponding norms . . . . . ... ... L. 22
2.2.1. Fuclidean norms and ellipsoids . . . . . . ... ... . ... .... 22
2.2.2. fymnorms and fp-ballswith 1 <p<oo ... ... ... .. ... .. 32
2.2.3. Polyhedral norms and polytopes . . . . .. ... ... ... ... 34
3. Lattices 39
3.1. Fundamentals about lattices . . . . . . . . . .. ... ... 39
3.2. Minkowski’s convex body theorem and successive minima . . . . . . . .. 44
3.2.1. Minkowski’s convex body theorem . . . . ... ... ... ..... 44
3.2.2. Successive minima . . . . . ... ..o 46
3.2.3. Packing radius and covering radius . . . . ... ... 49
3.3. The dual lattice and transference bounds . . . . . . ... .. ... ... .. 50
3.3.1. Geometric representation of the dual lattice . . . . . . . ... ... 51
3.3.2. Properties of the dual lattice . . .. ... ... ... ... ..... 52
3.3.3. Transference bounds . . . . .. .. ... oL 54
4. Lattices: A complexity theoretic perspective 55
4.1. The lattice problems SvpP, SMP, SivP, and CvP . . . . . . . . . ... L. 95
4.2. Similarities and differences of the lattice problems . . . . . . . .. ... .. 63
4.2.1. Orthogonal Projections . . . . .. .. ... ... ... ... ... 63
4.2.2. Number of solutions . . . . . . . .. . ... ... .. ... ..... 68
4.3. Relation between lattice problems . . . . . . . ... ... L. 73
4.3.1. The generalized shortest vector problem . . . . . . ... ... ... 74
4.3.2. The lattice membership problem . . . . .. ... . ... ... ... 82
5. A randomized algorithm for the generalized shortest vector problem 91
5.1. A sampling procedure for approximate GSVP . . . . .. . ... ... ... 95
5.1.1. Preparations . . . . . . . ... ... 96
5.1.2. Description of the sampling procedure . . . . .. .. .. ... ... 99

1X



Contents

5.1.3. Analysis of the sampling procedure using a modified sampling pro-

cedure . . . .. 107
5.2. Using the sampling procedure for optimal solutions . . . . . . . ... ... 116
5.2.1. Description and analysis of the sampling procedure for optimal
solutions . . . . . . .. 116
5.2.2. Consequences for other lattice problems . . . . . . .. . ... ... 121
5.3. Discussion of the results . . . . . . .. ... oL Lo 126
6. A deterministic algorithm for the lattice membership problem 127
6.1. A general algorithm for the lattice membership problem . . ... .. ... 130
6.1.1. The main idea of the lattice membership algorithm . . . . . . . .. 131
6.1.2. Description of the lattice membership algorithm . . . . . . . . . .. 132
6.1.3. A polynomially space bounded lattice membership algorithm . . . 136
6.2. A lattice membership algorithm for polytopes . . . . . . . ... ... ... 139
6.3. A lattice membership algorithm for £,-balls . . . .. ... ... ... ... 144
6.3.1. The class of general £,-balls . . . . . . ... ... ... ... ... 144
6.3.2. Description and analysis of the algorithm . . . . . ... ... ... 145
6.4. An algorithm for computing a flatness direction . . . . . .. .. ... ... 151
6.4.1. A flatness algorithm for bounded convex sets . . . . .. ... ... 152
6.4.2. A flatness algorithm for polytopes . . . . . .. ... ... .. ... 166
6.4.3. A flatness algorithm for £,-bodies . . . . . . ... ... ... ... . 169
6.5. Replacement procedure. . . . . . ... ..o Lo Lo 172
6.6. Discussion of theresults . . . . . . .. .. ... o oL 183
7. Computation of approximate Léwner-John ellipsoids 185
7.1. The shallow cut ellipsoid method as a method to compute approximate
Lowner-John ellipsoids . . . . . . . ... Lo oL 189
7.1.1. Sufficient condition for an approximate Léwner-John ellipsoid . . . 191
7.1.2. Construction of a circumscribed ellipsoid . . . . . . .. . ... ... 199
7.1.3. Description and analysis of the rounding procedure for bounded
convex sets . . .o ..o 208
7.2. A rounding method for f,-bodies . . . . ... ... o000 217
7.2.1. Properties of {,-bodies . . . . . ... 217
7.2.2. Description and analysis of the algorithm . . . . . ... ... ... 224
7.3. A rounding method for polytopes . . . . . . . . ... L. 228
7.3.1. Properties of polytopes . . . . . . . ... oL 228
7.3.2. Description and analysis of the algorithm . . . . ... ... .. .. 230
7.4. Discussion of theresults . . . . . ... ... oo Lo 236
A. Appendix 239
A.0.1. Hadamard’s inequality . . . . . . . . . ... ... ... ... 239
A.0.2. Chebyshev’sinequality . . . . . . .. .. ... ... ... 239
A.0.3. The Gamma function and Stirling’s formula . . . . . . ... .. .. 239



1. Introduction

Lattices are classical objects in the geometry of numbers, a mathematical theory estab-
lished by Hermann Minkowski around 1900, see [Hill1]. A lattice L is a discrete (abelian)
subgroup of the n-dimensional vector space over the real numbers. Each lattice has a
basis that is a sequence of m elements of the lattice that generate the lattice as an abelian
group. We call m the rank of the lattice.

Lattices establish the connection between discrete aspects of the Euclidean vector space
R"™, i.e., integer numbers, and elements from geometry, especially from the convex ge-
ometry. They have numerous applications ranging from number theory over computer
algebra to optimization and cryptography.

In this thesis, we consider four classical problems from the geometry of numbers,

e the shortest vector problem (SVP), where we are given a lattice and want to find a
shortest non-zero lattice vector,

e the successive minima problem (SMP), where we are given a lattice and want to
successively compute linearly independent lattice vectors of minimal length,

e the shortest independent vectors problem (S1vP), where we are given a lattice and
want to compute linearly independent lattice vectors with maximum length as short
as possible, and

e the closest vector problem (CvP), where we are given a lattice together with some
target vector from the vector space spanned by the lattice vectors and we want to
compute the closest lattice vector to this target vector.

In the last 30 years, the complexity of these lattice problems has been studied intensively.
It is known that all these problems are NP-hard and even hard to approximate, see for ex-
ample [VEBS81], [Ajt98], [ABSS93|, [DKS98|, [BS99], [Mic01], [DKRS03], [Kho05|, [RR06],
[HRO7], and [Pei08§].

The lattice problems Svp, SmMp, Sivp, and CvP can be defined for any norm on R™.
Thus, we stated them without referring to a specific norm. Often, they are considered
with respect to the Euclidean norm. However, it is also common to consider these lattice
problems with respect to other non-Euclidean norms, in particular the £.-norm:

e Cryptosystems based on the knapsack problem can be broken if we can solve the
shortest vector problem with respect to the fo-norm, see |Rit96].
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e If we are able to solve the closest vector problem with respect to the £o-norm, we
are able to solve the so-called hidden number problem which leads to attacks on
the Digital Signature Algorithm (DSA), see [Ngu01] and [NS00].

e Up to now, the hardness of all lattice based cryptosystems is based on the hardness
of lattice problems with respect to the Euclidean norm. But it seems that lattice
problems in the Euclidean norm are easier than in any other norm, see [Pei08].
Hence, if we construct cryptosystems whose security is based on the hardness of
certain lattice problems in a non-Euclidean norm, these cryptosystems are possibly
harder to break.

e If we consider a polytope {x € R"|Bz —t < -1, and Bx —t > —f - 1,} given
by some nonsingular matrix B € R™ "™ a vector t € R" and a radius g > 0, then
the integer vectors in this polytope are characterized as the lattice vectors in the
lattice £L(B) whose distance to ¢ with respect to the so-norm is at most 3.

In this thesis, we study upper bounds on the complexity of the four lattice problems
Svp, SMP, Sivp, and CvPp. Thereby, we concentrate on positive results, i.e., algorithms
that solve these lattice problems either optimally or approximately. Furthermore we fo-
cus on their algorithmic complexity with respect to arbitrary norms.

Extending and generalizing results of Ajtai, Kumar, and Sivakumar we will present
probabilistic single exponential time algorithms for all four lattice problems using sin-
gle exponential space. The algorithms solve the shortest vector problem and restricted
versions of the other problems optimally, using at most (2" log,(r))®™) arithmetic oper-
ations, where n is the dimension of the vector space and r is an upper bound on the size
of the input instance. Furthermore, the algorithms solve the general versions of SMP,
Sivp, and CvP almost optimally, i.e., with approximation factor 1+ € with 0 < e < 3/2.
Here, the number of arithmetic operations of the algorithms is ((2 4 1/€)" logy(r))°M
and the representation size of each number computed by the algorithm is polynomial in
the representation size of the input.

While single exponential time algorithms that solve Svp optimally and Cvp almost
optimally, were first presented in the seminal work of Ajtai, Kumar, and Sivakumar, see
[AKSO01], [AKSO02|, the results for SIvP and SMP improve upon previous results. Fur-
thermore, Ajtai, Kumar, and Sivakumar describe their algorithms only for the Euclidean
norm, our algorithms work for any so-called tractable norm, in particular for any £,-norm
with 1 < p < 0.

While there exist deterministic single exponential time algorithms that solve all four
lattice problems exactly in the Euclidean norm, for general £,-norms our approximation
algorithms for SMP, Sivp, and CvP are the best randomized algorithms. An excep-
tion is the algorithm of Eisenbrand, Hahnle, and Niemeier which is based on our algo-
rithm for Cvp and approximates CvP with approximation factor 1 4 € using at most
((2 + logy(1/€))™logy(r))®M arithmetic operations, see [EHN11].



To obtain algorithms that solve SMpP, Sivp, and CvP exactly with respect to arbitrary
norms, we consider the closest vector problem in detail, since there exist polynomial time
reductions from SMP and S1vP to CvP that work for any norm and preserve the rank of
the lattice, see [Mic08|. In this thesis, we will describe deterministic polynomially space
bounded algorithms for the closest vector problem for all /,-norms, 1 < p < oo, and
all polyhedral norms, in particular for the ¢;-norm and the ¢,,-norm. For the running
time we achieve the following results: For all /,-norms with 1 < p < oo the number of
arithmetic operations of the algorithm is p - logy (r)©Mn+en  where 7 is an upper
bound on the size of the coefficients of the target vector and the lattice basis and n is
the dimension of the vector space. For polyhedral norms, we obtain an algorithm using
(5-logy ()P Mn+e)n arithmetic operations, where r and n are defined as above and s
is the number of constraints defining the polytope. In particular, for the ¢1-norm and the
loo-norm, we obtain a deterministic algorithm for the closest vector problem which uses
log, ()M pte)n arithmetic operations. Since there are polynomial time reductions
from Svp, SMP, and Sivp to CvP that work for any norm, we obtain also deterministic
algorithms for these problems.

For the shortest vector problem, this result is not really interesting since there exists
already a deterministic polynomially space bounded algorithm that solves SVP in any
{,-norm using at most n M) log, (r)©(1) arithmetic operations, see [Kan87b]. For the
other three problems, to the best of our knowledge this is the first result of this type.
While there exist algorithms for the closest vector problem with respect to arbitrary
norms using 73" Jog, (1)) arithmetic operations, see [DPV11], [DV12], these
algorithms do not run in polynomial space.

Outline and main results

We briefly present the main results of this thesis and how it is organized.

Chapter 2 We start with a short introduction about arbitrary norms and their relation
to convex bodies which are symmetric about the origin. Especially we show that every
norm defines a unit ball which is a convex body symmetric about the origin and that every
convex body symmetric about the origin can be used to define a norm. Furthermore, we
consider some computational aspects of convex bodies that arise if we work with them in
algorithms. At the end of this chapter, we introduce some special classes of convex bodies
and consider the corresponding norms. These are ellipsoids, £,-balls with 1 < p < oo,
and polytopes.

Chapter 3 In this chapter we give a short introduction into lattices and their connection
to convex bodies. We define several fundamental concepts from the geometry of numbers
and state the main important results. Particularly, we show how lattices interact with
convex bodies, e.g., in Minkowski’s convex body theorem which gives a sufficient criterion
for the fact that a convex body contains a lattice vector.
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Chapter 4 Whereas in Chapter 3 we considered lattices mainly from a pure mathemat-
ical point of view, in this chapter we focus on their computational aspects. We define
the four classical lattice problems, Svp, SMP, Sivp, and CvpP and consider their com-
plexity. We consider their similarities and differences as far as they are relevant for the
development of algorithms for them. Particularly, we focus on the main difficulties that
arise if we want to adapt an algorithm working for the Euclidean norm to an algorithm
working for arbitrary norms.

At the end of this chapter, we make some preparations that we will use for the devel-
opment of a unified algorithmic treatment for the four classical lattice problems.
Explicitly, we define a new lattice problem, the generalized shortest vector problem
(Gsvp). This lattice problem is some kind of a generalization of the shortest vector
problem: We are given some lattice L together with a subspace M of the R-vector space
span(L) spanned by the vectors in L. The goal is to compute a shortest lattice vector
outside this subspace. Interestingly, the generalized shortest vector problem can also
be seen as the generalization of the other three lattice problems. That means, there
exist polynomial time reductions from the exact and approximate versions of SVpP, SMP,
S1ve, and CVP to exact and approximate versions of the generalized shortest vector prob-
lem. The reductions work for any so-called tractable norm in particular for all £,-norms,
1<p< oo

Despite these results, it seems that the closest vector problem with respect to arbi-
trary norms is harder than the other lattice problems, since there exist polynomial time
reductions from Svp, SMP, and Sive to Cvp which work for any norm and preserve the
approximation factor, see |[Mic08]. Hence, we take a closer look on the closest vector
problem and consider some kind of a geometric reformulation of the closest vector prob-
lem. We call this problem the lattice membership problem (LMP): We are given a lattice
L together with a bounded convex set C and the goal is to find a lattice vector in this
convex set or to decide that the convex set does not contain a lattice vector. The lattice
membership problem is a generalization of the integer programming feasibility problem
from polyhedra to bounded convex sets. We show a polynomial time reduction from the
closest vector problem to the lattice membership problem, which works for any so-called
enumerable norm, in particular for any ¢,-norm, 1 < p < oo, and any polyhedral norm.

At the end of this chapter, we have two starting points for the development of lattice
algorithms, the generalized shortest vector problem and the lattice membership problem
as it is illustrated in Figure 1.1.

Parts of the results presented in this chapter are published in [BNO7], [BN09], and
|IBN11] as a joint work with J. Blomer.

Chapter 5 In this chapter, we present a probabilistic single exponential time algorithm
that approximates the generalized shortest vector problem with approximation factor



Figure 1.1.: Relations among the lattice problems that will be used in this
thesis. Arrows indicate polynomial time reductions preserving the rank of
the lattice and the approximation factor. The arrow from Cvp to GSVP is
marked dashed since the approximation factor is not exactly preserved by
the reduction. The arrow from CvP to LMP is marked dotted since this
reduction works only for the exact version of Cvp.

1 + € for arbitrary 0 < € < 3/2. Furthermore, we present an algorithm that solves
for special restricted instances the generalized shortest vector problem exactly. These
instances are characterized by the property that the number of (1 4 €)-approximate so-
lutions is at most single exponential in the dimension.

The algorithms are based on the AKS-sampling technique developed by Ajtai, Kumar,
and Sivakumar in 2001, see [AKS01|. It works for all so-called tractable norms, in par-
ticular for all £,-norms with 1 < p < oo. The number of arithmetic operations of the
exact algorithm for GSvP is (2" logy(r))®™M), where n is the dimension of the vector space
and r is an upper bound on the size of the GSvp-instance. The number of arithmetic
operations of the approximate algorithm for GSvP depends additionally on the approxi-
mation factor € and is bounded from above by ((2 + (1/€))"logy(r))°(M). The algorithm
uses single exponential space but the representation size of each number computed by
the algorithm is polynomial in the representation size of the input.

Using the polynomial time reduction from Chapter 4, we obtain also probabilistic sin-
gle exponential time approximation algorithms for Svp, SMp, Stvpe, and CvP. Since for
every instance of the shortest vector problem, the number of (1 + €)-approximate solu-
tions is at most (2+¢)", we can use the exact algorithm for GSVP to obtain a randomized
single exponential time algorithm that solves Svp for all tractable norms exactly. We
can show the same for the restricted versions of SMp, Sivp, and CvP, and obtain also
randomized single exponential time algorithms that solve these instances for all tractable
norms exactly.
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Parts of the results presented in this chapter are published in [BN07] and [BN09] as a
joint work with J. Blomer.

Chapter 6 To obtain algorithms that solve SMP, SivP, and CVP in non-Euclidean
norms exactly, we develop algorithms for the lattice membership problem. Since the
lattice membership problem is a generalization of the integer programming feasibility
problem, these algorithms are based on Lenstra’s algorithm for integer programming, see
[Len83]. Based on this algorithm, we present a general framework for algorithmic solu-
tions for the lattice membership problem, which works for classes of bounded convex sets
under the assumption that we have access to an algorithm that for each full-dimensional
bounded convex set from this class computes a so-called approximate Lowner-John ellip-
soid. For a full-dimensional bounded convex set C, an approximate Léwner-John ellipsoid
is an ellipsoid which is contained in C and the approximation factor is the factor which
we need to scale the ellipsoid with such that the scaled ellipsoid contains the convex set.
Under the assumption that we are able to compute such an approximate Léwner-John
ellipsoid for polytopes and generalizations of /,-balls, we obtain a deterministic polyno-
mially space bounded algorithm for the lattice membership problem where the convex
sets are polytopes or ¢)-balls. In Chapter 7, we will show that this assumption is true,
i.e., we will show that there exists algorithms that compute approximate Léwner-John
ellipsoids for polytopes and generalizations of £,-balls.

Using the deterministic polynomially space bounded algorithm for the lattice mem-
bership problem together with the polynomial time reduction from the closest vector
problem to the lattice membership problem, we obtain a deterministic polynomially
space bounded algorithm for the closest vector problem that works for all £,-norms,
1 < p < o0, and all polyhedral norms. The number of arithmetic operations of this
algorithm is p - logy (r)?MWn2+e)n if we consider an {p)-norm with 1 < p < oo, where n
is the dimension of the lattice and r is an upper bound on the size of the CvPp-instance.
If we consider the closest vector problem with respect to a polyhedral norm, we obtain an
algorithm where the number of arithmetic operations is (s - logy(r))CMnEteMn where
n and r are defined as above and s is the number of constraints defining the polytope.

Parts of the results presented in this chapter are published in [BN11] as a joint work
with J. Blémer.

Chapter 7 As mentioned before, to realize the lattice membership algorithm presented
in Chapter 6 for a concrete class of bounded convex sets, we need access to an algorithm
that computes an approximate Lowner-John ellipsoid for the convex sets from this class.

For the class of full-dimensional polytopes, there exists such an algorithm. Extending
a method from Lenstra, Goffin described in 1984 a polynomial time algorithm that com-
putes a 2n-approximate Lowner-John ellipsoid for a full-dimensional polytope in R™, see
|Gof84]. This algorithm is based on a variant of the ellipsoid method developed by Shor,
Yudin and Nemirovskii.



The second class we consider are generalizations of £,,-balls, so called £,-bodies. These
¢p-bodies are full-dimensional bounded convex sets which are defined as the image of
an /,-ball under a bijective affine transformation intersected with hyperplanes orthog-
onal to the unit vectors. In this chapter, we present an algorithm that computes a
2n-approximate Lowner-John ellipsoid for an ¢,-body of dimension n. The algorithm
is a concrete realization of a general algorithmic framework that computes for a given
full-dimensional bounded convex set an approximate Lowner-John ellipsoid with approx-
imation factor c¢ - n for some constant ¢ > 1. This algorithmic framework is a variant of
a polynomial time algorithm due to Groétschel, Lovasz and Schrijver, which is based on
the ellipsoid method and computes a y/n(n + 1)-approximate Lowner-John ellipsoid of
a convex body, combined with some ideas of Kochol, Hildebrand, and Képpe. One can
show that the approximation factor achieved by our algorithm is almost optimal. The
number of arithmetic operations of the algorithm is single exponential in the dimension.

The results presented in this chapter complete the description of the algorithms for
the lattice membership problem presented in Chapter 6.

Parts of the results presented in this chapter are published in [BN11] as a joint work
with J. Blémer.






2. Norms and convex bodies

In this thesis we consider lattices, which are discrete objects in the vector space R”,
where n € IN. Thereby, we focus on certain computational problems related to lattices,
so-called lattice problems. These problems are often defined with respect to some norm
on the vector space R™. Thus, before we give a formal definition of lattices and state
their main properties, we give in this chapter a short introduction into convexity as far
as it is needed for the understanding of this thesis.

In particular we show that there is an equivalence between convex bodies symmetric
about the origin and norms: Every norm on R"™ can be used to define a convex body in
R™ which is symmetric about the origin. Conversely, every convex body in R™ which is
symmetric about the origin defines a norm on R"™. This equivalence enables us to use
results of convex geometry in functional analysis and vice versa.

At the end of this chapter, we consider some special classes of norms respectively
convex bodies in detail: The Fuclidean norm and general Euclidean norms together
with ellipsoids, £,-norms and the corresponding £,-balls with 1 < p < oo, and finally
polyhedral norms and polytopes.

2.1. Equivalence between norms and convex bodies
symmetric about the origin

We start with some basics about convexity, especially convex sets and convex functions.
Most of the results in this section appear without a proof. They can be found together
with more details on this topic in [BV09], [Web94], and [Roc70].

2.1.1. Basic properties of convex sets and convex functions
Convex sets

Geometrically, a set C C R™ is convex if for any two vectors z,y € C the line segment
between them lies in C. The set C is strictly convex if for any vectors x,y € C, every
point on the line segment between them lies in the interior of C, int(C).

Definition 2.1.1. ((Strictly) convez set)
A set C CR"™ is convex if for any two vectors x,y € R"™ and 0 < 0 < 1, we have

0.x+(1—0) yeC.



2. Norms and convex bodies

The set C is strictly convex if for two vectors x,y € R", z # y, and 0 < 0 < 1 we have
that

0-x+4+(1—46) -y eint(C).

Important convex sets in R" are the empty set (), any single vector {z} with z € R",
and the whole vector space R™.

Given k vectors x1,...,xr € R"™, the conver hull of these vectors is defined as the
smallest convex set which contains these vectors. It is denoted by conv(zy,...,zx). We
have

k
conv(zry,...,xp) = {Z 0;x;

1=1

k
0; > 0 satisfying Z 0; =1 } .
i=1

The dimension of a non-empty affine subspace is defined as the dimension of the
subspace parallel to it. By convention, the dimension of () is —1. We define the dimension
of a set as the dimension of the smallest affine subspace containing it. A convex set which
is full-dimensional and compact is called a convex body.

Definition 2.1.2. (Convez Body)
A compact convex set C C R™ with non-empty interior is called a convex body.

There are some basic operations for subsets of R" that preserve convexity. If we apply
one of these operations to convex sets, the result is also a convex set. These operations
allow the construction of new convex sets from other convex sets.

e The translation of a (convex) set C C R"™ by a vector ¢t € R" is the set
CH+t:={z+tlzeC}.
If C is (strictly) convex, C + ¢t is (strictly) convex.
e For two (convex) sets C1,Co C R" their Minkowski sum is defined as
Ci1+Cy:={x+y|lx €y}

If C; and Cy are (strictly) convex, their Minkowski sum C; 4 Cs is also a (strictly)
convex set.

e For a scalar 6 € R we define the scaling of C by the factor 6 as the set
0-C:={0 x|z eC}.

One can show that if C is (strictly) convex, the set 6 - C is also a (strictly) convex
set. We observe that for positive real numbers 61,65 > 0 we have

(01402)-C=06,-C+02-C.

10



2.1. Equivalence between norms and convex bodies symmetric about the origin

e Another important observation is that convexity is preserved under intersection. If
C1,Co € R™ are (strictly) convex sets, their intersection C; N Ca is also a (strictly)
convex set.

Furthermore, convexity is preserved by bijective affine transformation. If f : R®* — R"
is a mapping of the form = — @ - x + ¢, where @ € R™*"™ is nonsingular and ¢ € R",
then the image f(C) of a convex set C C R™ under this mapping f is also a convex set.

One of the main characterizing properties of a set is its volume. The following result
is fundamental for the computation of volumes of sets.

Lemma 2.1.3. Let S C R" be a measurable set. Let T : R™ — R" be an affine
transformation given by x — Q - x + q for x € R"™, where Q € R™"*", g € R"™. Then

vol,,(T'(S)) = | det(Q)] - vol,,(S).
Particularly, we obtain that for 6 > 0 that the set 0 -S has volume

vol, (0 -S) = 60" - vol,,(S).

Separating and supporting hyperplanes

We now describe an important idea in convexity which has a great influence on the al-
gorithmic use of convexity.

Every vector d € R™\{0} defines a family of affine hyperplanes in R™ by
Hk,d = {l’ € Rn|<d,$> = k‘},

where k € R. The set Hyq = {z € R"|(z,d) = 0} is called a hyperplane. Every hyper-
plane is a subspace of R™ of dimension n — 1. Here (:,) denotes the Euclidean scalar
product, ie., (z,y) = Y i, x; - y; for x,y € R™

From the analytical point of view, an affine hyperplane is the solution set of a non-
trivial linear equation. From the geometrical point of view, an affine hyperplane is the
set of all vectors which have a constant scalar product with some given vector d, called
the normal vector. In this case, the constant k defines the translation of the hyperplane
from the origin. If xp € R" is an arbitrary vector in the affine hyperplane Hy, 4, i.e., if
(d, z9) = k, then we have Hy 4 = {x € R"|(d,z — o) = 0}.

Any affine hyperplane separates the vector space R™ in two halfspaces. A (closed)
halfspace is the set of all vectors of the form {z € R"|(z,d) < k} with d € R™\{0}
and k € R, that means the solution set of a non-trivial linear inequality. Obviously,
halfspaces and (affine) hyperplanes are convex sets.

11



2. Norms and convex bodies
{z€R?|(d,x) >k} {z€R?|(d,x)>k}

Co

Hy q

Figure 2.1.: Separating hyperplanes. The affine hyperplane Hy 4 separates the dis-
joint sets C; and Cs.

Halfspaces can be used to give an alternative characterization of convex sets. Every
closed convex set C C R™ can be represent as the intersection of all halfspaces containing
it,

C=({H |H CR" halfspace with C C H™ }.

If a convex set can be represented as the intersection of finitely many halfspaces, it is
called a polyhedron.

The following result is fundamental in the idea of convexity. It states that for each
two digjoint convex sets there exists an affine hyperplane that separates them, as it is
illustrated in Figure 2.1. A proof of the following theorem can be found for example in
[BV09].

Theorem 2.1.4. (Separating hyperplane theorem,)

Let C1,Co C R™ be two disjoint convez sets, i.e. C1 NCo = (). Then there exists an affine
hyperplane {x € R"|(d,z) = k} given by a vector d € R"\{0} and a number k € R which
separates C1 and Cy. That means for all x € C; we have (d,x) < k and for all x € Cy we
have (d,x) > k.

If we consider a convex set C C R™ together with a vector v € R”™ which is not
contained in C, then the separating hyperplane theorem guarantees that there exists an
affine hyperplane which separates C and v. That means, there exists a vector d € R™\{0}
such that

(d,x) < {d,v) for all x € C.

We call such an affine hyperplane a separating hyperplane. An affine hyperplane Hy 4
strictly separates the vector v from the set C if (d,v) < k < (d,z) for all z € C. In
general, it is not guaranteed that for two convex sets, there exists an affine hyperplane
that strictly separates them. But in some special cases, for example if one of the convex
sets consists of a single vector and the other convex set is closed, one can show that there
exists an affine hyperplane that strictly separates v from C.

12
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~

(y,f(¥))

(z,f(z))

Figure 2.2.: Convex and strictly convex functions. The function f is convex but not
strictly convex. The line segment between the points (z, f(x)) and (y, f(y))
lies on the graph of f. The function g is strictly convex since for all x,y the
line segment between the points (z, f(x)) and (y, f(y)) lies above the graph.

Lemma 2.1.5. Let C C R"™ be o closed convex set and v & C. Then there exists a vector
d € R" such that (d,v) < (d,x) for all z € C.

If we are given some vector v € R™ on the boundary of some set C C R™ and there
exists a vector d € R™\{0} such that (d,z) < (d,v) for all z € C, the affine hyperplane
Hgwa = {r € R"[{d,x) = (d,v)} is called a supporting hyperplane to the set C at
the vector v. The geometric interpretation of this situation is that the affine hyperplane
H (g4 is a tangent to the set C at the vector v and the halfspace {z € R"|(z,d) = (d,v)}
contains C. Based on the separating hyperplane theorem is can be shown that for every
convex set C C R™ and every vector v on its boundary there exists an affine hyperplane
given by a vector d € R"\{0} which supports the set C at the vector v.

Convex functions

Geometrically, a function f : R™ — R is convex on R"™ if for all x,y € R"™ the line
segment between (z, f(z)) and (y, f(y)) lies above the graph of f.

Definition 2.1.6. A function f : R™ — R is convex if its domain, dom(f), is a convex
set and if for all x,y € R"™ and 8 € R with 0 < 6 <1 we have

fO-z+(1-0)-y)<0-f(z)+(1-0) f(y).

The function f is strictly convex on R™ if for all x,y € R™ linearly independent and
0 <6 <1 we have

fO-z+(1=0)-y) <0 f(z)+(1-0) f(y).

The difference between convex functions and strictly convex functions is illustrated in
Figure 2.2.

13



2. Norms and convex bodies

Figure 2.3.: Quasiconvex functions. The left picture shows the 1-sublevel set of the
function (x,%) + 22+ y?, which is quasiconvex. The right picture shows the
1-sublevel set of the function (x,%) > 23 4 33, which is not quasiconvex.

This shows that we can characterize the convexity of a function geometrically via its
graph. We can formalize this notion as follows: A function f: R"™ — R is convex if and
only if its epigraph

epi(f) = {(z,t)|z € R™ with f(z) <t} C R"!
1S a convex set.

For a function f : R™ — R and a parameter o € R, an a-sublevel set of f is defined
as the set

Co = {z € dom(f)|f(x) < a}.

For all & € R the a-sublevel set of f is a convex set if f is a convex function. The
converse is not true: For example, the function f : R — R, z +— —e® is not convex
although all its sublevel sets are convex. Such a function is called quasiconvex.

Definition 2.1.7. (Quasiconvez function)
A function f: R"™ — R is called quasiconvex, if all a-sublevel sets Cy, a € R are conver
sets.

An example for a function which is not quasiconvex is the function f : R® — R,

x> r a3, see Figure 2.3 for an illustration.

For differentiable functions f : R™ — R there is another possibility to characterize
them as convex functions using its first-order Taylor expansion. For a vector x € R™ the
first-order Taylor expansion of f is given by the function y — f(z) + Vf(2)T(y — z),
where Vf(x) € R™ denotes the gradient of f at the vector . The important property of

14
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F@)+VF(@)T (y—a)

(z,f(x))

Figure 2.4.: First-order convexity condition. The function f : R — R is convex and
differentiable. It’s first-order Taylor expansion is a global underestimator of

f.

a convex function is that for all z € dom(f) the first-order Taylor expansion is a global
underestimator of the function f and vice versa. This criterion is known as the first-order
convexity condition. Its geometric idea is illustrated in Figure 2.4.

Lemma 2.1.8. (First-order convezity condition)
Let f: R™ — R be a differentiable function. Then f is convez if and only if its domain
dom(f) is convex and if

fy) = f(@)+ V@) (y— ) for all z,y € dom(f).

Also strict convexity can be characterized using the first-order convexity condition. A
differentiable function f: R™ — R is strictly convex if and only if its domain dom(f) is
convex and if f(y) > f(x) + Vf(x)? (y — z) for all x,y € dom(f), = # y.

Norms

In this thesis, we work with special convex functions called norms. In general, a norm
on R™ is defined by a function p : R™ — R, which satisfies certain properties.

Definition 2.1.9. (Norm)
A function p: R™ — R is called a norm on R"™ if it satisfies the following properties:

e (Positivity) For all z € R™ it holds that p(x) > 0. Furthermore, we have p(xz) = 0
if and only if x = 0.

e (Absolute Homogenity) We have p(A-x) = |\| - p(x) for all z € R™, X € R.
e (Subadditivity) We have p(z +y) < p(z) + p(y) for all x,y € R™.

The last property is also known as the triangle inequality. It follows directly from the
positivity and the absolute homogenity that every norm is a convex function. Further-
more we observe that a norm is strictly convex if and only if for all z,y € R" linearly
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2. Norms and convex bodies

independent we have ||z + y| < ||z|| + ||y]|-

The commonly used norm is the Euclidean norm, which is defined as

n 1/2
|-ll2:R" =R, 2~ <Z|xi|2> .

i=1
Sometimes this norm is also called the ¢o-norm. For a vector x € R™ its Euclidean norm

is that what is usually associated with the length of a vector. The overall approach of
norms as defined in Definition 2.1.9 generalizes this notion of the length of a vector.

2.1.2. Relation between norms and convex bodies symmetric about the
origin

After this short introduction, we now focus on the relation between norms and convex

bodies symmetric about the origin. As we already mentioned, for every convex function

and every parameter o € R the corresponding a-sublevel set is a convex set. For a norm

| - || on R™ we denote this sublevel sets by B}JHD(O,OJ) = {y € R"|jy]| < a}. If we
translate this sets by a vector x € R™, we obtain

BlD(z,a) := {y e R" | ||y — 2|| < a}.
We call this convex set the ball generated by the norm || -|| with center z € R" and radius
a > 0. By B,(JHD(JU, a) we denote the corresponding closed ball,

B (z,0) = {y e R" | |ly — || < a}.

The ball Bf@”'”)((), 1) is called the unit ball of the norm || - ||. The ball corresponding to
the Euclidean norm is denoted by R(f)(a;, a). The volume Voln(Ble'”)(x, «)) of the ball
B7(1”'H)(:c, «) satisfies the following condition,

vol, (BUD (2,6 - a)) = 6™ - vol,,(BU'D (z, ) (2.1)

for all & > 0. This result follows directly from Lemma 2.1.3 and will be used several
times in this thesis.

For every norm the corresponding unit ball is a convex body which is symmetric about
the origin. The main part to prove this is to show that the unit ball of a norm is
compact and has non-empty interior. This is based on the observation that every norm
is a continuous mapping.

Lemma 2.1.10. Let || - || : R® — R=Y be a norm on R™. Then || - || is continuous.

Proof. We consider the standard basis of the vector space R™ given by the vectors
e1,...,en € R™ That means for every vector € R" with 2 = (21,...,2,)7 we
have z = )" | zie;. We set

v := max{|le;]||1 < i < n}.
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2.1. Equivalence between norms and convex bodies symmetric about the origin

Then it follows from the subadditivity of the norm that

n n n
2 = 11D mies <D lwil - flesl <~ - Ll
i=1 i=1 i=1
For any two vectors z,y € R™ we obtain from the triangle inequality that

[zl = lly + (= = y)ll < llyll + [l — y]| and
1yl = llz + (y = )| < [l + [ly — «]l.

This shows that
n
el = lyll] < llz =yl <> | — wil
i=1
from which it follows that || - || is continuous. O

Using this, we can show that for every norm the corresponding unit ball is a convex
body.

Proposition 2.1.11. Let || - || be a norm on R™. Then the set
B (0,1) :={x e R"| ||=|| < 1}.

15 a convez body symmetric about the origin.

Proof. To prove the convexity of the set Bﬁ”'”)(o, 1) we consider two vectors z,y €

B,g“'lD(O, 1) together with a parameter 6 satisfying 0 < § < 1. Since || - || is a norm
on R", it holds that

102+ (1 =0)-yl <0 [zl + 1 =0]- [yl <O+ (1-0)=1,

where we use that ||z|| < 1 and ||y|| < 1. The symmetry of the set B,(Jl'”)(O, 1) follows
from the absolute homogenity of the norm. We have ||z|| = || — z|| for all z € R™. This

shows that B,(ZH'”)(O7 1) is a convex set symmetric about the origin.

It remains to show that the set is compact, i.e., closed and bounded, and that it has
non-empty interior. To show this, we use that every norm is a continuous mapping as
we have seen in Lemma 2.1.10. We consider the closed set

DeR | <1)
which is the image of the unit ball By(LH'”)(O, 1) under the mapping | - ||,

|11 BIHD(0,1) = {AeR | [N <1}

17



2. Norms and convex bodies

That means, the set BSJ"”’(O, 1) is the preimage of a closed set under a continuous map-
ping which shows that By(LH'”)(O, 1) is also closed.
To prove that BQHD(O, 1) is bounded we consider the unit sphere of the Euclidean norm,

S* 1= {z e R"| ||z|l2 = 1}.

Obviously, we have ||z|| > 0 for all # € S*~!. Since | - || is continuous, there exists a
§ > 0 such that ||z|| > § for all x € S*~!. Hence, it follows that for all = € B,S,H'”)(O, 1)
we have
L el
el = el "l

>

where the last inequality follows from x/||z||2 € S*~!. This shows that ||z|2 < 1/§ for
all z € B,(J"H)(O, 1) and that B}z”‘”)(o, 1) is compact.

Finally, we show that the origin is an interior point of the unit ball BY(LH'”)(O, 1). Since
|| - || is continuous, there exists a 3 > 0 such that |z| < 3 for all 2 € S*~!. Hence, for
all z € R™ with ||z||2 < 1/5 we obtain that

| x 1 1
Jall = 12 ol < S
e ITml 3<%
The last inequality is due to the fact that z/||z|]2 € S"~1. ]

To show that every convex body symmetric about the origin defines a norm, we use
the so-called Minkowski function of a set. For a given set C C R"™ and a vector x € R"
the value of the Minkowski function of C at x is that minimal positive real number 6 by
which we need to scale the set such that x is contained in the set 6 - C. The Minkowski
function of a convex body is illustrated in Figure 2.5.

Definition 2.1.12. (Minkowski function)
Let C C R™ be a set. The Minkowsk:i function of C is defined as the function

Fe:R" — [0,00], z — inf{f > 0|z € 6C}.

If the set C is closed, F¢(x) is the positive real number 6 such that x is contained on
the boundary of 6 - x. Additionally, we observe that a vector x € 0 - C if and only if the
vector 0 1z € C.

Proposition 2.1.13. Let C C R"™ be a convexr body symmetric about the origin. Then
the Minkowski function

Fo:R" =R, x—inf{p > 0|z € p-C}
is a norm on R".

Often, the norm defined by a convex body C symmetric about the origin is denoted by
I lle-
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2.1. Equivalence between norms and convex bodies symmetric about the origin

Izl p=2

Figure 2.5.: The Minkowski function of convex body. If we scale the convex set
by the factor 3/2, the vector x lies on its boundary.

Proof. Since C is a convex body, the Minkowski function Fg is well-defined. Particularly,
since C is full-dimensional and closed, we have F¢(z) < oo for all z € R™. It remains to
show that Fp satisfies the norm properties. The positivity and the absolute homogenity
follow directly from the definition of Fr. To prove the subadditivity, we consider two
vectors x,y € R™ with Fp(z) = p1 and Fe(y) = p2. Without loss of generality, we assume
that p1, p2 > 0.

For all € > 0 it holds that x € (p; +€) - C and that y € (p2 + €) - C. Since p1,p2 > 0, it
follows from the convexity of C that

r+ye (p1+p2—|—2€)-c.
Since € > 0 arbitrary, this shows that
Fe(z+y) < p1+p2 = Fe(z) + Fe(y).

O]

Proposition 2.1.11 and Proposition 2.1.13 show the equivalence between norms and
convex bodies symmetric about the origin.

2.1.3. Algorithmic aspects of norms and convex bodies

Since early all algorithms presented in this thesis involve norms or convex sets, we now
consider some algorithmic aspects of norms and convex bodies.
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2. Norms and convex bodies

If we consider computational statements, we always assume that all numbers we are
dealing with are rationals. The size of a rational number o = p/q with ged(p,q) = 1 is
defined as the maximum of the numerator and denominator in absolute values,

size(a) := max{|p|, |q|}.

By the bit size or the representation size of a number o, we mean logy(size()). The size
of a matrix or respectively a vector is the maximum of the size of its coordinates.

If we want to use norms in an algorithmic surrounding, we need some more require-
ments on the norm. First of all, we need to be able to compute the norm of a given
vector efficiently. We call a norm which satisfies this property efficiently computable.

Definition 2.1.14. Let || - || be a norm on R™. We call the norm efficiently computable
if the norm function is polynomial time computable, i.e., if there exists an algorithm
that given a vector v € Q" and an accuracy parameter § outputs a number in the in-
terval [||v|| £ 0] and the number of arithmetic operations of the algorithm is at most

(n - logy(size(v)) - logz(l/é))o(l),

For the sake of simplicity, we will neglect the implementation detail of this definition
in the following. We will assume that for an efficiently computable norm there exists
an algorithm that given a vector v € Q" outputs ||v|| and the number of arithmetic
operations of the algorithm is (n - logy(size(v)))°M.

Often, it is not sufficient that the norm function is efficiently computable. Additionally,
we need some guarantees that the unit ball of the norm is in some way well-bounded. In

this case we call a norm tractable. The following definition of a tractable norm is due to
Goldreich and Goldwasser, see [GGO00].

Definition 2.1.15. Let || - || be a norm on R™. We call the norm tractable if it satisfies
the following requirements:

e The norm function is efficiently computable.
e There exists a polynomial ¢ € Z[X] such that for all x € R"
27 zlls < [la]| < 27 a]l2.

We will later see that all standard norms, especially the so-called £,-norms are tractable
norms.

If we require in the definition of a tractable norm that there exists a polynomial
¢ € 7Z[X] such that for all z € R” we have 27 ||z|s < ||z|| < 2°™)||z||2, then this is
reflected in the fact that we often consider a family of norms. That means, we consider
a sequence Nj, i € N where N; : R — R is a norm on R’. Of course, if we consider a
fixed norm on R™ with n fixed, then c is always a constant.
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2.1. Equivalence between norms and convex bodies symmetric about the origin

The geometric interpretation of the second requirement of Definition 2.1.15 is that the
unit ball Bﬁ,‘"”)(o, 1) defined by the norm ||-|| contains a Euclidean ball with radius 2~¢(")
centered at the origin and is contained in a Euclidean ball with radius 2¢() centered at
the origin,

B2(0,27<)) c BUD(0,1) c BP(0,2¢m).

In this case we call the ball Bﬁl”‘”)(o, 1) well-bounded.

Definition 2.1.16. (Well-bounded conver set)
A convex set C is called well-bounded if the following information about C is given ez-
plicitly:

e an integer n € N such that C C R",
e a positive rational number R such that C C B® (0,R), and

e a positive rational number r such that C contains a Fuclidean ball with radius r.
The center of this ball need not be known explicitly.

In the following, whenever we say that a convex set C is well-bounded we mean that
we know some parameter n € N such that C C R"™, and that we are able to determine
the numbers r and R explicitly from the shape of the convex body.

We will often assume that we are given the convex set in form of an oracle. That
means, we have access to some algorithm which provides us some information about the
convex set. For example the algorithm could be a "membership algorithm” that decides
for a given vector whether it is contained in the convex set or not.

Mainly, we distinguish in the following between two different types of oracles.

Definition 2.1.17. (Membership oracle of a convex set)
A membership oracle of a convex set C C R"™ decides for a given vector x € R™ whether
x s contained in C or not.

Obviously, if a norm || - || on R™ is efficiently computable then we are able to realize

an efficient membership oracle for the balls B,(JH')(:U, a) with z € R" and o > 0.

The second oracle also decides whether a given vector is contained in the convex set
but it provides additionally some kind of a certificate if the vector is not contained in the
convex set. This certificate is given in form of an affine hyperplane that separates this
vector from the convex set.

Definition 2.1.18. (Separation oracle of a convex set)

A separation oracle of a convexr set C C R" decides for a given vector x € R™ whether x
is contained in C or not. If x € C, the oracle outputs an affine hyperplane that separates
x from C.
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2. Norms and convex bodies

In general, we cannot realize an efficient separation oracle for balls BSHD(m7 a) with
x € R"™, a > 0 for some efficiently computable norm || - || on R™. But one can show that
for every efficiently computable norm we are able to realize an efficient separation oracle
for the corresponding balls if we are able to compute efficiently a so-called subgradient
of the norm, see [Lov86]. In Chapter 7, we will do this for generalization of ¢,-norms.

2.2. Special convex bodies and the corresponding norms

In the rest of this chapter, we consider some special classes of convex bodies and the
corresponding norms that will be considered throughout this thesis. We start with the
Euclidean norm and its generalization. The corresponding convex bodies of general
Euclidean norms are ellipsoids.

2.2.1. Euclidean norms and ellipsoids

The Euclidean norm The most frequently used norm in R™ is the Euclidean norm

[“flz:R" = R,z — (30, |xi|2)1/2. The corresponding unit ball of the Euclidean
norm is the Euclidean unit ball

B2(0,1) = {z € R"|||z|]2 < 1} = {z e R*|2Tz < 1}.
The surface of this ball is denoted by S*~! := S"~1(1). We define
§""Ha) = {z € R"| [|z[|2 = a}.
The volume of the Euclidean unit ball is

71,n/2

VO]n (BSLZ) (O, 1)) = w,
2

where I'(-) denotes the Gamma function, see Section A.0.3 in the Appendix.

The important property of the Euclidean norm is that it is based on an inner product.
An inner product on R™ x R” is a symmetric bilinear mapping s : R™ x R™ — R which
satisfies the following properties:

e s(z,z) >0 for all z € R" and s(z,x) = 0 if and only if z =0,

e 5(0-z,y)=0-s(x,y) for all z,y € R"” and 0 € R,

[ ]
V)

x4y, z)=s(x,z)+ s(y, z) for all z,y,z € R", and

(
(
(
(

e s(z,y) = s(y,x) for all z,y € R™.

Based on an inner product s : R” x R™ — R we can define a norm on R"™ by

R" - R, z+— +/s(z,x).
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2.2. Special convex bodies and the corresponding norms

Definition 2.2.1. (Norm induced by an inner product)
A norm || - || : R — R is induced by an inner product if there exists an inner product

s:R" x R" = R such that ||z|| = \/s(z,z) for all z € R™.

For the Euclidean norm, we have ||z||2 = v/(z, z) for all z € R", where (-, -) is defined
as the scalar product

n
(w,y) =Y zi-yi=a"y
i=1

for z,y € R™. In the following, we will use both representations of the scalar product,
(z,y) as well as 7y, depending on what is more suitable in the context.

Lemma 2.2.2. (Cauchy-Schwarz-inequality)
For z,y € R™ we have

(@, )| < [ll2 - lyll2-

The Euclidean norm on R™ induces a matrix norm on R™*™, i.e., a norm R™*" — R.
For a matrix A € R™ "™, we set

[Az]2

[P

| All2 == max{ ‘ x € R”\{O}} .

Obviously, this mapping defines a norm on R™*", see for example [SK09]. The matrix
norm || - ||2 induced by the Euclidean norm is called the spectral norm of the matrix A.
The Euclidean norm and the spectral norm are compatible, that means we have

[Az[z < [[All2 - ]2

for all A € R™™ and x € R"™. Using symmetric positive definite matrices, we can develop
an alternative characterization of the spectral norm of a matrix.

Definition 2.2.3. (Symmetric positive definite matrices)
A matriz D € R™" is called symmetric positive definite if it is symmetric and if xT Dz >
0 for all x € R™\{0}.

Every symmetric positive definite matrix is nonsingular and the inverse matrix is also
symmetric positive definite. Furthermore, all eigenvalues of a symmetric positive defi-
nite matrix are positive real numbers and for every symmetric positive definite matrix
D € R™™ there exists a decomposition D = QT - Q, where Q € R™”. One can show
that there exists a uniquely determined symmetric positive definite matrix X such that
D=XT.X=X-X. Wecall X the square root of D, denoted by D'/2 see [HJ85].

Based on the observation that the FEuclidean norm is induced by an inner product
we can show that spectral norm [|A]|2 of a matrix A is the square root of the largest
eigenvalue of the symmetric positive definite matrix AT A. For A € R™*" and = € R",
we have ||Az||2 = V2T AT Az and the matrix AT A is symmetric positive definite.
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2. Norms and convex bodies

Lemma 2.2.4. Let D € R™" be a symmetric positive definite matriz. Then we have
D
max{xxTxx ’ x € ]R"\{O}} = /nn(D),

where N, (D) is the largest eigenvalue of the matriz D.

Proof. Since the matrix D is symmetric positive definite, there exists an orthogonal
matrix @ € R™*" such that

D=Q A-Q"

where A € R™" is a diagonal matrix which consists of the real positive eigenvalues
m(D),...,n(D) of the matrix D. This result is known as the spectral theorem, see e. g.
[Str06]. Thus, for every vector x € R™ we obtain that

e"Dr=27Q - A-QTx = (QT2)A(QTx).

If we set y := QTx € R™, we have
n
2" Dz =Y "m(D) ;.
i=1

Without loss of generality, we assume that 7, (D) is the largest eigenvalue of the matrix
D,

n n
2" Dz =Y " m(D) -y} <m(D)D_vi-
i=1 i=1
By definition, we have
n
Y=yl y=2"QQ Tz =2"a
i=1
and it follows that
' Dz < np(D) - 2Tz
This shows that for all z € R™\{0} we have

I Dz

Ty

< (D).
Furthermore, the vector x = @ - e, € R" satisfies

2T Dz B el QT DQe,
2Te  eIQTQe,

2T Dx
max{\/xTx ‘ x € R”\{O}} = \/m(D).

= egAen = (D),

which shows that
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2.2. Special convex bodies and the corresponding norms

Using this result with D = AT . A, it follows that the spectral norm of the matrix A
is the square root of the largest eigenvalue of the matrix AT A,

| All2 = na (AT A).

If A is symmetric, we obtain || Alj2 = 7,(A). If A is nonsingular, the spectral norm of the
inverse matrix A~! is the square root of the largest eigenvalue of (AT)™1A~1 = (4AAT)~1,
Since the eigenvalues of (AAT)~! are the inverse of the eigenvalues of the matrix AAT,
the spectral norm of A~! is the inverse of the smallest eigenvalue of the matrix AAT,
|A= 2 = (m(AAT))~1. The matrices AT A and AAT are similar since A1 (AAT)A =
AT A, which means that they have the same eigenvalues. From this, it follows that

1

V(AT A)’

where 71 (AT A) is the smallest eigenvalue of ATA. Since AT A is symmetric positive
definite, we have (AT A) > 0.

A7 2 =

General Euclidean norms Using symmetric positive definite matrices, we can define
generalizations of the Euclidean unit ball. The corresponding norms are also based on
an inner product.

For a symmetric positive definite matrix D € R™*™ we define the mapping
R" x R™ = R, (z,y) — z! Dy.

Since D is positive definite, we have 27 Dz > 0 for all x € R"\{0} and 27 Dx = 0 for
x = 0. Obviously, this mapping satisfies also the other required properties of an inner
product. This shows that the mapping

|-llp:R" =R, 2— VaTD 1z

defines a norm on R"™. Norms of this type are called general Euclidean norms. At a first
glance, it is not clear why we use here the matrix D~! in the definition instead of the
matrix D. But later, we will see that many properties of this norm and the corresponding
convex body can be deduced directly from the properties of the matrix D.

For general Fuclidean norms we can generalize the Cauchy-Schwarz inequality pre-
sented in Lemma 2.2.2.

Lemma 2.2.5. (Generalized Cauchy-Schwarz inequality)
Let D € R™™ be a symmetric positive definite matriz. For all x,y € R™ we have that

12Ty < VaT D=1z - \/yT Dy.

25



2. Norms and convex bodies

Proof. Since A is symmetric positive definite, there exists a uniquely determined square
root D'/2. Using the Cauchy-Schwarz inequality, see Lemma 2.2.2, we obtain

‘I'Ty‘ _ |1'TD_1/2D1/2yT‘
= [(D™%, D'/?y)]
< [D72ally - |D*2y|l2.

By definition of the Euclidean norm, the statement follows

Ty < /(D 22y (D) (D) T (D)
<VzTD 1z - /yTD 1.

O]

Sometimes general Euclidean norms are also called ellipsoidal norms due to the fact
that the corresponding unit balls of an ellipsoidal norm are ellipsoids centered at the
origin.

Definition 2.2.6. (Ellipsoids)
A set E C R"™ is called an ellipsoid if there exists a vector ¢ € R™ and a symmetric
positive definite matriz D € R™ "™ such that

E={zeR" (z—c)'D 'z —c) <1}.
The vector c is called the center of the ellipsoid and we denote by E(D,c) the ellipsoid
given by the matrix D and the vector c.

The decomposition of a symmetric positive definite matrix D = QT - @ can be used to
define a bijective affine transformation that maps the Euclidean unit ball to the ellipsoid
E(D,c), see Figure 2.6 for an illustration. This leads to an alternative characterization
of an ellipsoid.

Lemma 2.2.7. A set E C R" is an ellipsoid E = E(D,c) for a symmetric positive
definite matriz D € R™ "™ and a vector ¢ € R™ if and only if E is the affine image of the
Euclidean unit ball, 1.e.,

E=Q" BP(0,1) +c=Q"BP((Q") e, 1),
where D = QT - Q.

Proof. We consider a matrix @ such that D = Q7 - Q. A vector € R" is contained
in the ellipsoid E = E(D,¢) if and only if (z — ¢)TD~!(z — ¢) < 1. By straightforward
calculation, we see that

(=D @ —0) =@~ 'Q Q) Mz~ o)
= (@)@ —0) (@)@ —0).

This shows that the vector z € R" is contained in E(D,c) if and only if [|(QT) ! (z —
c)|l2 < 1 or equivalently if z is of the form x = QTy + ¢, where y € B,(?)(O, 1). O
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2.2. Special convex bodies and the corresponding norms

E(D,c)

BSLQ)(O’I) QT x+c

Figure 2.6.: Characterization of an ellipsoid. The ellipsoid E(D,c) is the image of

the Euclidean unit ball BT(?)(O, 1) under the affine bijective transformation
z— QTz + ¢, where D = QT - Q.

This relation between ellipsoids and the Euclidean unit ball is fundamental in the
understanding of ellipsoids. Nearly every property of an ellipsoid can be deduced from
the corresponding property of the Euclidean unit ball by applying the transformation
Q™. For example, we are able to compute the volume of an ellipsoid.

Lemma 2.2.8. Let E(D,c) C R" be an ellipsoid. The volume of this ellipsoid is
vol,(E(D, ¢)) = \/det(D) - vol,,(B(0,1)).

Proof. Let D = Q" - Q be an arbitrary decomposition of the matrix D defining the
ellipsoid. Then the ellipsoid E(D,c) is the image of the Euclidean unit ball under the
bijective affine transformation = — QTz + ¢, see Lemma 2.2.7. Hence, the statement
follows directly from Lemma 2.1.3 using that

[det(Q")] = /det(QT)? = 1/det(Q) - det(QT) = /det (D).
O

Furthermore, it follows that the relation between the volumes of two ellipsoids 1, Fy C
R™ is invariant under affine bijective transformation, i.e.,

vol,(E1)  vol,(T(Ey))

vol,(Es)  vol,(T(Es))’ (2:2)

where T : R™ — R"™ is a bijective affine transformation.
Since the decomposition of a symmetric positive definite matrix D in D = Q7 - Q

is not uniquely determined, there exists many transformations that map the Euclidean
unit ball to the same ellipsoid E(D, ¢). Each decomposition D = Q- Q of the matrix D
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2. Norms and convex bodies

defines a different transformation. However, the decomposition of a symmetric positive
definite matrix is unique except for multiplication with an orthogonal matrix O, i.e., a
matrix satisfying OT - O = I,,, where I,, is the identity matrix in R™. Geometrically, this
multiplication with an orthogonal matrix rotates the Euclidean unit ball before we apply
the transformation. That means, the bijective affine transformation B,(LQ)(O, 1) = E(D,c)
is unique up to rotation of the Euclidean unit ball.

In the following, we will sometimes need a bijective affine transformation 7 : Bﬁf) (0,1) —
E(D,c) satisfying an additional property: Given two vectors e € B,(lg) (0,1) and d €
E(D,c) with e - e = (d — ¢)TD7!(d — ¢) we are searching for a transformation 7 such
that 7(e) = d. Such a transformation can be found as follows: We start with an arbitrary
bijective affine transformation

7:B?(0,1) = E(D,¢), z+— QTz +¢
and compute the preimage of the vector d under this transformation,
7 Hd) = (Q") M (d—¢) € BY(0,1).
Now we compute an orthogonal matrix O € R™*™ such that
Q) Hd=c)=0"e.

Such an orthogonal matrix exists since the vectors (Q7)~!(d — ¢) and e have the same
length,

IQT)™Hd — o)lI3 = (@)~ ( - C), (@) ™H(d~0))
= (d—

Q.
ﬁ
\_/
@
\.j
I
Ju
—~
S
|
9}
~—

—(d-o'D 1<d )
=’ e = el
Then, the bijective affine transformation
Fia— (07 Q) z+c=Q"0z+c
maps the vector e € B}f)(o, 1) to the vector d € E(D,¢),
QT0e+c=QM(Q") Y d—-c)+c=d.
This proves the following statement.

Lemma 2.2.9. Let E(D,c) C R" an ellipsoid given by D € R"™™ symmetric positive
definite and ¢ € R™. Let e,d € R" satisfying

ele=(d—c)TD 1 (d-¢) < 1.

Then there exists a bijective affine transformation T : Bff)(o, 1) = E(D,c) satisfying
T(e) =d.
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2.2. Special convex bodies and the corresponding norms

Obviously, every norm defined by an ellipsoid E(D,0) is efficiently computable. Fur-
thermore, we can explicitly determine the radius of a circumscribed and of an inscribed
Euclidean ball. The radius of the circumscribed Euclidean ball is given by the square
root of the largest eigenvalue of the matrix D defining the ellipsoid, whereas the radius
of the inscribed Fuclidean ball is the square root of the smallest eigenvalue of D.

Lemma 2.2.10. Let E(D,c) C R"™ be an ellipsoid given by D € R™ "™ symmetric positive
definite and ¢ € R™. Then

B{?) (e, v/m(D)) € E(D.¢) € B (e, /m(D)),
where n1(D) denotes the smallest and 0, (D) the largest eigenvalue of D.

Since D is symmetric positive definite all eigenvalues of D are real and positive, i.e.,
the radii of the Euclidean balls are well-defined. As we have seen before, 1, (D) is the
spectral norm of the matrix D and n;(D) is the spectral norm of the inverse matrix D!,
Hence, Lemma 2.2.10 shows that the ellipsoid E(D,c) is contained in a Euclidean ball
with radius || D||2 and contains a Euclidean ball with radius [[D~!|5.

Proof. Without loss of generality, we assume that ¢ = 0. Since D € R™*" is symmetric
positive definite, for all x € R™\{0} we have that

eI'D e <n(D7Y 2Tz

as we have already seen in Lemma 2.2.4. Since the largest eigenvalue of the matrix D!
is the inverse of the smallest eigenvalue of the matrix D, n,(D~!) = 1/n1(D), we have

e"D e < xTx for all z € R™\{0}.

1
m(D)

This shows that every vector z € B,(LQ)(O7 V(D)) satisfies 2T D71z < 1, since 272 <
n (D). This shows that = € E(D,0).
With the same argumentation as in the proof of Lemma 2.2.4 we can show that

eI D7 e > (D YT

for all z € R". Again using that n;(D~1) = 1/n,(D), we obtain that

eI'D e > zTz for all 2 € R™\{0},

(D)
from which it follows that 2”72 < n,(D) for z € E(D,0). O

A fundamental observation is that every full-dimensional bounded convex set can bhe
approximated using an ellipsoid. By the approximation of a bounded convex set C by an
ellipsoid F we understand an ellipsoid which is contained in the convex set, £ C C. The
approximation factor is that factor, which we need to scale the ellipsoid with such that
the scaled ellipsoid contains the convex set.
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2. Norms and convex bodies

By scaling an ellipsoid with a positive factor » > 0 we understand the ellipsoid obtained
from E by scaling it from its center by the factor r. We denote this as r x /. Formally,
it E=FE(D,c), then

r+~E:=r-E(D,0)+c.
Lemma 2.2.11. Let E = E(D,c) CR" be an ellipsoid and r > 0. Then,
rxE=E(r?-D,c).

Proof. Without loss of generality we assume that ¢ = 0. A vector x € R" is contained in
the ellipsoid r x E if and ouly if z € r - E(D,0), i.e., if there exists a vector y € F(D,0)
such that © = r - y. By definition of an ellipsoid, the vector y satisfies y” D71y < 1.
Using the following rearrangements

0= () 07 () = (507 eme 00) e

; e
we get that the vector x is contained in r x E if and only if 7 (r2D) "1z < 1. O]

An ellipsoid which approximates a bounded convex set is called an approximate Léwner-
John ellipsoid.

Definition 2.2.12. (Approzimate Lowner-John ellipsoid)

Let C C R"™ be a full-dimensional bounded convex set and 0 < v < 1. An ellipsoid F
satisfying E C C C (1/7) x E is called 1/~-approzimate Lowner-John ellipsoid of C. We
call 1/~ the approzimation factor (of the Lowner-John ellipsoid).

If we consider a y-approximate Loéwner-John ellipsoid of a convex set C where the

approximation factor vy is optimal, we call this ellipsoid the Lowner-John ellipsoid. Here,
optimal means that for all v < 7 there does not exist an ellipsoid E’ satisfying B/ C C C
(1/7) < E".
A fundamental result is that every full-dimensional bounded convex set in R™ can be
approximated by an ellipsoid with approximation factor of at most n. For symmetric
convex sets, the approximation factor can be improved to v/n. Results of this type have
been proved independently by several persons, see [DGK63]. The first result of this type
is attributed to Lowner. The following theorem is due to John, see [Joh48|. A proof of
it can be found in |Bal97].

Theorem 2.2.13. (John’s Lemma)
Let C C R"™ be a full-dimensional closed, bounded convex set. Then there exists an
ellipsoid E C R"™ such that

ECCCnxFE.

If C is symmetric about the origin, the approximation factor can be improved by the factor
Vn, i.e., in this case there exists an ellipsoid E satisfying

ECCCn*E.
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2
\__

NS

Figure 2.7.: John’s lemma. On the left, we see that for a regular simplex in R? the
ratio between a inscribed and circumscribed circle is exactly 2 and that it
is the best possible. On the right, we consider a symmetric cube where the
ratio between the inscribed and circumscribed circle is exactly v/2.

In general, these approximation factors are best possible. An example for the optimal-
ity are the regular simplex or the cube, see Figure 2.7.

A Lowner-John ellipsoid of a bounded convex set can also be characterized as follows:
The inscribed ellipsoid E is the ellipsoid contained in F with maximal volume, also called
maximum volume ellipsoid. Analogously, the circumscribed ellipsoid v E is the ellipsoid
with minimal volume that contains FE, also called the minimum volume ellipsoid. For
more details about John’s lemma and its consequences, see [Mat02], [Bar02] or [Bal97].

Unfortunately, the proof of John’s lemma is not constructive. In general, the compu-
tation of an approximate Lowner-John ellipsoid is hard. For example, for a given finite
set of points it is NP-hard to compute the smallest enclosing ellipsoid if the dimension is
part of the input, see [Mat02].

We observe that if we are given a ~v-approximate Léwner-John ellipsoid for a full-
dimensional bounded convex set, we are able to compute an inscribed and circumscribed
Euclidean ball for the convex set, i.e., the convex set is well-bounded.

Lemma 2.2.14. Let C C R"™ be a full-dimensional bounded convez set and E(D,c) C R"™
be a v-approximate Lowner-John ellipsoid of C for some parameter v > 1. Then

B (e /m(D)) € € € B (e, (D)),

n

where m1(D) is the smallest and n,(D) is the largest eigenvalue of the matriz D.

The proof of this lemma follows directly from Lemma 2.2.10 together with the fact
that F(D,c) CC C E(v%- D,c).
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BP(0,1)

0 B®(0,1)

B (0,1)

B{M(0,1)

Figure 2.8.: Unit balls of different norms. The picture shows the unit ball of the
f1-norm, the Euclidean norm, the /3-norm, and the foo-norm.

2.2.2. (,-norms and /,-balls with 1 <p < o

The mostly used non-Euclidean norms are arbitrary £p,-norms with 1 < p < oco. The
¢p-norm of a vector x € R" is defined by

n 1/p
]l := (Z \xilp>
i=1

for 1 <p < oo and
/o0 1= max{|z;||1 < i < n}.

For p = 2 we obtain the Euclidean norm. The balls generated by an ¢,-norm with

1 < p < oo are called /)-balls. We denote them by B,(Lp) (z,a) or By(lp) (x, ) respectively.
The unit balls of some £,-norms are illustrated in Figure 2.8.

It follows immediately from its definition that the function || - ||, satisfies the first
two properties of a norm, positivity and absolute homogenity. The proof of the third
property, the subadditivity, is more substantial. It is based on Holder’s inequality.

Proposition 2.2.15. (Hélder’s inequality)
Let 1 < p,q <oo with1/p+1/qg=1. We set 1/oo =0. For all x,y € R™"\{0} we have

(@)l < lzllp - [1yllq-

The inequality is fulfilled with equality +f and only if there exists 6 € R such that

Q-xllf/p:yi/qfor alll <k <n.
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Originally, this inequality was obtained by Rogers in 1888. One year later, in 1889, it
was derived in another way by Holder. The form as it is presented above is due to Riesz,
who also recognized its fundamental role. Thus, the inequality might be better called
Rogers-Holder-Riesz inequality. For a proof of the inequality see for example [Ste04].
Based on Holder’s inequality we can prove the following statement.

Proposition 2.2.16. (Minkowski’s Inequality)
Let z,y € R"™ and p > 1. Then il holds that

[z +yllp < llzllp + lyllp-

Moreover, if p > 1 and x # 0, the inequality is fulfilled with equality if and only if there
exists a constant 0 € R such that |xg| = 0] - |yk| for all 1 < k < n and x and y;, have
the same sign for each 1 < k <n.

The proof of Minkowski’s inequality follows from Hoélder’s inequality and can also be
found in [Ste04]. In particular, Minkowski’s inequality shows that the £,-norms with
1 < p < oo are strictly convex, i.e., for z,y € R™"\{0}, = # y it holds that

2 +yllp < llzllp + [yl
or equivalently that
102 + (1 = O)yllp < Ollllp + (1 =)yl

for all 0 < 6 < 1. In contrast, the £;-norm and the f,-norm are not strictly convex.
Geometrically, we see this since the boundaries of their unit balls contain straight lines.
Analytically, we have for the £,-norm that

15 ((3)+ (3 ) Ie=1=30 (1 ) I 30 ( 7 ) I

respectively. For the £1-norm, we obtain a similar result if we consider the vectors (1,0)”
and (0,1)7.

We observe that for p < 1, the function R" — R, = — (3>, |xi|p)1/p does not define
a norm since this function is not convex and does not satisfy the triangle inequality.

All £,-norms with 1 < p < oo are efficiently computable. Furthermore, we obtain as a
special case of Holder’s inequality a relation between the Euclidean norm and arbitrary
¢p-norms: For all z € R™ we have

22 < [zl < /P22l
if1<p<2and

n' P72 z)y < 2l < 2
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if 2 < p < oo. For the £,-norm it holds that
nz]lz < llz]lo < [lfa-

This shows that all £,-norms are tractable norms and that the corresponding unit balls
are well-bounded.

We have already observed that the £1-norm and the /..-norm are in some kind special
¢p-norms since they are not strictly convex. Furthermore, their corresponding unit balls
are polytopes.

2.2.3. Polyhedral norms and polytopes

A polyhedron is the solution set of a system of inequalities given by a matrix A € R¥*"
and a vector § € RS,

{r e R"|A -z < S}. (2.3)

Obviously, a set P C R™ is a polyhedron if and only if it can be represented as the
intersection of finitely many halfspaces. A bounded polyhedron is called a polytope.

Mainly there are two possible ways how a polyhedron can be described: As the solution
set of a system of inequalities as it is done in (2.3) or as the convex hull of finitely many
vectors. This is illustrated by the unit ball of the /;-norm and the unit ball of the
{ no-n101M.

e The polytope which defines the ¢;-norm is given by the 2" constraints (z,e) < 1,
where e € {£1}", i.e.,

BWM(0,1) = {x € R"|(z,e) < 1 for all e € {£1}"}. (2.4)
Alternatively, BT(LI)(O, 1) can be described as the convex hull of the 2n unit vectors
+e; € R" where 1 <i¢ <n, i.e, Bg)((), 1) = conv({£e;|l <i<n}).

e In contrast, the polytope which defines the £o-norm is given by the 2n constraints
(x,e;) < 1and (r,—e;) <1forl<i<n,

B (0,1) = {z € R"|(z,e;) <1 and (z,—e;) <1forall 1 <i<n}. (2.5)
Accordingly, B (0,1) can be described as the convex hull of the 2" vectors {£1}",
BY(0,1) = conv({£1}7}).

In this thesis, we will always assume that a polyhedron is given in the first way, i.e.,
in the form as it is described in (2.3). Thus, whenever we speak in the following about
the polytope which defines the £1-norm or the /,-norm, we always assume that they are
given as in (2.4) or (2.5) respectively.
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2.2. Special convex bodies and the corresponding norms

Since we are interested in computational statements, we always assume that the poly-
hedron is given by a rational matrix A € Q**™ and a rational vector § € Q™. We
denote by the size of a polyhedron P the maximum of n, s, and the size of the coordi-
nates of A and S, i.e, if P ={z € R"A -2z < f} with A € Q**" and § € Q" then
size(P) := max{n, s, size(A), size(S)}.

Given a full-dimensional polytope P symmetric about the origin, we call the corre-
sponding norm a polyhedral norm, denoted by || - || p. Particularly, the ¢;-norm and the
{s-norm are polyhedral norms, whereas ¢)-norms with 1 < p < oo are not polyhedral
norms.

In the rest of this section, we show that polytopes symmetric about the origin are
well-bounded convex bodies, i.e., that we compute the radius of a inscribed and of a
circumscribed FEuclidean ball.

If P is a polytope symmetric about the origin, there exists a parameter s € N and a set
of constraints Hp = {hy,... ,hs/g} C R™ such that P is the intersection of a collection
of halfspaces determined by Hp,

5/2 5/2
P=({z e R"{z,h;) <1} 0 [ ) {z € R"[{z, h;) > —1}
=1 i=1

= {zr € R"|{(z,h;) < 1and (xr,—h;) <1forl1l<i<s/2},

see [BJWW9S|. Here, s is the number of facets of the polytope, i.e., the number of
(n — 1)-dimensional faces of the polytope. A face of a polytope P is a set F # ()
satisfying F' = {x € P|(z,h;) =1 or (x, h;) = —1 for some 1 <17 < s/2}.

If we deal with algorithms, we can always assume that Hp C Q". Sometimes, it will be
easier to assume that Hp C Z". Then, the polyhedron P is given by a set Hp C Z"
together with a set of parameters {31,..., 852} € N,

P ={z e R"[(z,h;) < p; and (z,—h;) < B; forall 1 <i<s/2}.

In the next lemma, we show that every polytope symmetric about the origin contains a
ball whose radius is determined by the facets of the polytope.

Lemma 2.2.17. Let P C R" be a full-dimensional polyhedron symmetric about the
origin,

P={x e R"(z,h;) <1 and (x,—h;) <1 for all 1 <i<s/2}.
Define h := min{1/||h;||2|]1 < i < s/2}. Then
B (0,h) C P.
Proof. Every vector x € 37(12)(0, h)=nh- 37(12)(0, 1) is of the form

/
x=h- 1,
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2. Norms and convex bodies

where 2’ € R"™ with [|2/||2 < 1. To show that x is contained in the polytope, we need to
show that z satisfies all s constraints defining P.
For all x € R™ with 1 < 7 < n we have

(hj,x) = h - (h;,a') < S PR EA PR

using the Cauchy-Schwarz inequality. With the same argument, we see that (—h;,z) < 1.
Altogether, this shows that x € P. O

For the computation of the radius of a circumscribed Euclidean ball we need a result
about the relation between the Fuclidean length of a vector and its size and between the
size of a matrix and its determinant.

Claim 2.2.18. For x € Q" we have
lalls < v/ - size(z).
For D € Q™™ we have
| det(D)| < n™? size(D)".

Proof. The first statement follows directly from the definition of the Euclidean norm.
For all x € R™ we have

|3 = Zx < Zsme 2 < n-size(z).

To prove the second statement we consider the columns dy, . .., d, of the matrix D. Using
Hadamard’s inequality, it follows directly from the first statement that

| det(D)] < H dill2 < H V/n size(d; H size(D) = n"/? size(D)",

see Section A.0.1 in the Appendix. O

Using this result, we are able to compute the radius of a circumscribed Euclidean ball
for every full-dimensional polytope. This radius is determined by the size of the polytope.
First we compute the radius of a circumscribed ¢.-ball for a given polytope.

Lemma 2.2.19. Let P C R" be a full-dimensional polytope given by s integral inequali-
ties (a;, ) < B;, where a; € Z™, B; € Z for 1 <i < s, i.e.,

P={z e R"(a;,z) < B; for 1 <i<s}={x GIR”|AT37§6},

where A 1is the matriz, which consists of the columns a;. Then P is contained in an
loo-ball with radius ™1™, centered at the origin,

PC BT(LOO) (0, n"/zr”),

where r is the representation size of the polytope.
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2.2. Special convex bodies and the corresponding norms

Proof. Let v € P be an arbitrary vertex of the polytope. Then there exists a n x n
submatrix C' of AT such that C - v = d, where d is the column vector which consists of
the corresponding coefficients of 5. Using Cramer’s Rule, the coefficients v; of the vertex
v are given by

_ det(C;)
~ det(C)’

Vi

where C; is the matrix C, where the i-th column is replaced by d. Since AT is a matrix
with integer coefficients, we have |det(C')| > 1 and we obtain for all coefficients of v the
upper bound

|vi| < | det(Cy)| < n™?size(C)",

where the last inequality was shown in Claim 2.2.18. This proves that the statement of
the lemma is correct. ]

Corollary 2.2.20. Let P C R"™ be a full-dimensional polytope given by m integral in-
equalities (a;,x) < [B; where a; € Z", B; € Z for 1 <i <'m, i.e.,

P={zeR"(a;,z) < B for 1 <i<m}={zecR"ATz <},

where A is the matriz which contains of the columns a;. Then P is contained in an
Euclidean ball with radius n™t1/2pn

P g B’I(lQ) (07 Rout) wlth Rout — n(n+1)/27’n
where T 1s an upper bound on the representation size of the polytope.

The proof of this statement follows directly from Lemma 2.2.19, using that it follows
from Holder’s inequality that Bq(zoo)(O, 1)Cvn- BY (0,1).

Combining Corollary 2.2.20 and Lemma 7.1.4 we see that every full-dimensional poly-
tope symmetric about the origin is a well-bounded convex body.
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3. Lattices

In this chapter, we define several fundamental concepts and state important results from
the geometry of numbers that will be used throughout this thesis. We focus on the inter-
action between lattices and convex sets and consider lattices from a purely mathematical
point of view. For a more detailed introduction see [Cas71]| or [MGO02].

3.1. Fundamentals about lattices

A lattice L is a nonempty subset of R"™ which is closed under addition and subtraction,
ie, if v,w € L, then v — w € L. Furthermore there exists an ¢ > 0 such that the
Euclidean ball B (0, €) does not contain a non-zero lattice vector.

Definition 3.1.1. (Lattice)
A lattice L is a discrete abelian subgroup of R™.

Each lattice has a basis, i.e., a sequence by, . . ., by, of m elements of L that generate the
lattice as an abelian group. We denote this by L = L(B), where B = [by,...,by,] € R™*™
is the matrix with the column vectors b;. Then the lattice £(B) is the set of all linear
integer combinations of the basis vectors, see Figure 3.1.

Definition 3.1.2. (Lattice generated by a basis)
Let by, ... by, € R™ be linearly independent (over R). Set B := [by,...,by] € R™™.
The set

L(B) = {Zxﬂﬂxl €Z for1 <i< m} ={Bz |z €Z™}

i=1
is called the lattice generated by the basis vectors by, ..., by,.

Definition 3.1.1 and Definition 3.1.2 are equivalent. That means, for each discrete
(abelian) subgroup L of R™ there exists a basis B € R"*™ such that L = £(B) and each
set L(B) C R™ defined by m linearly independent vectors B = [by,...,by] is a discrete
abelian subgroup of R", see for example [Bar(2].

Obviously, there exist different bases that generate the same lattice. We call two ma-
trices B, B’ € R™™ equivalent if they generate the same lattice, i.e., if £(B) = L(B').
Algebraically, two lattice bases are equivalent if and only if there exists a unimodular
matrix U € Z™*™ such that B’ = B -U. A matrix U € Z"*" is called unimodular if
|det(U)| = 1. The set of all unimodular matrices U € Z"*" is called the special linear
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3. Lattices

Figure 3.1.: A lattice. The lattice is generated by the vectors b; = (1,2)7 € R? and
by = (2,1)T € R2.

group over 7Z and is a multiplicative group.

A vector v € L is called primitive if (1/k) -v ¢ L for all k € Z\{0,£1}. Every
primitive lattice vector v € L can be extended to a basis of the lattice, i.e., there exists
ba,...,by € L such that {v,ba,... by} is a basis of L. A proof of this result can be
found for example in [Cas71].

If a lattice L is given by a basis B € R™ ™ we call m the rank of L and n its dimension.
If m = n, the lattice is full-dimensional. In this case, the vector space spanned by the
basis, span(B), is the whole space R™. Obviously, the vector space spanned by a lattice
is independent of the chosen basis. It is denoted by span(L). The dimension of span(L)
corresponds to the rank of the lattice L.

Definition 3.1.3. Let L C R"™ be a lattice given by a basis B € R™"™. Then
n
span(L) := {szbz ‘ i €R for1 <i< m}
=1
is the subspace of R™ which contains the lattice.

One can show that the subspace generated by a lattice L C R” is the smallest subspace
in R™ which contains the whole lattice.

For a set B = [b1,...,by] € R™™ of linearly independent vectors we define the half
open parallelepiped

P(B)Z: Zajbj‘()gaj<1,j:1,...,n
j=1
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3.1. Fundamentals about lattices

Figure 3.2.: Fundamental parallelepiped. The lattice is generated by the vectors
by = (2,1) € R? and by = (1,2) € R%2. The corresponding fundamental
parallelepiped covers the whole space R2. Thus for every vector v € R?
there exists a unique vector w € P(B) such that v — w is a lattice vector.

If B is a basis of a lattice L, this parallelepiped is called fundamental parallelepiped
or fundamental region of the lattice L with respect to the basis B. The fundamental
parallelepiped can be used to define a disjoint covering of the whole subspace span(B),

span(B) = ] (v+7P(B)),

veL(B)

as it is illustrated in Figure 3.2. If L is a full-dimensional lattice, we have span(B) = R"
and the fundamental parallelepiped can be used to define a covering of the whole space.

Using a fundamental parallelepiped P(B) defined by some basis B of the lattice L, for
every vector v € span(B) = span(L) we can define a unique representation v = u + w
with v € L and w € P(B). We call two vectors v, w to be congruent modulo L, v = w
mod L, if the difference vector v — w is a lattice vector, i.e., if v — w € L. By computing
a vector w satisfying w = v mod L, we mean computing the unique w € P(B) with
v—w € L=L(B).

Lemma 3.1.4. Let L C R" be a lattice given by a basis B € R™*"™. For every vector
v € span(L) there exists a unique vector w € P(B) such that v —w € L.

The proof of this result follows directly from the observation that for every vector
v € span(B) = span(B) there exists a unique representation as a linear combination
of the basis vectors, v = Z;’;l vib; with v; € R, 1 <4 < m. Forall 1 < ¢ < m the
coefficients v; can be uniquely represented as v; = |v;| + (v; — |v;]), where |v;| € Z and
0<v; — LUZJ < 1.
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3. Lattices

If we consider a lattice L C R™ of rank m together with m linearly independent
lattice vectors, these lattice vectors do not necessarily form a basis of the lattice. A
simple geometric criterion to decide whether a set of linearly independent lattice vectors
by,..., b, € L for a basis of the lattice is to consider the parallelepiped P(B’) spanned
by these vectors, where B’ := [b},...,1],]. One can show that B’ is a lattice basis of L
if and only if the parallelepiped spanned by these vectors does not contain a non-zero
lattice vector, i.e., if P(B’) N L = {0}.

For every set B’ = [b],...,b],] of m linearly independent lattice vectors of the lattice
L the set L£(B’) is always a lattice and we have £(B’) C L. The lattice £(B’) is called a
sublattice of L. If L(B') C L we say that £(B') is a proper sublattice of L.

Definition 3.1.5. Let L C R"™ be a lattice and B" = [V},...,b],] € R™™ with b, € L
forall 1 <i<m. For all ve L the set

v+ L(B') = {v+w|w e L(B')}

is called a coset of L modulo L(B'). The set of all cosets is denoted by L/L(B').

Determinant of a lattice

One fundamental constant of a lattice is its determinant.

Definition 3.1.6. (Determinant of a lattice)
Let L C R™ be a lattice of rank m. The determinant of L, det(L), is defined as the
m-dimensional volume of the fundamental parallelepiped P(B) for some arbitrary basis

BER™™ of L, i.c.,
det(L) := y/det(BT - B).

The determinant of a lattice is a lattice invariant, i.e., it is independent of the basis
defining the lattice. This follows directly from the observation that for two equivalent
bases B, B’ of a lattice L there exists a unimodular matrix U such that B’ = B - U and
we have det(B'T B') = det(B” B).

If the lattice L is full-dimensional, we have det(L) = |det(B)| and the determinant of
the lattice is the n-dimensional volume of its fundamental parallelepiped. Geometrically,
the inverse of the determinant of a lattice can be interpreted as the density of the lattice
vectors.

Given a basis of the lattice the determinant can be computed in polynomial time using
Gaussian elimination. Another way to compute the determinant of a lattice is to use the
Gram-Schmidt orthogonalization of the basis.

Definition 3.1.7. (Gram-Schmidt orthogonalization)
Let B = [by,...,by] € R™™ be a set of linearly independent vectors. The Gram-Schmidt
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3.1. Fundamentals about lattices

orthogonalization BT = [b}, .. .,bjn] of B is defined by

bl = by,

; i—1 ; <bz,bT>

b, ::bi—Zui7jbjforl<i§nand,um = < ]> for1<j<i<n.
j=1 J 7

The Gram-Schmidt-orthogonalization depends on the order of the original basis vec-
tors. The important properties of the Gram-Schmidt orthogonalization is that its vectors
are pairwise orthogonal. Furthermore, they span the same vector space as the original
vectors, that means we have span(by,...,by,) = span(b];, e bjn)

Given a basis B € R™™ of a lattice L and the corresponding Gram-Schmidt orthog-
onalization Bf € R™™ we have B = B! . G where G € R™*™ is an upper triangular
matrix whose elements on its diagonal are 1. Thus, we have

det(BT - B) = det (GT(BT)TBTG>
= det(GT) - det ((BT)TBT) - det(G)
= det ((BT)TBT>

and it follows from Hadamard’s inequality, that

\/det(BTB \/det BHTB) = HIIbTH%

see Section A.0.1 in the Appendix.

Lattices under orthogonal projection

Let L C R™ be a lattice given by a basis [b1,...,by,] € R™*". For simplicity, we assume
that L is full-dimensional, i.e., m = n. Let L be the sublattice generated by the first k
basis vectors, i.e.,

Lk = E(bl, ey bk)
for 1 < k < n. For some fixed parameter k, 1 < k < n, we define the mapping

et R —>span(b£, .,bh)
" (b))

377

i
J

Since R"™ = span(b}, e b;fl) and span(by, ..., bx_1) = span(b}, e b,t_l), we have

span(by, ..., bp_1)" = span(bz, el bfl)
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3. Lattices

Thus, 7y is the orthogonal projection onto the orthogonal complement of span(Lg_1),
i. e, mp: R" — span(Lg_1)*.

We now consider the image of the lattice L under this orthogonal projection 73 and
we define

LR . (L),

It is easy to see that L(»*+1) is a lattice of rank n — k+ 1 and that a basis of this lattice
is given by [mx(br), . .., 7k(bn)]. The lattice L("~5+1) is often called the projected lattice.
It is a classical technique to use this projected lattice to show statements by induction
on the rank of the lattice.

Obviously, we have

m(bl) =0 forall 1 <j <k—1and

(1) = bl for all k < j < n.
Using this, we can show that the projection 7 decreases the length of a vector, that means
for all v € R"™ we have ||v||2 > || (v)||2: Since the Gram-Schmidt orthogonalization BT

is a basis of R", for every vector v € R" there exists a representation v = Y ., vibj with
v; € R for all 1 <14 < n. Hence, the squared Fuclidean length of v is at least

n n
ol =" v2bl13 > > v?[b]113
=1 i=k

=" ?llm(b)13 = [[m(w)13.
1=k

3.2. Minkowski’s convex body theorem and successive
minima
3.2.1. Minkowski's convex body theorem

Minkowski’s convex body theorem provides a sufficient condition such that a convex
body contains a lattice vector. It is based on a result of Blichfeldt which shows that
every measurable set whose volume is larger than the determinant of the lattice contains
a non-zero lattice vector. The proof of Blichfeldt’s theorem uses a generalization of the
pigeonhole principle.

Theorem 3.2.1. (Blichfeldt’s Theorem)
Let L CR™ be a full-dimensional lattice and S C R™ be a measurable set. If vol,(S) >
det(L), there exists two vectors z1,2z9 € S, 21 # 22, such that z1 — z3 € L.
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3.2. Minkowski’s convex body theorem and successive minima

Proof. Let B € R"™"™ be a basis of the lattice L. Then the set L + P(B) is a partition
of the space R", that means L + P(B) = R" and for all w,v € L, u # v, we have
u+P(B)Nv+P(B)=0.

For each lattice vector v € L we consider the intersection of the set S with the corre-
sponding translation of the fundamental parallelepiped,

Sy : =8N (v+P(B)).

Since B is a basgis of R™ and the lattice is full-dimensional, the sets S,, v € L, are a
partition of the set S and we have

voln(S) = > vol(Sy).
vEL

Now we consider the translations of the sets S, in the fundamental parallelepiped. For
v € L we define

S, =8, —v.

Then we have for all v € L that S, = (S —v) NP(B) and vol,(S,) = vol,(S,). It follows
that

D voln(S)) = voly(S,) = voln(S) > det(L) = vol,(P(B)).

veEL veEL
Since for all v € L we have S, C P(B), this shows that there exists vectors v,w € L
such that S, NSS!, # 0. Let z € S/ NS,,. Since z € S, there exists z; € S, C S such that
z =z —v. Since z € S|, there exists 23 € Sy, € S such that z = z9 — w. Obviously, we
have v # w and z; # 2z9. From this it follows

21 —2z=z4+v—(z+w)=v—we L\{0}.

As a consequence, we obtain

Theorem 3.2.2. (Minkowski’s convex body theorem,)
Let L C R™ be a full-dimensional lattice and C C R"™ be a convex set, which is symmetric
about the origin. If vol,(C) > 2" det(L), the set C contains a non-zero lattice vectors

v e CNL\{0}.
Proof. We consider the set C' := (1/2) - C. The volume of C’ satisfies
vol, (C") = 27" vol,(C) > det(L),

see Lemma 2.1.3 in Chapter 2. According to Blichfeldts’ Theorem, Theorem 3.2.1, there
exists two vectors z1, 29 € C' such that 2 — 29 € L\{0}.
Furthermore, we have 221,229 € C and due to the symmetry of C it follows that —2z € C.
Since C is convex, we have
1
2
This shows that C contains the non-zero lattice vector z1 — 29. O

(221 + (—222)) =21 — 22 € C.
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et

Figure 3.3.: The minimum distance of a lattice in different norms. We consider
the integer lattice Z2. With respect to the Euclidean norm, the unit vectors
+e; and +es are the shortest non-zero lattice vectors in Z2. If we consider
the norm defined by the polytope P symmetric about the origin, we see that
the vectors (1,1) € Z2 and (—1,—1) € Z? are the shortest non-zero lattice
vectors.

3.2.2. Successive minima

A fundamental parameter of a lattice is its minimal distance which is defined as the
minimal distance between two different lattice vectors

min{ ||z — ylllz,y € L,z # y}.

This distance can be defined for any norm || - || on R". Obviously, the minimal distance
between two different lattice vectors is the same as the length of a shortest non-zero lattice
vector: Since a lattice is a subgroup of R", it is closed under addition and subtraction.
Thus, the difference vector x — y of two distinct lattice vectors x,y € L is guaranteed to
be a non-zero lattice vector. We define

MWL) = min{|le — |,y € L, 2 # y}.

and call it the first successive minimum of the lattice L with respect to the norm | - ||.
The first successive minimum of a lattice is the length of the shortest non-zero vector
in the lattice. Obviously, the minimum distance of a lattice and the vector achieving it
depends on the corresponding norm as it is illustrated in Figure 3.3.

The number of shortest non-zero lattice vectors with respect to the Euclidean norm is
called the kissing number of the lattice. One can show that this number is at most single

46



3.2. Minkowski’s convex body theorem and successive minima
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Figure 3.4.: The successive minima of a lattice. The lattice is generated by the
vectors (1,2)7 € R? and (2,1)” € R2. The minimum distance of this lattice
with respect to the Euclidean norm of this lattice is v/2 and the length of
the second successive minimum is /5.

exponential in the dimension, see [CS93].

An equivalent way to define the first successive minimum )\gH'”)(L) is the following:

)\gH'”)(L) is the radius of the smallest ball centered in the origin containing one linearly
independent lattice vector.

This definition can be generalized easily to define the ¢-th successive minimum of a lattice
with 1 <4 < n as the smallest real number p such that L contains ¢ linearly independent
vectors of length at most p, see Figure 3.4.

Definition 3.2.3. (Successive minima)
Let L C R™ be a lattice of rank m and || - || be a norm on R™. The i-th successive

minimum /\gll'”)(L) is defined as

/\,E”'”)(L) := inf {p | dim (span(L) N BSL”'”)(O,/))> > z} .

Since every lattice L is discrete, there exists a constant € > 0 such that the minimal
distance of this lattice is at least e. From this it follows that for every p > 0, the ball
B,(l”'”)((), p) around the origin with radius p contains only finitely many lattice vectors.
Using this, one can show that for every lattice L of rank m, there exist linearly inde-

pendent lattice vectors whose lengths are exactly the successive minima, i.e., there exists
(-

U1,...,Um € L linearly independent with ||v;|| = X\;" " (L), see [Cas71]. It is not guaran-

teed that these vectors are a basis of the lattice.
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3. Lattices

Using Minkowski’s convex body theorem, it can be guaranteed that every lattice con-
tains a non-zero lattice vector whose length with respect to the fo-norm is at most
det(L)'/™, where m is the rank of the lattice.

Theorem 3.2.4. Let L CR" be a lattice of rank m. Then
A1) < det(L)M™.

Proof. Obviously, the intersection of the open f.-ball with radius )\goo) (L) with span(L)
contains exactly one lattice vector,

(B,([’O) (0, A1) span(L)) nL={0}

Let B € R™ ™ be a basis of the lattice L. Then there exists a rotation given by an
orthogonal matrix O € R"*™ such that
n
span(O - B) = span(ey,...,e,) =R"N ﬂ Hye,.

i=m-+1

Obviously, the convex set O - (BT(LOO) (0, )\goo) (L)) N span(L)) contains exactly one lattice
vector from the lattice £(O - B),

0. (Bﬁf’o)((), AP(L)) N span(L)) N L0 - B) = {o}.
Since L(O - B) € R" N, Hoe and O - (B,(f") (0, )\goo)(L)) N span(L)) C R"N

Nz 11 Hoe; we can apply Minkowski’s convex body theorem, Theorem 3.2.2, and obtain
that

vol, (o- (B,(f")(o, AL span(L))) < 2™ det(L£(OB)). (3.1)
Since O is an orthogonal matrix, we have det(£(OB)) = det(£(B)) = det(L) and
voly, (o : (BﬁfO) (0, X°(L)) n Span(L))) = vol,, (Bﬁfo)(o, APy n span(L))
= ALN(@)™ - vol,, (BﬁfO)(o, 1N span(L)) .

One can show that the m-dimensional volume of the intersection of the n-dimensional
Loo-unit ball with an m-dimensional subspace has volume at least 2", that means for
every m-dimensional subspace H C R” we have

vol,, (B (0,1) N H) > 2™,
This result is shown by Vaaler, see [Vaa79]|. Thus, we obtain that
voly, (o - (B7<;>°>(0, AN (L)) N span(L))) > (2A§°°>(L))m .
Combining this with (3.1) we obtain
A1) < det(L)M™.
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3.2. Minkowski’s convex body theorem and successive minima

Unfortunately, the proof of this result is not constructive. It is easy to see that
this bound is tight if we consider the integer lattice which satisfies /\goo)(Z”) =1=
det(Z™)'/™. Using Holder’s inequality, we obtain corresponding results for arbitrary -
norms. The result for the Euclidean norm is also known as Minkowski’s first theorem.

Corollary 3.2.5. (Minkowski’s first theorem)
Let L C R”™ be a lattice of rank m. Then

ML) < v/ - det(L)!/™.

It can be shown that this result is asymptotically tight, i.e., there exist lattices L C R"
such that )\52)([/) > ¢ y/ndet(L)Y/™ for some fixed constant ¢. Minkowski also proved a
stronger result which gives an upper bound on the product of all successive minima of a
lattice. For a proof of the following theorem see [Mar03].

Theorem 3.2.6. (Minkowski’s second theorem,)
Let L C R"™ be a lattice of rank m. Then

m 1/m
(H%Wm) < Vi det(L)V/™.
=1

3.2.3. Packing radius and covering radius

There exists a further geometric interpretation of the minimum distance of a lattice: We
consider balls around each lattice vector. Then )\SH'H)(L) /2 is the largest number « such
that the open balls B(H'”)(v a) with v € L do not intersect. We have

D, AUl ||>( L)
B<”>< )ﬂB”' ( )—@forallv,weL,v#w

and for all o > )\g”'H)(L)/Q there exist v,w € L, v # w, such that
BUD (v, 0) 0 BUD (w, ) £ 0.

The value )\5”'“)(1})/2 is called the packing radius of the lattice.

Compared with this, the covering radius of a lattice is the smallest radius such that the
closed balls centered at all lattice vectors cover the whole space. For an illustration see
Figure 3.5.

Definition 3.2.7. (Covering radius)

Let L C R™ be a lattice. The covering radius of L with respect to the norm || - || is the

smallest radius p such that the balls BﬁLH'”)(

i.e.,

v,p), v € L, cover the whole space span(L),

span(L) = ] BV (v, p).
veL

The covering radius is denoted by p(l'D(L).
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Figure 3.5.: The packing radius and the covering radius of a lattice. We con-
sider the lattice L generated by by = (2,1)T € R? and by = (1,2)T € R2.
The left side shows a packing of the lattice L with Euclidean balls with ra-

dius )\32)(11)/27 whereas the right side shows a covering of the lattice with
Euclidean balls with radius p®(L).

3.3. The dual lattice and transference bounds

Analogously as the dual space of a vector space, we can consider the dual of a lattice
L C R™. The dual of a lattice L is the set

L*={f:L— Z|f linear} (3.2)

of all functions f : L — Z satistying f(a-v+ 8- -w) =a- f(v)+ 8- f(w) for all o, 8 € R,
v,w € L.

One can show that L and L* are isomorphic by defining an isomorphism from the
group L to the group L*. Given a basis B € R"*™, B = [by,...,by] of the lattice L,
every lattice vector v € L can be represented as an integer linear combination of the basis
vectors, v = Y ;" v;b; with v; € Z for all 1 <4 < m. Thus, the functions ; : L — 7,
Z;n:1 v;bj — v; are well-defined linear functions. Now, it is easy to see that the mapping
L — L* 7" vibi = > " v; - B; is an isomorphism.

The definition of a dual lattice as it is given in (3.2) is not very useful in practice. It
is more common to represent the elements of the dual lattice by vectors. Every vector
v € span(L) can be interpreted as the linear map

fo: L =R, y— (v,y),

where (-,-) denotes the Euclidean scalar product. However, f, does not need to be an
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3.3. The dual lattice and transference bounds

element in L* since (v,y) is not mandatory an element in Z. Moreover, we have
fo € L™ if and only if (v,y) € Z for all y € L.

This leads to the following equivalent definition of a dual lattice.

Definition 3.3.1. (Dual lattice)
Let L CR"™ be a lattice. The dual lattice L* of the lattice L is defined as the set

L* = {z € span(L)|(z,v) € Z for all v € L}.

Thus the dual lattice L* is the set of all vectors in the vector space spanned by the
lattice L, whose scalar product with every lattice vector is an integer.

Obviously, if B = [b1,...,by] is a basis of the lattice L, we observe that for a vector
y € span(L) we have that (v,y) € Z for all v € L if and ounly if (v,b;) € Z for all
1 <i<mn. Hence, L* = {y € span(L)|{y,b;) € Z for all 1 <1i <n}.

The integer lattice Z" is self dual, i.e., (Z™)* = Z" since for all v,w € Z" we have
(v,w) € Z.

Before we state some important properties of the dual lattice, we give a geometric
interpretation of it.

3.3.1. Geometric representation of the dual lattice

Let L = L(B) C R™ be a lattice of rank m given by a basis B = [b1,...,by]. As we
have seen, the corresponding dual lattice consists of all vectors in span(B) whose scalar
product with all basis vectors is an integer.

We start with the first basis vector b;. The set of all vectors in span(B) whose scalar
product with b is zero is the hyperplane

Hyp, = {y € span(B)|(y,b1) = 0}

orthogonal to b;.

Let v1 € span(B) be a vector whose scalar product with by is exactly 1, for example
vy = b1/||b1]|3. The translations of the hyperplane Hyy, in direction of this vector are
the affine hyperplanes r-v; +Hgy, with r € R. For a fixed number r the affine hyperplane
r-v1 + Hop, consists of all vectors in span(B) whose scalar product with b; is exactly r.
Hence, all vectors in span(B) which have an integer scalar product with b; are contained
in an affine hyperplane of the form

Hip, = {y € span(L)|(b1, y) = k}
= {k - v1 + yly € span(B) satisfying (y,b1) = 0}
=k- v + HO,bp
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Figure 3.6.: Construction of the dual lattice (I). The lattice is generated by the
vectors by = (2,1)7 € R? and by = (1,2)7 € R2. The vector v; =
(1/5) - (1,1)T € R? satisfies (v1,b1) = 1. We observe that there exist affine
hyperplanes which do not contain lattice vectors.

where k € Z. That means we have
{y € span(L)|(y,b1) = k} = ) Hip,-
keZ

The Euclidean distance between the distinct affine hyperplanes is
_Nbaflz 1
Bal13 - Nball2

That means the longer the Euclidean length of the vector b; is, the shorter the distance
between the distinct affine hyperplanes. The whole situation is illustrated in Figure 3.6.

[vill2 (3.3)

We can proceed in the same way for the other basis vectors. Then the dual lattice is
the set of all intersections of the different affine hyperplanes as it is illustrated in Figure
3.7.

3.3.2. Properties of the dual lattice

Definition 3.3.2. Let B € R™™ be a lattice basis of the lattice L. Then, the corre-
sponding dual basis D € R™ "™ is defined by

e span(D) = span(B) and
e BI-D=1,.

As the solution of a linear equation system the matrix D is uniquely determined, i.e.
for every lattice basis B there exists a uniquely determined dual basis. If the lattice
L = L(B) is full-dimensional, then D = (BT)~!. Otherwise, we have D = B(BT - B)~L.

Furthermore, we can show that L* = £(D) is a lattice and that (L*)* = L.
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Figure 3.7.: Construction of a dual lattice (II). The lattice is generated by the vectors
by = (2,1)T € R? and by = (1,2)T € R?. The dual lattice is the set of all
intersection points of the affine hyperplanes Hy;, and H;j, with k,1 € 7Z.

The determinant of the dual lattice is the inverse of the determinant of the original
lattice. This follows directly from the linearity of the determinant.

Lemma 3.3.3. Let L C R"™ be a lattice. Then,

1
det(L)

For a vector v € R™\{0} the hyperplane Hy, = {x € R"|(xz,v) = 0} is a subspace of
the vector space R™ of dimension n — 1 which consists of all vectors orthogonal to v. For
lattices, we can show a similar result using the primitive vectors in the dual lattice. We

can show that for every primitive vector v € L* the intersection L N Hy, is a sublattice
of L of rank n — 1.

det(L*) =

Lemma 3.3.4. Let L C R"™ be a lattice of rank m and v € L* be a primitive vector.
Then LN Hy, is a sublattice of L of rank m — 1.

Proof. Since v € L* is a primitive vector, there exists a lattice basis of L* which contains
v, V= [v,v9,...,05] C L*. Let B = [by,...,by] be the corresponding dual basis. That
means we have

(v,b;) =0 for all 2 < i <mn.
This shows that the sublattice L(bs,...,by,) of rank m — 1 is contained in L N Hy,. O

This result shows that a primitive vector v € L* can be used to represent a lattice as
the union of sets

L= Liy with Ly, == {z € L|(z,v) = k},
keZ
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where the sets Ly, are translations of the sublattice Lo, = L N Hy,, i.e.,

Ly = Loy + k—u.
’ ’ (v,v)

3.3.3. Transference bounds

The relevance of the dual lattice is that some important informations about a given
lattice L can be extracted from the properties of the corresponding dual lattice L*.
These relations are described in so-called transference bounds. For example the following
relation is a direct applications of Minkowski’s first theorem.

Lemma 3.3.5. Let L C R" be a lattice and L* C R™ be the corresponding dual lattice.
Then,

AP(L) AP (L) <n.
Proof. Using Minkowski’s first theorem, Corollary 3.2.5, we obtain that
AD(L) < ndet(L)Y™ and
AD(L*) < v det(L*)/n.
Since det(L) = 1/ det(L*), the statement follows. O

The following theorem is a remarkable result relating the covering radius of a lattice
and the minimum distance of the corresponding dual lattice.

Theorem 3.3.6. (Banszczyk, [Ban93])
Let L CR"™ be a lattice and L* C R™ be the corresponding dual lattice. Then we have
1< u®?(0) - AP < 3.
This result was proven by Banaszczyk in 1993 using techniques from harmonic analysis.
It can be generalized to non-Euclidean norms using the so-called dual norm, see [BLPS99].

To illustrate the geometric interpretation of this transference bound of Banaszczyk
we suppose that we are given a lattice L C R™ where the covering radius of the lattice
is greater than p, u® (L) > p. Now it follows from the transference bound stated in
Theorem 3.3.6 that the minimum distance of the dual lattice is upper bounded by

AD(17) < P (L) Ay <
2p

Thus, if v € L* is a shortest non-zero lattice vector in L* and we consider the repre-

sentation of L as L = |J,cy Lk, then each translation Ly, is contained in the affine

hyperplane Hy, , and the Euclidean distance between the affine hyperplanes Hy, ,, k € Z,

is at least 2p/n, see Equation (3.3). In other words, the translations Ly, are well-

separated.

For a more detailed introduction into the algorithmic use of the dual lattice see [Vaz01].
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4. Lattices: A complexity theoretic
perspective

In this chapter we consider lattices from the complexity theoretical point of view. We give
a formal definition of the four classical lattice problems from the geometry of numbers,
the shortest vector problem (SvP), the successive minima problem (SMP), the shortest
independent vectors problem (S1vP), and the closest vector problem (CvPp). We state the
most important results concerning their complexity and we present the main algorithms
that solve these problems.

After these general considerations, we take a closer look on the lattice problems. First
of all, we observe why it is (mostly) difficult to adapt an algorithm that solves a lattice
problem with respect to the FEuclidean norm to an algorithm that solves the corresponding
lattice problem with respect to an arbitrary norm. Furthermore, we consider the num-
ber of possible solutions of the four lattice problems and we will see why the solution of
SvP is comparatively uncomplicated compared with the solution of SMP, S1vpP, and CvP.

Then we focus on the relation between Svp, SmMp, Sivp, and CVP to develop approaches
for a unified algorithmic treatment of these problems. Based on these results we will
present in Chapter 5 and Chapter 6 algorithms for all four lattice problems for arbitrary
norms, in particular for £,-norms with 1 < p < oc.

4.1. The lattice problems Svp, SmP, Sivp, and Cvp

In the following we consider some arbitrary norm || - || on R"™. We start with a formal
definition of the shortest vector problem which is associated to the minimum distance of
a lattice.

Definition 4.1.1. (Shortest Vector Problem (SvPp))
Given a lattice L C R", find a non-zero lattice vector v € L\{0} such that

ol = AP (L),
i.e., ||v|| < ||wl|| for any other w € L\{0}.

This variant of the shortest vector problem is also denoted as the search version of the
shortest vector problem since the goal is really to find a shortest non-zero lattice vector.
There are two other variants of the shortest vector problem, the optimization variant
and the decisional variant. In the optimization shortest vector problem we are given a
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lattice and the goal is to determine the minimum distance of the lattice with respect to
the corresponding norm. In the decisional shortest vector problem we are given a lattice
and an additional parameter o > 0. Here, the goal is to decide whether the minimum
distance of the lattice is at most a. Kannan showed that all three versions of the shortest
vector problem are polynomial time equivalent, see [Kan87h|.

Often we are not able to solve the shortest vector problem exactly. Thus we consider
an approximated version of the shortest vector problem and look for approximation
algorithms for Svp.

Definition 4.1.2. (y-Approzimate Shortest Vector Problem (Svp,))
Given a lattice L CR™, find a vector v € L\{0} such that ||v|| <~ - )\SH'H)(L),

The parameter v > 1 is some arbitrary approximation factor. The approximation
factor can be a constant or a function of any parameter associated to the lattice. Often
the parameter v depends on the dimension of the lattice. For the other variants of Svp
approximate versions can be defined analogously.

As the minimum distance of a lattice can be generalized to the successive minima, of
a lattice, we can generalize the problem to compute a shortest non-zero lattice vector to
the problem to compute n linearly independent lattice vectors with minimal length.

Definition 4.1.3. (Successive Minima Problem (SMPp))

Given a lattice L C R™ of rank m, find m linearly independent vectors vi,...,vm € L
such that

[loill = ML)
foralli=1,...,m.

As we have already seen in Chapter 3, every lattice containg linearly independent vector
achieving the successive minima. In many situations it is not important to compute m
linearly independent lattice vectors where each vector is as short as possible but to
compute m linearly independent lattice vectors where all vectors are not too long. The
task to compute such vectors is called the shortest independent vectors problem.

Definition 4.1.4. (Shortest Independent Vectors Problem (S1vp))
Given a lattice L C R™ of rank m, find m linearly independent vectors vi,...,v,m € L
such that

il | < A4 D(L)
foralli=1,...,m.

Analogously as in the case of the shortest vector problem, we can define approximate
versions of SMP and SivPp.
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Closest lattice vector to t

Figure 4.1.: The closest vector problem. We consider the lattice generated by the
basis vectors by = (2,1)7 € R? and by = (1,2)7 € R2. The closest lattice
vector to the target vector t = (3.2,2.5)7 € R? with respect to the Euclidean
norm is the vector by + by = (3,3)7 € R2.

Definition 4.1.5. (y-Approzimate Successive Minima Problem (SMP))
Given a lattice L C R™ of rank m, find m linearly independent vectors vi,...,vm € L
such that

l[oil] < v - A (L)
foralli=1,...,m.

Definition 4.1.6. (y-Approzimate Shortest Independent Vectors Problem (Sivp,))
Given a lattice L C R™ of rank m, find m linearly independent vectors vi,...,vm € L
such that

[[oil] <7 - AP (L)
foralli=1,...,m.

Another important lattice problem is the closest vector problem which is a (somewhat)
inhomogeneous variant of the shortest vector problem. Here, we are given the lattice
together with a target vector from the vector space spanned by the lattice. The goal is
to find a lattice vector with minimal distance to this target vector. The closest vector
problem is illustrated in Figure 4.1.

Definition 4.1.7. (Closest Vector Problem (CvPp))
Given a lattice L C R™ and some target vector t € span(L), find a lattice vector v € L
such that

|lv—t|] <min{|lw—¢t|| | we L}.

We denote by pl'D(¢, L) := min{||w — t|| | w € L} the minimal distance between the
target vector t and the lattice L.
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4. Lattices: A complexity theoretic perspective

From this point of view, the covering radius of a lattice L is the smallest radius p such
that for any target vector ¢ € span(L) there exists a lattice vector within distance of at
most p, i.e.,

pHD (L) = max {M(H‘”)(t, L)|te span(L)} :

As for the other lattice problems we can define a decisional and an optimization variant
of the closest vector problem. For all £,-norms with 1 < p < oo and all polyhedral norms
these variants are equivalent, see [MG02| and [BN11].

Definition 4.1.8. (y-approzimate closest vector problem (Cvp,))
Given a lattice L C R™ and some target vector t € span(L), find a lattice vector v € L
such that

lo — ¢ < - pMD2, 1),

If we consider these lattice problems with respect to an £,-norm, we will denote this by
Svp®, Smp® S1vp®) . or Cvp®) respectively. If the norm is described as the Minkowski
function of a convex body C symmetric about the origin, we denote the corresponding
version by SVP(C), SMP(C), SI\/P(C), or Cvp©),

To obtain computational statement for the four lattice problems Svp, SMP, Sivp, and
Cvp, we always assume L C Q". The size of a lattice L C Q™ with respect to a basis
B is the maximum of the dimension n, the rank m, and the size of the numerators and
denominators of the coordinates of the basis vectors. In the sequel, if we speak of the size
of a lattice L without referring to some specific basis, we implicitly assume that some
basis [b1, ..., by,] for the lattice L is given.

Let us briefly review the main known hardness results for these four lattice problems.
All known hardness results for them hold for the decisional variants of the corresponding
problems, whereas all algorithms solve or approximate the search versions of the prob-
lems.

It is not hard to see that the decisional variants of Svp, SMmp, Sivp, and CvP are
in NP. In 1981, van Emde Boas proved that closest vector problem is NP-hard with
respect to any £,-norm with 1 < p < oo, see [vEB81|. Furthermore, he proved that the
shortest vector problem is NP-hard with respect to the /o-norm. In the same paper, he
conjectured that the shortest vector problem with respect to the Euclidean norm is also
NP-hard. Solving this task is the big outstanding question in the area of lattice problems.
In 1996, Ajtai achieved a remarkable partial success. He showed that the shortest vector
problem and the shortest independent vectors problem with respect to any £,-norm with
1 < p < oo are NP-hard under randomized reduction, see [Ajt98].

These results have been improved in a long sequence of works. Up to now, we know

that for any £,-norm with 1 < p < oo the shortest vector problem is NP-hard under ran-
domized reduction, see [Kho05], [Din02|, [RR06]. The same results hold for the successive
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minima problem and the shortest independent vectors problem, see [BS99], [RR06]. The
closest vector problem in any £,-norm with 1 < p < oo is NP-hard to approximate within
some factor m@(1/10821082™m) \where m is the rank of the lattice, see [ABSS93|, [DKRS03],
and [Din02].

On the other hand, we are able to approximate all these lattice problems using polyno-
mial time approximation algorithms with some approximation factor single exponential
in the rank of the lattice. These algorithms go back to an idea of Gauss, [Gau0l|. The
so-called Gaussian reduction algorithm is a generalization of the Euclidean algorithm
to dimension 2 and solves the shortest vector problem with respect to the Euclidean
norm exactly. It computes in polynomial time a so-called Gaussian reduced basis and
for lattices of rank 2 such a basis always contains a shortest non-zero lattice vector, see
for example [MGO02]. The Gaussian reduction algorithm can be generalized to arbitrary
norms, see [KS96].

It was a breakthrough result when Lenstra, Lenstra, and Lovéisz presented in the early
1980s a generalization of the Gaussian reduction algorithm to arbitrary dimension. The
so-called LLL-algorithm was the first polynomial time algorithm that approximates the
shortest vector problem. Although the achieved approximation factor is single exponen-
tial in the dimension, the algorithm still has a deep impact in many areas in mathematics
and computer science. For more information about the relevance of the LLL-algorithm
see [NV10].

The LLL-algorithm is a polynomial time algorithm which computes for a given lattice
a so-called LLL-reduced basis.

Definition 4.1.9. (LLL-reduced basis)
Let L C R™ be a lattice. A basis B = [by,...,bn] is called an LLL-reduced basis of the
lattice if L = L(B) and if B satisfies the following properties:

1. For all j <1 we have

5 =
(b}, 0;)

DN | =

with |pij| <

2. For all 1 <1 < n we have
3 it P2
1 Hble < “Mi+17ibz’ + bi+1”2'

To obtain a trade off between the approximation factor and the running time the
notion of an LLL-reduced basis can be parameterized using a parameter § satisfying
1/4 < 6 < 1. We neglect this aspect here.

Theorem 4.1.10. (LLL-algorithm, [LLL82/)
Given a lattice basis B € Z™*", the LLL-algorithm computes an LLL-reduced basis using
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O(n® -logy(r)) arithmetic operations on integers of length at most O(n?logy(r)), where
r 18 an upper bound on the size of the basis vectors.

A complete description of the LLL-algorithm together with a proof of this result can
be found for example in [MGO02| or [vz2GGO03]. In the following theorem, we state the
main properties of an LLL-reduced basis.

Theorem 4.1.11. Let B = [by,...,by] be an LLL-reduced basis of a lattice L C R™.
Then

o [|bi]l2 < 2(7”_1)/2)\52)([/) forall1 <i<m and
e for all1 <i < j<m, we have

67113 < 297 |1b 3.

This shows that the LLL-algorithm can be used to compute a 2(m=1)/2_yhproximation

of the successive minima of a lattice, in particular of its minimum distance. There exist
some (slight) improvements and generalizations of the LLL-algorithm due to Schnorr,
see [Sch94]. Furthermore, we observe that the LLL-algorithm can be used to solve the
shortest vector problem in fixed dimension exactly in polynomial time.

Lovész and Scarf adapted the LLL-algorithm to arbitrary norms, see [LS92|. This al-
gorithm is called the generalized basis reduction algorithm. Unfortunately, it cannot be
guaranteed that the number of arithmetic operations of the generalized basis reduction
algorithm is polynomially bounded in the dimension.

For the closest vector problem, there exist two polynomial time algorithms that achieve
single exponential approximation factor, see |[Bab86|. In 1986, Babai showed that a simple
rounding method can be used to obtain a ¢”*-approximation of the closest vector problem
for some fixed constant ¢: For a given target vector t € Q" from the vector space spanned
by the lattice, we consider the representation of ¢ as a linear combination of the basis
vectors of some LLL-reduced basis of the lattice, ¢t = Zgl tib; for t; € Q, 1 <i < m.
Babai showed that the lattice vector > ", [t;]b; is a ¢ approximation of the closest
lattice vector to t with respect to the Euclidean norm.

Furthermore, he presented in his paper a variant of the LLL-algorithm that can be used
to obtain a polynomial time approximation algorithm for the closest vector problem. The
achieved approximation factor is also single exponential in the rank of the lattice.

Theorem 4.1.12. (Nearest-plane-algorithm, [Bab86])
Given a lattice L CZ" of rank m and some target vector t € Z™ Nspan(L), the nearest-
plane-algorithm computes in polynomial time a vector v € L such that

lo —tll2 < 2™/ (¢, L).
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Again, there exists some improvements of this algorithm, see [Sch87], [Kan87a], and
[Sch94].

Of course, all these polynomial time approximation algorithms can be generalized to
arbitrary f,-norms with 1 < p < oo using Hoélder’s inequality. In this case, the ap-
proximation factor increases by the factor roughly y/n. The same holds also for all

tractable norms: If || - || is a tractable norm on R™ where ¢ € Z[X] is a polynomial such
that 27°||z|ly < ||z|| < 2°M|z||s for all z € R, the LLL-algorithm or the nearest-
plane-algorithm can be used to solve Svp or CvP with respect to the norm || - || with

approximation factor 2¢(W27/2 where m is the rank of the lattice.

Between these two extremes, the NP-hardness of the lattice problems with small ap-
proximation factors and the existence of polynomial time algorithms which achieve single
exponential time approximation factors, there is a wide gap. Over the last years, a great
effort by researchers was spent to close this gap. For example, one can show that approx-
imating SVP or CVP with respect to an arbitrary £,-norm, 1 < p < oo, with an almost
linear factor is NP-hard unless P = NP, see [LLS90], [H&s88|, [Ban93|. For a nice survey
on these results see [Regl0| and [Khol0].

In the rest of this thesis, we concentrate on positive results, i.e., known algorithms
that solve the lattice problems Svp, SMP, Sivp, and CvP (almost) optimally. As we
have seen, we cannot expect to obtain polynomial time algorithms. Before we focus on
algorithms that solve the lattice problems with respect to arbitrary norms, we shortly
review the main algorithms that solve the lattice problems with respect to the Euclidean
norm and discuss whether they can be adapted to arbitrary norms.

In a breakthrough paper, Micciancio and Voulgaris describe a deterministic single
exponential time algorithm that solves the closest vector problem with respect to the
Euclidean norm exactly, see [MV10a]. It is based on the computation of the Voronoi cell
of a lattice. Using this algorithm, we also obtain a deterministic single exponential time
algorithm for the other lattice problems.

Theorem 4.1.13. (Voronoi-based algorithms for Ssvp®, smp@ | S1vp® | and Cvp®@,
[MV10a])

There exist deterministic algorithms that solve Svp®, Smp® | StvP®),| and Cvep®). The
number of arithmetic operations of these algorithms is 2(2+0(1))”10g2(7’)o(1) and each
number computed by the algorithm has bit size logQ(T)O(l), where n is the rank of the

lattice and r is an upper bound on the size of the basis defining the lattice. The space
used by the algorithms is 2007 Jog, (1)O0)

The algorithms can be easily generalized to all norms which are generated by an inner
product or equivalently to general Euclidean norms as remarked in [DPV11]. Unfortu-
nately, it seems that the Voronoi-based algorithms cannot be generalized to other norms
since then the Voronoi cell of a lattice is not necessarily convex.
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The disadvantage of the algorithms of Miccancio and Voulgaris is that they use expo-
nential space.

The fastest algorithm for the shortest vector problem which uses polynomial space is
an algorithm due to Kannan invented in 1983 and refined in 1985 by Helfrich. Recently,
the analysis of the algorithm was improved by Hanrot and Stehlé, see [Kan87b|, [Hel85],
and [HS07].

Theorem 4.1.14. (Kannan’s algorithm for Svp® | [Kan87b], [Hel85], [HS07])

There exists a deterministic polynomially space bounded algorithm that solves SVP with
respect to the Euclidean norm. The number of arithmetic operations of the algorithm
is 20(m)pn/(2e) logQ(T)O(l) and each number computed by the algorithm has bit size of at
most (logy(r))°M) | where n is the rank of the lattice, T is an upper bound on the size of
the basis defining the lattice, and e is Euler’s constant.

This algorithm can be adapted easily to arbitrary £,-norms. In this case, the number
of arithmetic operations is 20 n™log, ()M, see [Kan87h.

For the closest vector problem with respect to the Euclidean norm, there exist basically
two algorithms that run in polynomial space. Since there exist polynomial rank preserv-
ing reductions from the successive minima problem and the shortest independent vectors
problem to the closest vector problem, these polynomially space bounded algorithms also
solve the successive minima problem and the shortest independent vectors problem with
respect to the Fuclidean norm.

One of the polynomially space bounded algorithms for CvP is also due to Kannan and
is improved by Helfrich and Hanrot and Stehlé.

Theorem 4.1.15. (Kannan’s algorithm for Cve®), [Kan87b], [Hel85], [HS07])

There exists a deterministic polynomially space bounded algorithm that solves the closest
vector problem with respect to the Euclidean norm. The number of arithmetic operations
of the algorithm is 2°0(Mpn/2 logQ('r)O(l) and each number computed by the algorithm has
bit size of at most (logy(r))°W), where n is the rank of the lattice and r is an upper bound
on the size of the basis defining the lattice.

Another algorithm that solves CvP optimally is due to Blomer, see [B1500].

Theorem 4.1.16. (Algorithm for CvP® based on dual Hxz-bases, [Bl500])

There exists a deterministic polynomially space bounded algorithm that solves the closest
vector problem with respect to the Fuclidean norm. The number of arithmetic operations
of the algorithm is 2°(Mnp) logQ(T)O(l) and each number computed by the algorithm has
bit size of at most (logy(r))°W) | where n is the rank of the lattice and r is an upper bound
on the size of the basis defining the lattice.

It may be difficult to generalize these two algorithms to non-Euclidean norms (although
Kannan claims the opposite in his paper), since they both use orthogonal projections: At
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some stage during the algorithm, they consider a target vector which is not contained in
the vector space spanned by the lattice. Since it is not possible in this situation to give
an upper bound on the distance between the target vector and the lattice, they consider
the orthogonal projection of the target vector onto the subspace spanned by the lattice.
Unfortunately, if we consider non-Euclidean norms as for example arbitrary ¢,-norms,
then the closest lattice vector to the target vector is not a closest lattice vector to the
orthogonal projection of the target vector or vice versa. Also, if we use norm projections
as defined in [Man99| or [LS92|, this is not true. We will focus on this aspect in the next
Section.

4.2. Similarities and differences of the lattice problems

We now consider the four lattice problems Svp, SMp, SivP, and CvVP in detail. First
of all, we bring up an aspect that we already mentioned in the last section, orthogonal
projections. This technique is used in all deterministic algorithms that solve the closest
vector problem with respect to the Euclidean norm. We give examples why it is difficult
to generalize this technique to norms which are not based on an inner product.

4.2.1. Orthogonal Projections

As we have seen in Chapter 2, we can distinguish between two types of norms on the
vector space R™: The norms which are induced by an inner product and the norms which
are not. To recall, all general Euclidean norms are induced by an inner product, whereas
all /,-norms with p # 2 are not induced by an inner product. The general Euclidean
norms on R" are exactly the norms whose unit ball is an ellipsoid. For such norms the
solution of the closest vector problem can be easily reduced to the solution of the closest
vector problem with respect to the Fuclidean norm using the fact that each ellipsoid is
the image of the Fuclidean unit ball under a bijective affine transformation, see Lemma
2.2.7 in Chapter 2.

As we already mentioned, the technique of orthogonal projections plays an important
roll in the algorithmic treatment of lattice problems, e.g. it is used in the Cvp)-
algorithms of Kannan and Blémer. In this section, we will show why it does not seem
possible to use projections for algorithmic solution of the closest vector problem for
norms which are not based on an inner product. We start with a description of the
situation and show how we can use projections if we consider the closest lattice vector
problem with respect to a norm induced by an inner product. Then, we give an exam-
ple why this does not seem to work for norms which are not induced by an inner product.

In the following, we assume that we are given a lattice L = L(b1,...,b,—1) € R™ by
the basis vectors by, ...,b,—1 € R" together with some target vector t € R". Let b, € R"
be a vector such that [by,...,b,] is a basis of the vector space R™. We are searching for
the lattice vector in L which is closest to this target vector ¢. This situation is illustrated
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.. Span(bla R bnfl)

Figure 4.2.: Projection in a subspace. The vector ¢ lies in span(by, . . ., b,). The vector
t1 denotes the orthogonal projection of ¢ onto span(by,...,b,—1).

in Figure 4.2.

Since t ¢ span(L), the distance between the target vector and the lattice can be
arbitrarily large. In order to handle this problem we consider the orthogonal projection
of t in span(by,...,b,—1), which is given by

_ (t,bh)
Bl =t—m(t)=t— by, 4.1
(t) b b (4.1)
where b}, is the n-th Gram-Schmidt-vector of the basis [b1,...,bn], see Section 3.1 in

Chapter 3. If we are searching for a solution of the closest vector problem with respect
to the Euclidean norm, we can show the following:

Proposition 4.2.1. Let L = L(b1,...,bp—1) C R"™ be a lattice and t € R"™ some tar-
get vector. The vector v € L is a closest lattice vector to t with respect to the Fu-
clidean norm if and only if v is a lattice vector in L closest to the projection t| of t in
span(by,...,bp—1).

Proof. Let y € L C span(by,...,b,—1) be a closest lattice vector to t. Since the Euclidean
norm is induced by an inner product, we have ||t — y||3 = (¢t — y,t — y). Using that

t=t, + ((t, bh)/ (bl bL}) b, see Equation (4.1), we obtain

— - <t, bIL> .I. — <t, bjz> -|- <t7 bil> 'i'
t—yll3=({, —y,t —y)+2 bl,tL —y)+ b, bl ).
It =yl = (E1 — 5,71 — ) <b27b2>< L-y) oo o

Since b}, is orthogonal to t; —y € span(L), we get

(t,bh)
(bh,, bl,)

It —yll3 = ll£L — 3 + |l oh 13,

where the term |[|((t, bL)/(bL, b;&))bILH% is independent of the lattice vector y. Hence, we
see that ||t — v||2 is minimized over L if and only if ||, — v||2 is minimized over L. [
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10

span(by)

?1-projection

Figure 4.3.: Norm projections. We consider the vector space spanned by the vector
b1 = (1,1)T € R? together with the target vector t = (0,5)7 € R2 The
orthogonal projection of ¢ in span(by) is t; = (2.5, 2.5)" € R?, which is also
the /3-projection. The ¢1-projection is the whole segment k- b1, 0 < k < 5.

This result can be easily adapted to all norms which are based on an inner product,
i.e., if the norm || - || is defined by ||z| = \/s(z, x), for x € R™, where s : R™*" — R is a
symmetric bilinear mapping satisfying the corresponding properties, see Definition 2.2.1
in Chapter 2. Then we use instead of the orthogonal projection defined in (4.1), the pro-

jection t — (S(t, bh)/s(bh, b;rl)) bl,, where b, is a vector orthogonal to span(by, .. ., bp_1),
with respect to the inner product defined by s, i.e., s(b;r17 bi)=0foralll1<i<mn-—1.

In the rest of this section, we show that Proposition 4.2.1 is not true if the norm is not
induced by an inner product. Additionally, we show that this statement is not true if we
consider the corresponding norm projection instead of the orthogonal projection: As the
norm projection of a vector in a subspace we understand the vector in the subspace with
minimal distance in the corresponding norm. That means, we consider

tmin € span(L) with ||t — tpin|| = min {||t — Z|| | Z € span(L)}. (4.2)

Mangasarian gave an explicit closed form for this projection using the dual norm, see
[Man99]. If we consider a norm induced by an inner product, the norm projection and
the orthogonal projection coincide. Additionally, we need to observe that the norm pro-
jection might not be uniquely determined if the norm is not strictly convex. In Figure
4.3 we see an example of different norm projections.

In the following, we give examples which show that Proposition 4.2.1 does not hold for

non-Fuclidean norms. We consider two norms in detail. First, we consider the ¢;-norm
which is very descriptive. Then we consider a strictly convex norm, the ¢3-norm.
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span(by)

Figure 4.4.: Counterexample for projections with respect to the {;-norm. We
consider the lattice spanned by the vector b; together with the target vector
t. The vector ¢, is the orthogonal projection of ¢ in span(by), tmin is the
{1-projection.

Projection with respect to the /;-norm We consider the vector space R? and the
lattice spanned by the vector by = (4,7)7 € R2. Additionally, we consider the target
vector t = (0,5)7 € R? which is not contained in the subspace span(b;). We are searching
for a lattice vector in £(by) which is closest to ¢ with respect to the ¢;-norm, see Figure
4.4 for an illustration.

Claim 4.2.2. The vector v = 0 is the closest lattice vector to t in L(b1) with respect to
the ¢1-norm.

Proof. Every lattice vector v € L£(by) is of the form v = vib; = (4vy, Tv1)T with vy €
Z.. Using this representation, the distance between t and a lattice vector is given by
|t — v1b1|l1 = 4|vi| + |5 — Tv1| and it becomes minimal over Z if v; = 0. O

Now, we consider the orthogonal projection ¢, of ¢ in span(b;) with respect to the
Euclidean norm, see Equation (4.1). The vector (—7,4)7 is orthogonal to b;. Hence,

W) ey ey
oot

4 4

We are searching for the closest lattice vector to ¢, with respect to the £1-norm. Obvi-
ously, in a lattice of rank 1 we get the closest lattice vector by rounding.
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Claim 4.2.3. The vector by is a closest lattice vector to t; = (7/13) - (4,7)7 in L(b1)
with respect to the £1-norm.

Hence, this is an example where the lattice vector which is closest to ¢ is not the lattice
vector which is closest to the orthogonal projection of ¢ in the lattice. We now consider
the vector tmin € span(by) which is closest to ¢ with respect to the £1-norm, as defined
in (4.2).

The ¢;-projection of a vector ¢ onto a subspace S depends of the orientation of the
subspace. In R?2, if the angle @ is different from 7 /4, the projection is unique but directly
along the y-axis or the z-axis. If § = 7 /4, the projection is a segment and it includes the
points along both unit directions.

In our example, we obtain

. _ _ . 0 4
min {||t — z||; | € span(b)} :mln{H < 5 ) — 11 < . ) Hl | x1 € ]R}
= min {4]z1| + |5 — Tz1| | 21 € R}

This value becomes minimal if 1 = 5/7. Hence, tmin = (5/7) - (4,7)T. Obviously, we get
the following result.

Claim 4.2.4. The vector by = (4,7)7 is the closest lattice vector to tyin in L(by) with
respect to the £1-norm.

Hence, this is additionally an instance of the closest vector problem where a lattice
vector that is closest to t is not closest to the target vector ty, which is the £1-projection
of t in span(L).

Projection with respect to the /3-norm We consider the R? and the lattice spanned
by the vector by = (—12,44)T € R?. Additionally, we consider the target vector t =
(—20,19)" € R, which is not contained in the subspace span(b;). We are searching for
a lattice vector in £(b1) which is closest to ¢ with respect to the ¢3-norm.

Claim 4.2.5. The vector v = 0 is the closest lattice vector to t in L(b1) with respect to
the l3-norm.

Proof. Every lattice vector v € L(by) is of the form v = v1b; = (—12vy,44v2)T with
vy € Z. Using this representation, the distance between t and a lattice vector in L£(by)
becomes minimal over Z if

|t — viby||3 = | — 20 + 1201 > 4 |19 — 440 |

becomes minimal over Z, i.e., if v = 0. O

67



4. Lattices: A complexity theoretic perspective

We now consider the orthogonal projection ¢, of ¢ in span(b;) with respect to the
Euclidean norm. The vector (44,12)7 is orthogonal to by. Hence, £, is given by

. <t(?§>> 44\ _ 269 [ —12
<<44))(44>>(12> 520(44)

12 12

Since L(by) is a lattice of rank 1, we obtain the closest lattice vector to ¢; with respect
to the f3-norm by rounding.

Claim 4.2.6. The vector by is a closest lattice vector to t1 in L(b1) with respect to the
l3-norm.

To compute the vector ¢mi, € span(b;) which is the closest vector to ¢ in span(by), we
are searching for

min {[[t — Ab1[|§ | A € R} = min {| — 20 + 12X\[* + [19 — 44\ | A € R},

see Equation (4.2). Using standard techniques, it is easy to compute that this minimum
is achieved for A = (13 +v/33)/32, i.e., tmin = ((13+1/33)/32) - b;. Hence we obtain the
following result.

Claim 4.2.7. The vector by = (—12,44)T is the closest lattice vector to tmin in L(b1)
with respect to the £3-norm.

These examples illustrate why it is not possible to use orthogonal projections for the
solution of the closest vector problem with respect to non-Euclidean norms.

4.2.2. Number of solutions

In this section, we study the question if there exists an upper bound on the number of
optimal solutions for lattice problems. We will show that the shortest vector problem
is the only lattice problem among the four classical lattice problems where the number
of almost optimal solutions is at most single exponential in the dimension. This result
holds for any norm.

The results presented in this section are based on results of Niemeier for the number
of optimal solutions of the shortest vector problem and the closest vector problem for
arbitrary ¢,-norms with 1 < p < oo, see [Nie07]|.

First of all, we show that for every strictly convex norm the number of exact solutions
of SvP, SMP, and CVP is at most 2™*! where m is the rank of the lattice.
To show this, we consider the cosets of the group L/2L. To recall, two lattice vectors
v,w € L are contained in the same coset if and only if v —w € 2L, i.e, if (v—w)/2 € L,
see Definition 3.1.5 in Chapter 3. The number of cosets of L/2L is exactly 2. Given a
basis B = [b1,...,by] of the lattice L every lattice vector v € L can be uniquely repre-
sented as v =Y ;" (20; + 0;)b; with ¥; € Z and ©; € {0,1} for all 1 <4 < m. Using this
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representation, two lattice vectors v, w € L are contained in the same coset if and only

The main idea to give an upper bound on the number of solutions is as follows: If
two lattice vectors v,w € L are contained in the same coset, the vector (v +w)/2 is also
contained in the lattice L and it follows from the strict convexity of the norm that

Hw—kv

< Sl + Lyof

That means if v and w have the same length, the vector (v + w)/2 is a shorter lattice
vector than v and w. This leads directly to an upper bound on the number of possible
solutions for the shortest vector problem.

Lemma 4.2.8. Let || - || be a strictly convez norm on R"™. Let L C R™ be a lattice of
rank m. Then the number of shortest non-zero lattice vectors in L with respect to the
norm || - || is at most 2m+1.

Proof. Let u,v € L\{0}, be two shortest distinct lattice vectors, that means
lull = lloll = A{"P(L) and u # +v.

If w and v are contained in the same coset L/2L, then (v —w)/2 € L. Since L is an
additive subgroup of R", this shows that also (1/2)(v —w)+w = (1/2)(v+w) € L\{0}.
Since the norm is strictly convex, we have

1 1 1 .
15+ o)l < Sllul + S loll = A (@),

which yields a contradiction. Hence, every coset contains at most two shortest non-zero
lattice vectors vy, ve € L which satisfy v; = —vy. Since the number of cosets of L/2L is
exactly 2™, the number of shortest non-zero lattice vectors is at most 2-2™ = 2m+L. [

We can use the same argument to give an upper bound on the number of optimal
solutions for the successive minima problem.

Lemma 4.2.9. Let || - || be a strictly convex norm on R™. Let L C R"™ be a lattice
of rank m. For 1 < i < m, let vi,...,v,1 € L be linearly independent such that

o] = A§||"‘)(L) for 1 < j < i. Then the number of shortest lattice vector v € L with
v & span(vi,...,v;_1) is at most 2mTL.

Proof. Let u,v € L be two distinct vectors satisfying u, v & span(vy,...,v;—1), u # +v,
and ||u|| = ||v|| = )\g.”'H)(L). If u and v are contained in the same coset, we have (u—v)/2 €
L. Since u and v are not contained in span(vi,...,v;—1), we have either (u + v)/2 ¢
span(vi,...,vj—1) or (u—v)/2 & span(vy,...,vj—1). Without loss of generality we assume
that (u+v)/2 & span(vi, ..., vj—1).
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Since the norm is strictly convex, we obtain the contradiction to the definition of the
j-th successive minimum that

1 1 1 .
15+ o)l < Sllul + S loll = AP (@),

This shows that the vectors u,v are not contained in the same coset. Since the number
of cosets of L/2L is exactly 2™, the number of lattice vectors in L\ span(vy,...,vj_1)
with minimal length is at most 2 - 2™ = 2m+1, O

Also for the closest vector problem we can show that the number of optimal solutions
is single exponential in the rank of the lattice.

Lemma 4.2.10. Let || - || be a strictly convex norm on R™. Let L C R"™ be a lattice of
rank m and t € R™ be some target vector. Then the number of lattice vectors in L which
are closest to t with respect to the norm || - || is at most 2™.

Proof. Let u,v € L, u # v, be closest lattice vectors to t with respect to the norm || - ||.
If w=v mod 2L, we have (1/2)(u — v) € L Since L is an additive subgroup of R", it
follows that (u+v)/2 = (u—v)/2 4+ v € L. Using the strict convexity of the norm, we
obtain that

1 1 1 1
\\§(u+v) —t]| = EHHU —2t]| < 5||u—t|| + §||v —t.
Since u,v € L are closest lattice vectors to ¢t we obtain the contradiction that
1 (1)
H§(U+U)_tH < p"W (¢, L).

Hence every coset contains at most one closest lattice vector to ¢. Since the number of
cosets of L/2L is exactly 2™, the number of closest lattice vectors is at most 2™. O

For Smp and CvP these results do not hold if the norm is not strictly convex, as it is
illustrated in Figure 4.5.

For the shortest vector problem we can show that for every norm the number of exact
solutions is single exponential in the dimension. This result is based on the following
lemma which is a generalization of Claim 5 in [Reg04] based on an idea of Goldreich and
Goldwasser, see |[GGO00].

Lemma 4.2.11. Let ||| be a norm on R™. Let L CR"™ be a lattice, t € R™ and R > 0.
Then the number of lattice vectors in the ball Bﬂ'”)(t, R) is at most

BUD @ RN L) < (MHW(L))”
)

NG
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Figure 4.5.: Number of solutions for SMP and CvP with respect to not strictly
convex norms. On the left, we consider the lattice generated by the basis
vectors (1,0)7 € R? and (0,6)7 € R? with § > 0 small together with the
target vector t = (1/2,0). The distance between this target vector and the
lattice in the lo-norm is 1/2. The smaller the parameter J, the greater
the number of lattice vectors in B (t,1/2). On the right, we consider
the lattice generated by the basis vectors (6,0)” € R? and (0,1)7 € R2,
The minimum distance of this lattice with respect to the fo-norm is § and
the second successive minimum is 1. The smaller the parameter ¢ is, the
greater the number of lattice vectors in Bﬁ“’)(o, 1) which are not contained
in span((6,0)7).

Proof. By definition of the minimum distance, for all lattice vectors v,w € L, v # w, the
balls with radius )\g”'H)(L)/2 around these vectors are disjoint,

(I (1)
B <UA12(L)> A B <w7 A12(L)> — fforall v.we L.

If we regard only lattice vectors in 37(1“'||)(t, R), it follows from the convexity of the

norm that their union is contained in B,g“'H)(t, R+ /\gH'”)(L)/Q). Therefore the number of
elements in BﬁlH'”)(t, R)N L is at most

(1) AP () n
vol,, (BY'"W (¢, R + 21 (1)
B,(L”'H)(t,R)ﬂL) < < ( 2 )) _ <2R—|—/\1 )(L)) ’

A1 .
vol, (B (v, A5 02)) A
where the last equality follows from Equation (2.1) in Chapter 2. O

Using this result with radius R = ’y)\g”'H)(L) for some parameter v > 1, we obtain the
following.
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Figure 4.6.: Number of approximate solutions for Cvr and SMpP. On the left, we
consider the lattice generated by the basis vectors (1,0)7 € R? and (0,6)7 €
R? with 6 > 0 small together with the target vector ¢t = (1/2,0)7 € R2. The
Euclidean distance between the target vector and the lattice is 1/2. The
smaller the parameter §, the greater the number of lattice vectors which are
contained in Euclidean ball with radius 1 around the target vector t. On the
right, we consider the lattice generated by the basis vectors (6,0)7 € R? and
(6/2,1)T € R2. The minimum distance of this lattice in the Euclidean norm
is 0, the second successive minimum is /\52) (L) = \/0%2/4+4 1. The smaller
the parameter d is, the greater the number of lattice vectors in the Euclidean
ball with radins 32 ().

Corollary 4.2.12. Let ||-|| be a norm on R™. Let L CR™ be a lattice t € R™. Then the
number of lattice vectors in L with length at most ~y - /\gH'”)(L) is at most (2y+ 1)", i.e.,

B0,y ALy nL| < 2y + 1)

If we choose v = 1, this result shows that the number of optimal solutions of the short-
est vector problem for every norm is at most 3"”. Furthermore, it shows that also the
number of y-approximate solutions of SVP is at most single exponential in the dimension.
This is the main reason why the solution of the shortest vector problem is comparatively
uncomplicated. For the other lattice problems SMp, Sivp, and CvP, such results do not
hold as it is shown in the examples presented in Figure 4.6. The example for SMP also
shows why it is not possible to give an upper bound on the number of optimal solutions
for Stvp.

Of course, if we consider restricted versions of SMp, Sivp, or CvPp, we can use the
result of Lemma 4.2.11. These restricted versions are characterized by the fact that the
successive minima respectively the distance of the target vector to the lattice are not
much longer than the minimum distance of the lattice.

Corollary 4.2.13. Let || - || be a norm on R". Let L C R™ be a lattice satisfying
)\EH'”)(L) <ec- )\EH'”)(L) for some ¢ > 0 and some index 1 < i < n. Then the number of
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lattice vectors in L with length at most ’y-)\EH'”)(L) for some v > 1, is at most (2y-c+1)",
i.€.,

\Bgun (0,7 . )\Z(II-H)(L)) mL‘ < (@y-et 1)

Corollary 4.2.14. Let ||-|| be a norm on R™. Let L C R™ be a lattice and t € span(L) be

some target vector satisfying p(I'D (¢, L) < ¢- )\gll’H)(L) for some constant ¢ > 0. Then the
number of lattice vectors in L whose distance to the target vector is at most =y - u(”'”)(t, L)
for some v > 1, is upper bounded by (27 -c+ 1)", i.e.,

‘BQHD (0,7 _ M(II-H)@@) A L‘ <(2y-ct+ 1)

After the general considerations, which make similarities and differences between the
lattice problems clear, we now consider the relation between the lattice problems, i.e.,
we deal with the topic if certain lattice problems are easier than others. Furthermore,
we introduce two additional lattice problems that will allow us to present a unified
algorithmic treatment of the lattice problems in the following.

4.3. Relation between lattice problems

Up to now we considered the lattice problems relatively independently. Now we want
to study the relation between them. Since we focus in this thesis on the complexity
of lattice problems with respect to arbitrary norms, we neglect all reductions between
lattice problems which work only for the Euclidean norm.

Obviously, there is a polynomial time reduction from the shortest vector problem to
the successive minima problem which works for any norm. The same holds for the short-
est independent vectors problem and the successive minima problem.

The relation between the shortest vector problem and the closest vector problem is not
so obvious. Although, the closest vector problem is considered as a kind of an inhomo-
geneous version of the shortest vector problem, we have to keep in mind that a shortest
vector in some lattice L is not a closest lattice vector to 0 in the lattice L since 0 is
always a lattice vector. In 1999, Goldreich, Micciancio, Safra, and Seifert showed that
the shortest vector problem is not harder than the closest vector problem, see [GMSS99].
That means there exists a polynomial time reduction from the shortest vector problem
to the closest vector problem. This reduction works for any efficiently computable norm
and preserves the rank of the lattice. Furthermore, it preserves the approximation factor,
i.e., if we are given an algorithm A that computes for a given lattice L C R™ and some
target vector ¢t € span(L) NTR™ a vector v € L such that ||v — t|| < f(n) - uI'D (¢, L) for
some function f : N — RZ%, then there exists an algorithm that computes for a given
lattice L a vector v € L satisfying |lv|| < f(n) - )\gll'H)(L).
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Figure 4.7.: Relation between the lattice problems for arbitrary norms. Arrows
indicate polynomial time reductions preserving the rank of the lattice and
the approximation factor.

In 2008, Micciancio shows the same for the relation between the successive minima
problem and the closest vector problem. In [Mic08|, he presented a polynomial time
reduction form the successive minima problem to the closest vector problem which pre-
serves the rank of the lattice and the approximation factor. The reduction works for any
efficiently computable norm.

These relations between the four lattice problems Svp, Smp, Sivp, and CvPp are illus-
trated in Figure 4.7. For the sake of completeness, one can show that with respect to
the Euclidean norm, SMp, Sivp, and CVP in their exact version are equivalent and that
there exists a polynomial time reduction from the exact version of SvP to all of these
problems, see [Mic08].

4.3.1. The generalized shortest vector problem

To obtain a unified algorithmic treatment for all four lattice problems we define a new
lattice problem, the generalized shortest vector problem, Gsvp. We will show that there
are polynomial time reductions from Svp, SMp, Sivp, and CvP to Gsvp. In the next
chapter, Chapter 5, we will present a probabilistic single exponential time algorithm that
approximates the generalized shortest vector problem with approximation factor 1 4 €
for any 0 < e < 3/2.

Definition 4.3.1. (Generalized Shortest Vector Problem (Gsvp))
Given a lattice L C R™ and some subspace M C span(L) find a shortest lattice vector
v € L\M with respect to the norm || - ||. We set

AD(L) = min {r € R| Jv € L\M, |jv|| < r}
and call it the subspace avoiding minimum.

The geometry behind the generalized shortest vector problem is illustrated in Figure
4.8.
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Figure 4.8.: The generalized shortest vector problem. The lattice L is generated
by the basis vectors by = (2,1)7 € R? and by = (1,2)7 € R?, the subspace
M is spanned by the vector v = (—1,1)T € R2. A shortest vector in L\M
(with respect to the Euclidean norm) is the vector bs.

We now show that there are polynomial time reductions from Svp, SMP, Sive, and
CvP to GsvP as it is illustrated in Figure 4.9. In the following, we are given access to an
algorithm A that solves the generalized shortest vector problem with an approximation
factor 1 + € for some arbitrary € > 0. The core of the reductions is a suitable definition
of the subspace.

The shortest vector problem

Theorem 4.3.2. For all efficiently computable norms the shortest vector problem with
approzimation factor 1+¢€, € > 0, is polynomial time reducible to the generalized shortest
vector problem with approzimation factor 1+ €.

Proof. We choose M := {0} C span(L). Hence, if we compute a (almost) shortest lattice
vector u € L\ M, we compute a (almost) shortest non-zero lattice vector u € L, i.e., we
have )\S&'”)(L) = /\gH'”)(L). Therefore, using the algorithm A with input of the lattice L
and the subspace M we get a (1 + €)-approximation of a shortest non-zero lattice vector
in L. O

The successive minima problem and the shortest independent vectors problem

Theorem 4.3.3. For all efficiently computable norms the successive minima problem
and the shortest independent vectors problem with approximation factor 1+¢, € > 0, are
polynomaal time reducible to the generalized shortest vector problem with approrimation
factor 1 4+ €.

Proof. Since Sivp reduces to SMP, we concentrate on the reduction of the successive
minima problem to the generalized shortest vector problem. Using the algorithm A, we

70



4. Lattices: A complexity theoretic perspective

Figure 4.9.: Relation between GsvP and the other lattice problems. Arrows in-
dicate polynomial time reductions preserving the rank of the lattice and the
approximation factor. The arrow from CvP to GSVP is marked dashed since
the approximation factor is not exactly preserved by the reduction.

get a (1 + €)-approximation of the first successive minimum as in Theorem 4.3.2. For
i > 1 we define the subspace M := span(vi,...,v;—1) with v1,...,v;_1 € L linearly
independent. Since dim(M) < 4, there exists a vector w € L with [|w| < )\EH'H)(L) and
w ¢ M. Therefore, )\w{'H)(L) < )\gn'H)(L) and using the algorithm A4 with input of the
lattice L and the subspace M we get a (1 + €)-approximation for the i-th successive
minimum. O

The closest vector problem

The reduction of the closest vector problem to the generalized shortest vector problem
relies on a lifting technique introduced by Kannan [Kan87b| and refined by Ajtai, Kumar
and Sivakumar [AKS02] and Micciancio and Goldwasser [MG02|, respectively.

We assume that we are given an instance of the closest vector problem by a lattice
L C R" of rank m and some target vector ¢ € span(L). We construct an instance of the
generalized shortest vector problem by embedding the lattice and the target vector in a
higher dimensional space. We define the (n + 1)-dimensional lattice L’ as the smallest
lattice which contains the vector (t,4)” € R"*! for some suitable chosen parameter
and all vectors of the form (v?,0)T € R**! where v is a lattice vector from the original
lattice L. If [by,...,by] € R™ ™ is a basis of the lattice L, we define

ee([(5) ()]

The parameter v € R will be defined later. Additionally, we define the subspace

M := span <{< lg > |1<i< m}) C span(L/).
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In the following, we will show that we are able to compute a lattice vector in L which
is (almost) closest to the target vector ¢ if we are given a (almost) shortest vector in L'\ M.

Every vector in L'\ M is of the form (v?,0)T + k(tT,~) with v € L and k € Z. If we
have k = —1, the length of such a vector becomes minimal if and only if the distance
between the target vector ¢t and a lattice vector from L becomes minimal.

The main difficulty of the construction is the choice of the parameter v. We need to
choose it appropriately such that a shortest vector in L'\M is of the form described
above with £ = —1.

Another technical difficulty of the construction described above is that we want to
solve/approximate the closest vector problem with respect to a tractable norm || - || on
R™ using the solution of an instance of the generalized shortest vector problem in R"*1,
To do so, we need access to an oracle A that solves the generalized shortest vector
problem with respect to the following norm on R™*!: We define the mapping

F:R"M SR (4.3)

T

z=(z",2)" = ||z]| + |2].

It is easy to see that F' defines a norm on R"™™ if ||-|| defines a norm on R™. Furthermore,
we see that F' is a tractable norm if || - || is a tractable norm.

Lemma 4.3.4. Let ||-|| be a tractable norm on R™. Then the mapping F : R"*1 — R=9,

F:R"™ - R

T

z=(z",2)" = |z| + |2l

is a tractable norm on R,

In the following, we assume that the oracle A solves the generalized shortest vector
problem with respect to this norm F' with an approximation factor 1 + € for any € > 0.
We show that we are able to solve the closest vector problem with respect to the norm
|| - || exactly if A solves the generalized shortest vector problem with respect to the norm
F exactly. If A solves the generalized shortest vector problem with respect to the norm
F with an approximation factor 1 +¢€, 0 < € < 1/2, we will find a (1 + 6¢)(1 + «)-
approximation of the closest vector problem with respect to the norm || - ||. Here the
parameter o > 0 is arbitrary.

The main idea is to try to set the parameter v to some value slightly bigger than the
distance (') (¢, L) between the target vector and its closest vector in the lattice L. Since
we are able to decide in polynomial time whether ¢ € L, we assume ,u(”'H)(t, L) > 0, see
for example [Coh93]. Given a parameter a > 0 the reduction requires a parameter p > 0
with

p<plD(t, L) < (1+a)p.
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To get p we try all values
p=(1+a)k
for k € Z satisfying kg < k < kq, where

ko 1= log, | o (r~ " +M27¢M) and
k1 :=10g1 44 (n - max {[|bi]| [1 <i<m}),

where [by,...,b,] € Q™™ is a basis of the lattice L and ¢ € Z[X] is a polynomial
satisfying 27¢"|z|ly < ||lz]| < 2°0Y||z||2 for all z € R™ We need to argue that there
exists an integer k with ko < k < k; satisfying p < p(I'lD(¢, L) < (1 4 a)p.

Claim 4.3.5. Let || - || be a tractable norm on R™ and ¢ € Z[X] be a polynomial such
that 2= |||y < ||lz|| < 2°M|z|o for all x € R™. Let L € Q" be a lattice and t €
span(L) N Q™ be some target vector satisfying t ¢ L. Then

phe Ly > p—(n*+n)g—c(n)

where r is an upper bound on the size of the basis defining the lattice and the target vector.

Proof. We can transform the lattice L C Q™ and the target vector t € Q" into a lattice
L C 7" and a target vector ¢ € Z" by doing the following: We multiply the basis and
the target vector ¢ with the least common multiple lem of the at most n? denominators
of the coefficients of the basis vectors and the n denominators of the coefficients of the
target vector ¢. This means, we multiply each coefficient with an integer of size at most
r”2+”, since r is an upper bound on the size of the basis vectors and the target vector.
Obviously, ¢ ¢ L. Since L C Z™ and t € Z", the Euclidean distance between the target
vector £ and the lattice L is at least 1, u®)(¢, L) > 1. Since || - || is a tractable norm, the
distance between ¢ and L with respect to the norm || - || is at least p(l'D(# L) > 2-¢(m),
This implies that

pHD (¢, L) > (2 em)g—en).
O

Using a standard rounding argument, we can see that for every target vector t €
span(L) its distance to the lattice is at most m - max{||b;|||1 < i < m}, where m is the
rank of the lattice and B = [b1, ..., by,] is a basis of L:

Claim 4.3.6. Let || - || be a norm on R™. Let L C R™ be a lattice given by a basis
B =1[bi,...,bn] and t € span(L). Then the distance between the target vector t and the
lattice L is at most

. 1 - y
M(H ”)(t,L) < 52 |bi]] < m - max{”ij |1<5 < m}
=1
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Proof. Since t € span(L), there exists a representation of ¢ as a linear combination of the
basis vectors, t = Z?:l t;b; with t; € R for all 1 < ¢ < m. The distance between ¢ and
the lattice vector

m
> [tilbi € L(B) =L,
i=1
which is given by rounding each coefficient of ¢ to the nearest integer, is bounded by
m

o= SLaTnll < 31— Ll -l < 5 D ol
i=1

i=1 i=1

Combining Claim 4.3.5 and Claim 4.3.6 we obtain
pm*tmg=cn) < (D¢ L) < n - max{[|b;]| | 1 <& < m},

where 7 is an upper bound on the size of the basis B defining the lattice L and the
target vector and ¢ € Z[X] is a polynomial satisfying 27 ||z|ls < [|z| < 2¢0V)||z|2
for all # € R™. Therefore, there exists an integer k with kg < k < ky satisfying
(14 a)* < puD(z, L) < (1 + a)k*t!. Moreover, we only need to try polynomially (in
logs(r) and 1/a) many guesses of the form r := (1 4+ a)*.

In the following, we assume that the parameter p satisfies p < ,u(”'H)(t, L) < (14 a)p.
For 0 < e < 1/2 we define the parameter 7 as

_I+e
1—c¢

We consider the lattice L' C R™*! and the subspace M € R"*! defined as

L’—ﬁ([(%)(%)(i)]) and (4.5)
M := span ({( % > n<i< m}> C span(L), (4.6)

where [by,...,bpy] € Q™™ is a basis of the lattice L.
First of all we give an upper bound on the subspace avoiding minimum of this Gsvp-
instance.

Claim 4.3.7. Let || - || be a norm on R™ and F be defined as in (4.3). Let 0 < e <1/2,
let L CRR™ be a lattice and let t € span(L) be some target vector. For a > 0 arbitrary let
p be a parameter satisfying p < p'D(t, L) < (14 a)p. Let the parameter ~, the lattice
L' € R™! and the subspace M C span(L') be defined as above, see (4.4), (4.5), and

(4.6). Then the subspace avoiding minimum of L and M with respect to the norm F is
less than

ok (1+a)p. (4.4)

2

F
ALy < o

.
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Proof. Let z € L be the lattice vector that is closest to the target vector ¢ with respect
to the norm || - ||. Then (z —¢,—v) € L'\ M and the length of the vector (z — ¢, —v) with
respect to the norm F' is bounded by
F((z=t,—7)) = llz =t + ]l
= (e, L) + |y

1+
<(+a)+ 1—_E(1+a)p

2
=2 (tay
1—ce¢
2
T 1l
Therefore, the subspace avoiding minimum is smaller than )\gé;) (L") <2v/(1+e). O

The following lemma shows that given an oracle A that solves the generalized shortest
vector problem with respect to the norm F defined in (4.3) exactly, we can solve the
closest vector problem with respect to the norm || - || exactly.

Lemma 4.3.8. Let |- || be a norm on R"™ and F be defined as in (4.3). Let 0 <e <1/2,
let L CR™ be a lattice and let t € span(L) be some target vector. For a > 0 arbitrary let
p be a parameter satisfying p < M(H'”)(t, L) < (14 «)p. Let the parameter v, the lattice
L' C R and the subspace M C span(L’) be defined as above, see (4.4), (4.5), and
(4.6).

If u e I'\M with F(u) = )\5\5)(1/), then w = £(z —t, —) where z € L is a lattice vector
that is closest to the target vector t with respect to the norm || - ||.

Proof. We have seen in Claim 4.3.7 that with our assumptions the subspace avoiding
minimum of the lattice L' and the subspace M with respect to the norm F is less than

27,
)\5\5) (L) < 2.

Hence, the vector u is of the form u = (z+t, £+) for some lattice vector z € L. Therefore,
|| 72—t =pl'D(¢, L) and Tz is a lattice vector closest to t. O

This result shows that there exists a polynomial time reduction from the exact ver-
sion of the closest vector problem to the exact version of the generalized shortest vector
problem.

Next, we agsume that the oracle A solves the generalized shortest vector problem with
approximation factor 0 < e < 1/2. Because of the lifting technique we are not able to
solve the closest vector problem with an approximation factor 1 + € but only with an
approximation factor (1 + 4¢)(1 + «).
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Lemma 4.3.9. Let || || be a norm on R™ and F be defined as in (4.3). Let 0 < e <1/2,
let L CR™ be a lattice and let t € span(L) be some target vector. For a > 0 arbitrary let

p be a parameter satisfying p < M(H'”)(t, L) < (14 «)p. Let the parameter v, the lattice
L' € R™! and the subspace M C span(L') be defined as above, see (4.4), (4.5), and
(4.6).

Let v € L'\M be a vector satisfying F(v) < (1 +e)/\§\§)(L’), Then a lattice vector z* € L
with

125 =t < (1 +4e)(1 + )l Dz, 1)
can be computed in polynomial time.

Proof. Since the subspace avoiding minimum )\g\? (L) is less than (2/(14¢€))~, see Claim
4.3.7, the length of the vector v with respect to the norm F' is at most

Fv) < (1+ A1) < 2y. (4.7)

Since v € L'\ M, the vector v is of the form v = +(z* — ¢, —v) for some lattice vector
z* € L. Without loss of generality we assume v = (z* — ¢, —7). Hence,

Fv) =]z —tll+~ (4.8)

and we can give an upper bound on the distance between the lattice vector z* and the
target vector ¢t with respect to the norm || - ||,

[2" =t = F(v) =y <2y =7 =1,

using Inequality (4.7). The parameter « is defined as v = ((1 +¢€)/(1 — €))(1 + a)p, see
Equation (4.4). Since we assume that p < p(I'D(¢, L) this is less than

1
v < 17“(1 )y, ).
— €

Using the inequality 1/(1 —€) < 1 4 2e which holds for all € < 1/2, we obtain
y< (14214 €)1 +a)ul'DE, L) < (14 4)(1 + o)V, L).

This shows that the vector z* € L is an (1 + 4¢)(1 4+ a)-approximation of the closest
lattice vector to ¢ with respect to the norm || - ||. O

Summarizing, we get

Theorem 4.3.10. For all tractable norms, the exact version of CVP is polynomial time
reducible to the exact version of GSVP. Also, for all efficiently computable norms, Cvp
with approzimation factor (1+¢€)(1+ ) for 0 < e <1/2 and o > 0 is reducible to GSvp
with approzimation factor 1+¢€/4. The reduction is polynomial in the representation size
of the Cvp instance and in 1/a.
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If we want to solve the closest vector problem with respect to an £,-norm for 1 < p < oo
using an oracle for the generalized shortest vector problem, the reduction described above
can be simplified using that for fixed p, the £)-norms are a family of norms. That means
for all n € N, the function R" — R=2%, =z — (31, |2;/?)"/? defines a norm on R"
called the £,-norm on R". Hence, we do not need to solve the generalized shortest vector
problem with respect to the norm F as defined in (4.3). Instead we solve the generalized
shortest vector problem with respect to the £,-norm on R"™*1!. In this case, we can use the
same construction for the reduction from the closest vector problem to the generalized
shortest vector problem as above but with the parameter

v = ! I+e)(1+a)

for 1 < p < c0. For the £ -norm, we set

1
7= 50+ +a)p.
Then we obtain

Theorem 4.3.11. For all {,-norms with 1 < p < oo, the exact version of the closest
vector problem in the {,-norm is polynomial time reducible to the exact version of the
generalized shortest vector problem in the €,-norm.

Also, for all £y-norms with 1 < p < oo, the closest vector problem in the £,-norm with
approzimation factor (1 + €)(1 + ) for 0 < € < 1/2 and o > 0 is reducible to the
generalized shortest vector problem in the {,-norm with approzimation factor 1 + €/6.

The reduction is polynomial time in the representation size of the CvP-instance and in
1/a.

The proof of this theorem can be found in [BN09].

4.3.2. The lattice membership problem

In this section we give a geometric reformulation of the closest vector problem. We will
use this different point of view on the closest vector problem to present in Chapter 6 a
deterministic polynomial space bounded algorithm for this lattice problem. Since there
exist polynomial time reductions from Svp, SMp, and Sive to CvP, we also obtain de-
terministic polynomially space bounded algorithms for the other lattice problems, see
Figure 4.10.

For the reformulation, we use the equivalence between norms and convex bodies which
we considered already in Chapter 2 of this thesis, see Section 2.1. We reformulate the
closest vector problem as a membership problem for certain convex sets.

Definition 4.3.12. (Lattice membership problem (Lmp))
Given a lattice L C R™ and a bounded convex set C C span(L), output a lattice vector in
C or decide that C does not contain a vector from L.

82



4.3. Relation between lattice problems

~_ _—

l

Cvp

v

Lmp

Figure 4.10.: Relation between LMP and the other lattice problems. Arrows indi-
cate polynomial time reductions preserving the rank of the lattice and the
approximation factor. The arrow from Cvp to LMP is marked dotted since
this reduction works only for the exact version of Cvp.

The lattice membership problem is a generalization of the integer programming fea-
sibility problem from polyhedra to bounded convex sets. In the integer programming
feasibility problem we are given a polyhedron and the goal is to decide whether this
polyhedron contains an integer vector. It is known that the integer programming feasi-
bility problem in NP-complete, see [CooT1].

There is a strong relation between the lattice membership problem and the decisional
variant of the closest vector problem. As already mentioned, in the decisional closest
vector problem we are given a lattice L C R"™, some target vector ¢t € span(L) and a
parameter o« > 0. The goal is to decide whether the distance between the target vector
and the lattice is at most « or not. Obviously, the decisional closest vector problem can
be seen as a special case of the lattice membership problem where the corresponding
convex set is the ball qu"”)(t,a) and where we obtain an additional certificate if the
distance between the target vector ¢ and the lattice is at most a.

In this section we show that if we are able to solve the lattice membership problem for
balls generated by a norm, we are able to solve the closest vector problem with respect
to this norm. As already mentioned, we can assume in the following that we consider a
lattice L C Z™ and some target vector t € span(L) N Z"™.

Theorem 4.3.13. Let || - || be a norm on R™. Assume that there exists an algorithm

A that for all lattices L(B') C Z"™ of rank m and all target vectors t' € span(B) N Z"

solves the lattice membership problem for the ball qu”'H)(t’, «) using at most Tr(,l}lll)(r’, a)

arithmetic operations. Here v’ is an upper bound on the size of the basis B' and the target
vector t'.

o If the norm is an {p-norm with 1 < p < oo, there exists an algorithm A’ that
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solves the closest vector problem for all lattices L(B) C 7™ and target vectors
t € span(B) NZ"™. The number of arithmetic operations of this algorithm is

k- n®W log, (r)? - T,S{”)n(r, mn’/?r),
where k =p for 1 <p < oo and k=1 for p=o0.

e If the norm is a polyhedral norm given by a full-dimensional polytope symmetric
about the origin with s constraints, then there exists an algorithm that solves the
closest vector problem for all lattice L(B) C Z™ and target vectors t € span(B)NZ".
The number of arithmetic operations of this algorithm is

s -nOW logy (size(P) - r) - TSE) (r, nmr size(P)).

,n

In both cases, T is an upper bound on the size of the basis B and the target vector t.

The proof of this result is a variant of the proof that all three variants of the closest
vector problem are equivalent. For the closest vector problem with respect to the Eu-
clidean norm this was shown by Micciancio and Goldwasser, see [MG02] and [Mic07].
Their result can be generalized to arbitrary ¢,-norms, 1 < p < oo, and to polyhedral
norms, see [BN11].

The reduction from the closest vector problem to the lattice membership problem is
based on binary search. This binary search is performed on the set of all possible values
which can be achieved by the norm of an integer vector if the norm lies in some certain
interval. Hence, we need to ensure that we are able to enumerate all these values and
we need an upper bound on the cardinality of such a set - depending on the size of the
interval. To guarantee all that, we consider special norms which we call enumerable.
In general, we call a function enumerable if it maps every integer vector to a discrete
enumerable set.

Definition 4.3.14. A function f: R"™ — R is called (k7K2—enumemble for parameters
k, K € N or simply enumerable if there exists K € N with K < K, such that

K - f(z)F € Ng for all z € Z".

Obviously, every £,-norm,1 < p < oo, is (k, 1)-enumerable with k = p for 1 < p < o0
and k = 1 for p = co. Later, we will show that also all polyhedral norms are enumerable.
In contrast, the function over R which maps every number to its inverse in absolute
values,

R—R, x+ el e#0
0 ,x=0

is not enumerable. For all K € N there exists an integer whose image is not contained
in (1/K) - N, for example 1/(K +1) ¢ (1/K) - Np.
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For all (k, K)-enumerable norms which are efficiently computable we are able to give
a reduction from the closest vector problem to the lattice membership problem. The
number of arithmetic operations depends on the parameters k and K.

Proposition 4.3.15. Let || - || be a (k, K)-enumerable norm on R™ which is efficiently
computable. Assume that there erists an algorithm A that for all lattices L(B') C Z"

of rank m, all balls Bgl‘H)(t’,a) with t' € span(B’) N Z"™ and a > 0, solves the lattice

membership problem. Let Tf,lt}t”(r’,a) be an upper bound on the number of arithmetic
operations of A where v’ is an upper bound on the size of the lattice basis B’ and the
vector t'.

Then, there exists an algorithm that solves the closest vector problem for all lattices
L(B) CZ"™ and all target vectors t € span(B) N 7Z"™ with respect to the norm || - ||. The
number of arithmetic operations of this algorithm is

(k - loga(m - [[bl]) + logy () - n®N - T (rym - [[b])),

m,n

where r is an upper bound on the size of the Cvp-instance (L(B),t) and ||b|| is an upper
bound on the length of each basis vector of the basis B, ||b]| := max{||b;|||1 < j < m}.
Each number computed by the algorithm has size of at most

max{m - |b||, K}*

Proof. Let B = [by,...,by,] € Z™™ be a lattice basis of the lattice L and ¢ € span(L)N
Z" be some target vector. Without loss of generality, we assume that ¢t & L, i.e.,
pl'D(#, L) > 0. Since t € span(L), we can choose

R:=m-max{||b;ll|1 < j < m)

as an upper bound for the distance between the target vector and the lattice, see Claim
4.3.6.

We have L C Z"™ and t € Z™. Hence, the distance vector of ¢ and its closest lattice
vector is an integer vector. Using that || - || is a (k, K )-enumerable norm, we obtain that
the distance between ¢ and the lattice is of the form

pD¢ Ly = (/E, where p,q € N with ged(p,¢) =1and 1 < ¢ < K.
q

Since R is an upper bound on the distance between the vector ¢ and the lattice, we have
p/q < RF.

Now, we perform a binary search on the interval [0, R*]. We start by calling the algo-
rithm A with input of the lattice £(B) and the convex set Bg"”)(t, R/{/2). Either the

algorithm computes a lattice vector in this ball or it decides that B,(L”'H)(t, R/+/2) does
not contain a lattice vector. Depending on the answer, we continue in the usual way.
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Suppose we have found two radii r; > rg > 0 such that BgH'”)(t, ro) does not contain a

(lI-1D

lattice vector, whereas the convex set By " (t,71) contains a lattice vector v € L. If the
difference between ro and rq is less than 1/K?, then v € L is a closest lattice vector to t:
In an interval of length less than 1/K? there exists at most one number of the form p/q
with ged(p,g) =1and 1 < ¢ < K.

Since v € L C Z", the norm of v is the k-th root of such a number, |[v — t||¥ = p/q
with p,qg € N, ged(p,gq) = 1 and 1 < g < K. Hence, v € L is a lattice vector with
o —t) = uD (e, L),

The number of calls to the algorithm A is at most O(logy(RF - K?)), since we are
finished if the length of the current interval is less than 1/K2. As a consequence, the
number of arithmetic operations needed to solve the closest vector problem is

O(k - logy(R) + 2logy(K)) - n®W . T (S, R).

m,n
Since the distance between the target vector and the lattice is of the form {/p/ {/q, where

p,qg € Nwith 1 < ¢ < K and p < m - max{||b;|||1 < j < m} =m-|b], each number
computed by the algorithm has size at most max{m - ||b||, K }*. O

Now we want to apply this result to ¢,-norms, 1 < p < oo, and polyhedral norms.
The corresponding result for all £,-norms follows directly from a special case of Hélder’s
inequality, see Proposition 2.2.15 in Chapter 2.

Corollary 4.3.16. For all {,-norms with 1 < p < oo, assume that there exists an
algorithm A that solves the lattice membership problem for all lattices L(B') C Z" of
rank m and balls BgH'”)(t’,a), where t' € span(B') N Z" and o > 0. The number of

arithmetic operations of the algorithm is at most TTSJL[}ILD(T’, a), where ' is an upper bound
on the size of the basis B’ and the target vector t'.

Then, there exists an algorithm A’, that solves the closest vector problem for all lattices
L(B) CZ™. The number of arithmetic operations of the algorithm A’ is at most

k- n°Mlogy ()T (r, mn>/?r),

where k =p for 1 <p < oo and k =1 for p=oo. Here, r is an upper bound on the size
of the basis B and the target vector t.

Proof. Obviously, all £)-norms are (k, 1) enumerable with k =pfor 1 <p<oocandk =1
for p = co. Hence, it follows from Proposition 4.3.15 that there exists an algorithm that
solves the closest vector problem in any f,-norm. The number of arithmetic operations
of this algorithm is at most

logy (r)k - Logy ([b]l)n M) - T2, (r,m - ||b])),

where [|b]|, is an upper bound on the length of the basis vectors. The length of the basis
vectors is upper bounded by

10ill, < n-||bill2 < n®/2size(B) = n3/% - r,

see Claim 2.2.18 in Chapter 2. This shows that the statement is correct. ]
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To get the corresponding result for polyhedral norms, we need to show that all poly-
hedral norms are enumerable. This is done in the following lemma.

Lemma 4.3.17. Let P C R" be a full-dimensional polytope symmetric about the origin
given by s constraints, i.e., P = {x € R"|(z,h;) < B; and (x,—h;) < B; foralll <
i < s/2}, where hy,...,hgp € Z" and Bi,...,B5/2 € N. Then || - ||p is a (1,H;/:21 Bj)-
enumerable norm.

Proof. Given an integer vector x € Z™\{0} its polyhedral norm has value r if the following
two properties are satisfied:

e The vector x is contained in the scaled polytope r - P, that means (z, h;) < r-[;
and (x,—h;) < p; forall 1 <i<s/2.

e There exists at least one inequality defining the polytope which is fulfilled with
equality. Let j € N, 1 < j < s/2, be such an index. Without loss of generality, we
assume that (x,h;) = r- §;. Since (x, h;) € Z, we have r = (z,h;)/5; € Q. That
means, there exists p,q € N with ged(p,q¢) = 1 such that r = p/q. Additionally,
we know that f; is divisible by g.

That means, that each value, which can be achieved by the norm || - ||p of an integer
vector, is a rational of the form p/q with p,q € N and ged(p, ¢) = 1, and there exists an
index j, 1 < j < s/2, such that ¢ divides 3;. Hence, for each vector x € Z" we obtain

that ([T 8;) - llzllp € No. O

Corollary 4.3.18. Let P C R” be a full-dimensional polytope symmetric about the origin
given by s constraints. Assume that there exists an algorithm A that solves the lattice
membership problem for all lattices L(B') C Z™ of rank m and all convez sets BSZP) ', a),
where t' € span(B')NZ"™ and o > 0 using at most Ty(n{?l(ﬂ «) arithmetic operations, where
r’ is an upper bound on the size of the basis B' and the vector t'.

Then there exists an algorithm A’ that solves the closest vector problem with respect
to the polyhedral norm || - ||p for all lattices L(B) C Z™ of rank m and target vectors
t € span(B) NZ" in time

s -n%W logy(size(P) - r) - T (ryn - m - 1 - size(P)),

m,n
where T is an upper bound on the size of the basis B and the target vector t.

Proof. Assume that P is given by a set Hp = {h1,...,hg/o} € Z" and a set of parame-
ters {B1,..., 852} S N,ie, P={z € R"|(x,h;) < f; and (z,—h;) < B;forall 1 <i <
s/2}.

We have seen in Lemma 4.3.17 that the norm || - ||p defined by the polytope P is
(1, Hj/jl Bj)-enumerable. Since the parameters 3;, 1 < j < s/2, are integers, we have

5/2

H Bj < size(P)*/2.
j=1
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4. Lattices: A complexity theoretic perspective

Figure 4.11.: Relations among the lattice problems that will be used in this
thesis. Arrows indicate polynomial time reductions preserving the rank of
the lattice and the approximation factor. The arrow from Cvp to GSVP is
marked dashed since the approximation factor is not exactly preserved by
the reduction. The arrow from CvVP to LMP is marked dotted since this
reductions works only for the exact version of CvPp.

Hence, it follows from Proposition 4.3.15 that there exists an algorithm A’ that solves
the closest vector problem with respect to the polyhedral norm | - ||p and the number of
arithmetic operations of this algorithm is at most

(Loga([b]l p) + 7 - logy(size(P)))nM - T(r,m - [1bl|p),

where ||b]|p is an upper bound on the length of the basis vectors. As we have seen in
Corollary 2.2.20, we have ||z|p < n("+t1)/2size(P)"||z|o. Thus, for all 1 < i < m we have

1bs]| p < R/ size(P)™||bll2 < n /2 size(P)" - /nu - 7,

where 7 is an upper bound on the size of the basis B defining the lattice, see Claim 2.2.18
in Chapter 2. This shows that the statement is correct. O

Now the proof of Theorem 4.3.13 follows directly from Corollary 4.3.16 and Corollary
4.3.18.
Perspective

At this point, we have two starting points for the development of lattice algorithms, the
generalized shortest vector problem and the lattice membership problem, see Figure 4.11.
Based on these results we will present in the rest of this thesis essentially two different
types of lattice algorithms.
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4.3. Relation between lattice problems

In the next chapter, we describe randomized single exponential time algorithms for
the generalized shortest vector problem for all tractable norms. The algorithms are
based on a sampling technique developed by Ajtai, Kumar, and Sivakumar in 2001. This
technique is called the AKS-sampling technique. The first algorithm described in Chapter
5 approximates the generalized shortest vector problem with approximation factor 1+ €
for arbitrary 0 < € < 3/2. Combining this algorithm with the reductions presented in
this chapter, we obtain corresponding single exponential time approximation algorithms
for Sve, Smp, Sivp, and CvP.

By slightly modifying our algorithm for the generalized shortest vector problem we
obtain an algorithm that solves the generalized shortest vector problem exactly but only
for instances where there do not exist too many short lattice vectors outside the given
subspace. As a consequence, we obtain algorithms that solve the four lattice problems
Svp, SMP, S1ivp, and CvP exactly but only for instances where there do not exist too
many approximate solutions. As we have seen in this chapter, this can only be guaran-
teed for the shortest vector problem, see Corollary 4.2.12. Thus, for Smp, Sive, and Cvp
we do not obtain algorithms which solves these problems exactly. Another disadvantage
of these algorithms based on the AKS-sampling technique is that they need exponential
space.

For this reason we present in Chapter 6 a deterministic polynomially space bounded
algorithm for the lattice membership problem for polytopes and /,-balls. Compared to
our algorithms for the generalized shortest vector problem, the number of arithmetic
operations of our algorithms is not single exponential in the dimension n but mainly
determined by the factor n(2+o)n,

As we have seen, there exists a polynomial time reduction from the closest vector
problem to the lattice membership problem which works for all tractable norms. Hence,
we obtain a deterministic polynomially space bounded algorithm for Cvp which works
for all /,-norms, 1 < p < oo, and all polyhedral norms, in particular for the ¢;-norm and
the ¢-norm.

Obviously, we obtain also deterministic polynomially space bounded algorithms for
the other lattice problems Svp, SMP, and Si1vPp, since for all these problems there exist
polynomial time reductions to the closest vector problem. Of course, for SvP this result
is not really interesting.
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5. A randomized algorithm for the
generalized shortest vector problem

In this chapter, we present a probabilistic single exponential time algorithin for the gener-
alized shortest vector problem for all tractable norms. To recall, in the generalized short-
est vector problem we are given a lattice L together with some subspace M C span(L)
and we are asked to find a shortest lattice vector in L\ M, see Definition 4.3.1 in Chapter
4. The algorithm solves the generalized shortest vector problem almost optimally, i.e.,
with approximation factor 1 4 € for arbitrary 0 < € < 3/2. Additionally, we present
a probabilistic single exponential time algorithm that solves a restricted version of the
generalized shortest vector problem optimally. We describe these algorithms only for
full-dimensional lattices. However, our results can easily be generalized to arbitrary lat-
tices.

We have already seen in Chapter 4 that there are polynomial time reductions from
the shortest vector problem, the closest vector problem, the successive minima problem,
and the shortest independent vectors problem to the generalized shortest vector problem.
These reductions establish probabilistic single exponential time algorithms for all these
four lattice problems. For SVP and restricted versions of CvP, SMP, and SIVP, we obtain
algorithms that solve these problems optimally. For the general versions of Cvp, SMP,
and S1VP, we obtain algorithms with approximation factor 14¢ for arbitrary 0 < € < 3/2.

The AKS-sampling technique

Prior to the breakthrough paper [AKS01] of Ajtai, Kumar and Sivakumar, randomization
has rarely been utilized in algorithms for lattice problems.! In their paper from 2001,
they describe a novel sampling technique that generates short vectors from the input
lattice.

The AKS-sampling method for Svp and Cvp In their paper from 2001, Ajtai, Kumar
and Sivakumar describe the first probabilistic algorithm that solves the shortest vector
problem with respect to the Euclidean norm optimally with probability exponentially
close to 1. More precisely, the number of arithmetic operations used by their algorithm
is (2" - logy(r))°M), where n is the rank of the lattice and r is an upper bound on the
size of the lattice. In particular, the number of arithmetic operations of this algorithm is

! An exception is the algorithm of Klein presented in [Kle00| that is a heuristic algorithm for the closest
vector problem with respect to the Euclidean norm. The disadvantage of this algorithm is that its
running time depends on the distance between the target vector and the lattice.
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5. A randomized algorithm for the generalized shortest vector problem

single exponential only in the rank of the lattice. However, the space complexity of their
algorithm is single exponential.

The AKS-algorithm from 2001 was improved by Nguyen and Vidick, Micciancio and
Voulgaris, and Pujol and Stehlé, see [NVO0§]|, [MV10b], [PS09]. The number of arithmetic
operations of the currently fastest AKS-algorithm is 2-465+e(0)n Jog, (7)O(N)  whereas its

space complexity is 2(1-233+o(1))n

In 2002, Ajtai, Kumar and Sivakumar extended their sampling technique to solve the
closest vector problem with respect to the Euclidean norm with approximation factor 1+e¢
for any € > 0, see [AKS02]|. The number of arithmetic operations used by their algorithm
is (204197 1og, ()P and the algorithm is successful with probability exponentially
close to 1.

Main results In this chapter, we extend and generalize the results by Ajtai, Kumar and
Sivakumar. We show that a variant of the AKS-sampling technique can be used to solve
the generalized shortest vector problem. This variant of the AKS-sampling technique is
based on a proposal by Sudan and is described in lecture notes by Regev, see [AKSO01]
and [Reg04]|. We obtain an approximation algorithm for the generalized shortest vector
problem that works for all tractable norms, i.e., for all efficiently computable norms, for
which there exists a polynomial ¢ € Z[X] such that 27¢"||z|y < ||z|| < 260zl for all
x € R™, see Definition 2.1.15 in Chapter 2.

Theorem 5.0.1. For all tractable norms, there exists a randomized algorithm that ap-
proximates the generalized shortest vector problem with success probability 1 — 2—n),
The approzimation factor is 1 + € for any 0 < € < 3/2 and the number of arithmetic
operations of the algorithm is (2 + 1/€)™ - logy(r))°W), where n is the rank of the lattice
and r is an upper bound on the size of the lattice and the subspace.

In Chapter 4 we have already seen that there are polynomial time reductions from
the shortest vector problem, the closest vector problem, the successive minima problem
and the shortest independent vectors problem to the generalized shortest vector problem.
Together with Theorem 5.0.1 we obtain a unified treatment for all four lattice problems
and single exponential time (1 + €)-approximation algorithms for Svp, Cvp, Smp, and
Sivpe for all tractable norms.

Corollary 5.0.2. For all tractable norms, there exist randomized algorithms that approx-
imate SVP, SMP, SIVP, and CVP with success probability 1 — 22" The approzimation
factor is 1+ € for any 0 < € < 3/2 and the number of arithmetic operations of the algo-
rithm is ((2 4 1/€)™ - logy(r))°W), where n is an upper bound on the rank of the lattice
and r is an upper bound on the size of the corresponding input instance, i.e., the lattice
and perhaps the target vector.

Next, by slightly modifying the sampling procedure and its analysis, we are able to
compute a shortest lattice vector outside a given subspace, provided there do not exist
too many short lattice vectors outside the given subspace.
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Theorem 5.0.3. Let || - || be a tractable norm on R™. Let L C Q" be a full-dimensional
lattice and M C span(L) be a subspace. Assume that there exist absolute constants c, e
such that the number of v € L\M satisfying ||v|| < (1 + e))\g\uf'H)(L) is bounded by 2°".
Then, there exists an algorithm that solves the generalized shortest vector problem with
success probability 1 — 27" The number of arithmetic operations of the algorithm
is (2™ - logQ(T))O(l), where r is an upper bound on the size of the lattice and the sub-
space. The algorithm runs in single exponential space and each number computed by the
algorithm has representation size of at most (n -logy(r))°M).

For the shortest vector problem this requirement is satisfied and we obtain a single
exponential time algorithm solving the shortest vector problem optimally.

Theorem 5.0.4. For all tractable norms, there exists a randomized algorithm that solves
the shortest vector problem with success probability 1 — 2~ | The number of arithmetic
operations of the algorithm is (2" logy(r))°M) | where n is the rank of the lattice and r
is an upper bound on its size. The algorithm runs in single exponential space and each
number computed by the algorithm has representation size of at most (n - logy(r))9M).

For the successive minima problem and the shortest independent vectors problem our
approach to determine short vectors outside a given subspace leads to an algorithm
finding optimal solutions only for instances of SMP/SIVP respectively, where the n-th

successive minimum )\%”'H)(L) is bounded by ¢ - AgH'”)(L) for some constant c.

Theorem 5.0.5. Let || - || be a tractable norm on R™ and L C Q" be a full-dimensional

lattice. Assume that the n-th successive minimum )\,(JHD(L) is bounded by c-)\gH'”)(L) for
some constant ¢ € N. Then, with success probability 1 — 2= the successive minima
of L can be computed using (2" logQ(r))O(l) arithmetic operations, where r is an upper
bound on the size of the lattice. The algorithm runs in single exponential space and each
number computed by the algorithm has representation size of at most (n - logy(r))9M).

Similarly, in single exponential time, we can determine the closest lattice vector to a
given target vector provided that the distance of the target vector to the lattice is not
too large, i.e., smaller than c- )\gn'H)(L) for some constant c¢. This variant of the closest
vector problem is also called the bounded distance decoding problem (BpD). Overall,
we obtain the following results for the closest vector problem.

Theorem 5.0.6. Let || - || be a tractable norm on R™. Let L C Q" be a full-dimensional
lattice and t € span(L) N Q™ be some target vector. Assume that there exists some
constant ¢ such that pIl'D(t, L) < ¢- )\gn'H)(L). Then, a closest lattice vector to t can be
computed using at most (2" logy (1))°W) arithmetic operations, where v is an upper bound
on the size of the lattice and the target vector. The algorithm runs in single exponential

space and each number computed by the algorithm has representation size of at most
(- logy (r)) O,
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5. A randomized algorithm for the generalized shortest vector problem

Further related results Based on our results, Arvind and Joglekar developed a prob-
abilistic algorithm that solves the generalized shortest vector problem with respect to
the Euclidean norm with probability exponentially close to 1. The number of arithmetic
operations of their algorithm is (2"(1/€)* logy(r))°(M), where n is the rank of the lattice,
k is the dimension of the subspace and r is an upper bound on the size of the lattice and
the subspace, see [AJ08]. Furthermore, they showed that a variant of their algorithm
solves the generalized shortest vector problem exactly using (2"k* logy(r))®™) arithmetic
operations. At the end of this chapter, when we have a deeper insight into the techniques
used in the AKS-algorithm, we will discuss why it does not seem to be possible to gen-
eralize their approach to non-Euclidean norms.

Recently Eisenbrand, Hahnle, and Niemeier developed a probabilistic algorithm that
solves the closest vector problem with respect to the £o-norm with approximation fac-
tor 1 + ¢, see |[EHN11]. The number of arithmetic operations of their algorithm is
(210g,(1/€))° log, (r)°M) . The idea of their algorithm is to use our Cvp-algorithm
for some fixed approximation factor, e.g. for the approximation factor 2. Given a 2-
approximation of the closest vector problem they use a covering of the f.-unit ball
B (0,1) with ellipsoids to obtain a (1 4 €)-approximation of the closest vector prob-
lem.

The main idea of the sampling procedure is to sample a large number of vectors z;,
1 <i< N, from a ball B,(JHD(O, p) in R™ for some parameter p > 0. For each vector we
compute a translation y; € R", 1 < i < N, from the fundamental parallelepiped which
translates the vector x; to a lattice vector. So, x; — y; is a lattice vector. One can show
that if we sample enough vectors (a number single exponential in the dimension), then
there exist translations y;,y;, 1 <7 < j < N which are close with respect to the norm
|| -]|. In this case we have found a lattice vector of small length since (z; — ;) — (z; — ;)
is a lattice vector whose length is at most

1 = yi) = (25 = yp)|| < llwi = 250l + v = yill < 20 + [l = yjl-

The translations y;,y;, 1 <7 < j < N, which are close together are found using a sieving
procedure.

The presentation of our sampling procedure closely follows Regev’s lecture notes on
the Ajtai, Kumar and Sivakumar single exponential algorithm for Svp, see [Reg04], and
the survey in [Eis10].

In order to almost uniformly select a vector in a ball B,g"H)(x, p) we can use the general
algorithm of Dyer, Frieze, and Kannan and its improvement by Kannan, Lovasz, and
Simonovits, see [DFK91| and [KLS97|. This algorithm is a polynomial time algorithm
that uniformly selects a vector in any well-bounded convex body given by a membership
oracle. Actually, the algorithm requires that the convex body is given by a separation
oracle. Grotschel, Lovész, and Schrijver show that it is possible to construct a separation
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oracle in polynomial time if the convex body C C R" is given by a membership oracle
together with parameters R,r > 0 and a vector ¢y € R" satisfying B,(f)(co,r) CCC
B® (0, R), see |GLS93|. For a proof of the following result see [DFK91| and [KLS97].

Theorem 5.0.7. Let C C R"™ be a convex body given by a membership oracle together
with a parameter v > 1 such that 3512)(0,2*7) CcCC B,(IQ)(O,TY). Then, there exisls a
randomized polynomial time algorithm that selects a random vector in C almost uniformly
in the sense that its distribution is at most € away from the uniform distribution in total
variation distance. The number of calls to the oracle is (n - )°W).

The parameter v > 1 is arbitrary. It can be a constant or a function of any parameter
associated to the lattice.

In particular, Theorem 5.0.7 shows that for every tractable norm | - || on R"™ we are

able to efficiently select a random vector in BS"”)(:U, p) almost uniformly, where x € R"

and a > 0. For £,-norms with 1 < p < oo, there exists a simple algorithm to efficiently
sample from B (z, p), see |GGOO].

For the sake of simplicity, we will neglect all implementation details in the following,
i.e., we will assume that we are able to uniformly select a vector in Ble'”)(a:, p). Since we
use a polynomial time algorithm to sample a vector almost uniformly, the size of each
vector is at most r"o(l), where r is an upper bound on the size of the center z, the size

of the radius p and the dimension n.

Organization This chapter is organized as follows: In Section 5.1 we show that the
generalized shortest vector problem can be approximated with factor 1 4 e for arbitrary
0 < € < 3/2 using a variant of the AKS-sampling method. Then, we will slightly modify
the sampling method and its analysis to obtain a probabilistic algorithm that solves the
generalized shortest vector problem exactly, provided that there do not exist too many
short lattice vectors outside the given subspace. This is done in Section 5.2. Furthermore,
we will show in this section that in the case of SvP and for restricted versions of SMP,
Stvp, and CvP, this assumption is always satisfied, i.e., we obtain probabilistic single
exponential time algorithms that solve SvP and restricted versions of SMp, SivP, and
CvP exactly.

5.1. A sampling procedure for approximate GSvP
In this section, we present a probabilistic algorithm that solves the generalized shortest
vector problem for all tractable norms with approximation factor 1 4 € for arbitrary

0 < € < 3/2. Before we present a detailed description of the sampling procedure, we
start with some general observations.
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5.1.1. Preparations

First of all, we observe that with respect to the Euclidean norm, the generalized shortest
vector problem can be approximated in polynomial time with approximation factor 2".

Theorem 5.1.1. The LLL-algorithm can be used to approximate the generalized shortest
vector problem for the lo-norm with approzimation factor 21 in polynomial time.

Proof. Let L C Q" be a full-dimensional lattice and M C span(L) be some subspace. Let
B = [b1,...,b,] be an LLL-reduced basis of the lattice, see Definition 4.1.9 in Chapter
4. Define

k:=min{l < j < n|b; € L\M},

that means by,...,by_1 € M. Since L # M, the index k is well-defined. We want to
show that by, is a 2" l-approximate solution of the generalized shortest vector problem,

ie., [bella < 20 1AR(L).

In the following, we consider the orthogonal projection 7 onto the orthogonal com-
plement of span(Ly_1), see Section 3.1 in Chapter 3. To recall, 7y is defined as

where [bi, ...,bl] is the Gram-Schmidt orthogonalization of the basis B.
Let v € L\M. Then we have v = > | v;b; with v; € Z for all 1 <14 < m. By definition
of k and since v € L\ M, there exists an index j > k with v; # 0. This shows that

m,(v) = Zviﬂk(bi) # 0,
i—k

i.e., we have m(v) € L(FTD\{0}. Since ||v|a > ||k (v)|l2, it follows that the subspace
avoiding minimum of the lattice L and the subspace M is at least the minimum distance
of the lattice L("—F+1)

AG (L) > AP Lk, (5.1)

Since B is an LLL-reduced basis, the basis [ (bg), ..., m(b,)] of the lattice L(—+<+1)
is also LLL-reduced, see Definition 4.1.9 in Chapter 4. From the properties of an LLL-
reduced basis, we obtain

613 < 2" AP (L2 < 2n A (L2, (5.2)

see Theorem 4.1.11 in Chapter 4. Since [by, ..., by,] is LLL-reduced, we have

N

k—1
b = b, + > pur bl with [ | <
j=1

96



5.1. A sampling procedure for approximate GSVP

and
6513 < 257 |} |13

for all 1 < j < k. Hence, we obtain that

k
1
19I5 < 103 + 3 D IIBfII3
j=1

< |1+ 1 kz_:lzk—j ||bT ”2
S 5 p k2
< 2"} 3.
Combining this with Inequality (5.1) and Inequality (5.2), the statement follows,
o3 < 25 12n AR (1)? < 220\,
O

There exists a generalization of the LLL-algorithm from the Euclidean norm to general
norms which is due to Lovéasz and Scarf, see [LS92]. This algorithm is called the gener-
alized basis reduction algorithm. Using this algorithm, we are able to approximate the
generalized shortest vector problem with approximation factor 22", This can be shown
using the same techniques as in the proof of Theorem 5.1.1. Unfortunately, up to now
it is not known whether the number of arithmetic operations of the generalized basis
reduction algorithm is polynomial in the dimension.

If we consider a tractable norm ||| on R™, we can use the polynomial time approxima-
tion algorithm for the generalized shortest vector problem with respect to the Euclidean
norm presented in Theorem 5.1.1 to approximate the generalized shortest vector problem
with respect to the norm || - ||. This approximation can be used to show that we can
restrict ourselves to instances of generalized shortest vector problem, where the subspace
avoiding minimum of the lattice L and the subspace M satisfies 2 < A%'I'H)(L) < 3.

Lemma 5.1.2. Let || - || be a tractable norm on R™ and ¢ € Z[X] a polynomial satisfying
2= ||z|| < [Jz)la < 2¢M||z|| for all x € R™. If there exists an algorithm A that for all

full-dimensional lattices L C Q™ and all subspaces M C span(L) with 2 < AE&'H)(L) <3
solves GSVP with approzimation factor 1 + € using T = T'(n,r,€) arithmetic operations,
then there exists an algorithm A’ that solves GSVP for all lattices and subspaces with
approzimation factor 1 + € using at most O((n + c¢(n)) - T + n* - logy(r)) arithmetic
operations, where T is an upper bound on the lattice and the subspace.

Proof. Given a lattice L = £(B) and a subspace M, a vector v € L\ M satisfying

AG (L) < o)l < 272D (L) (5.3)
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can be computed using the LLL-algorithm, see Theorem 5.1.1. Since the norm || - || is
tractable, we know that
27z|| < Jall2 < 27 (5.4)
for all z € R™. We set
A (L) = o]

as an estimate for the subspace avoiding minimum. Using the Inequalities in (5.3) and
(5.4), we see that this estimate satisfies

M(L) < ol = R (L)
< 2 o2
< 220(n) . 2n—1)\§\U[H)(L)
Using the estimate Ajs(L) for the subspace avoiding minimum, we want to scale the
lattice such that the subspace avoiding minimum is in the range between 2 and 3. To do

this, we apply algorithm A with the Gsvp-instances (Ly, My), k = 0,...,2(n + 2¢(n)),
where the lattice Ly := L£(By,) is defined by the basis

b= XM1<L> @kB

and the subspace My, is given as

M= XM1<L> @kM

Let vo, . .. Va(nq2¢(n)) e the vectors computed by the algorithm A. Define

and output the shortest vector among the vectors vy, . .
L\M.

. vé(nJrzc(n)) that is contained in

First of all, we show that there exists an index k£ € {0,...,2(n + 2¢(n))} such that
2< /\gw)(Lk) < 3. Tt is easy to see that a vector v € L\ M is a shortest vector in L\ M,

ie, |lv]| = /\%”)(L) if and only if the vector

vis leuz) <2>k” € LMy
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is a shortest vector in Ly \Mjy. This shows that
k
Uy 1 <3> (110
A Ly)==—— (=] A L).

Thus the subspace avoiding minimum of a Gsvp-instance (Ly, M}) is contained in the
interval [2,3), if and only if

AR
2 < <2> Sar(L) < 3.

That means the parameter £ must satisfy

1+ logy (A (£)) — logs (M V(L)) _ , _ 10gy(8) + logy(Aar (L)) — logy (")
logs(3) —1 - log5(3) — 1 '

The length of this interval is exactly 1, i.e., there exists an integer k € Z satisfying (5.5).
Since A\ps(L) > )\%‘]’”)(L), the lower bound of the interval (5.5) is at least 0. Furthermore,
it follows from Aps(L) < 220(")2”*1A5\U['“)(L) that the upper bound of the interval (5.5)
is at most 2(2¢(n) 4+ n). This shows that there exists an index k € {0,...,2(2¢(n) +n)}
such that 2 < )\g\Uf,ll)(Lk) < 3.

(5.5)

For this k the algorithm A computes a (1 + €)-approximation of a shortest vec-
tor vy, € Li\Mj and the corresponding vector v, := Ay(L) - (2/3)Fvy is a (1 + €)-
approximation of a shortest vector in L\ M.

The number of arithmetic operations stated in the lemma follows from the number of
arithmetic operations used by the LLL-algorithm, see Theorem 4.1.10 in Chapter 4. [

5.1.2. Description of the sampling procedure

In this section, we present a sampling procedure that solves the generalized shortest
vector problem for all tractable norms with approximation factor 1 + € for arbitrary 0 <
€ <v/2—1. As we have seen in Lemma 5.1.2, we can assume that we are given a GSVP-
instance in form of a full-dimensional lattice L C Q" and some subspace M C span(L)

with 2 < AFD(1) < 3.

The sieving procedure

The main part of the sampling procedure is a sieving procedure that is presented in Al-
gorithm 1. The sieving procedure finds in any set of vectors {x1,...,zx} C R" inside a
ball of radius R a subset J of at most (2a+1)" ‘representatives’ such that any vector has
a representative within a distance of at most R/a. This means that the sieving procedure
constructs a mapping o : {1,..., N} — J with |[2; —2,0;)|| < R/aforalli € {1,...,N}.
The parameter N is arbitrary. However, since we want to achieve an algorithm with
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single exponential running time, the sieving procedure makes sense only if N = 20,
The parameter a is rational and a > 1. A detailed description of the sieving procedure
is presented in Algorithm 1.

Algorithm 1 The sieving procedure

Input: z1,...,25 € BT(L”'H)(O,R) for some parameter R > 0 and a € Q with a > 1.
Output: Index set J C {1,..., N} and a mapping o : {1,..., N} — J.
1. Set J « 0.
2. For 1< j <N,
if there exists i € J with ||z; — x;|| < R/a, then o(j) + i.
Otherwise, set J < JU {i} and o(i) < i.

The main properties of the sieving procedure are described in the following lemma.

Lemma 5.1.3. Let || - || be an efficiently computable norm on R"™. Let R € R, R > 0,
a € Q with a > 1. For any set of vectors x1,...,xN € BT(L”'H)(O, R) the sieving procedure,
Algorithm 1, finds a subset J C {1,2,..., N} of size of at most (2a+1)" and a mapping
o:{1,2,...,N} — J such that for alli € {1,..., N}, ||v; — 24| < R/a. The number
of arithmetic operations of the sieving procedure is N? (n - logQ(r))O(l), where T 1s an
upper bound on the size of the vectors x;, 1 <i < N.

Proof. Obviously for all i € {1,..., N}, [|7; — 24(;|| < R/a. We now show that |J| <
(2a + 1)™. By definition of the mapping o, the distance between any two vectors in J
is greater than R/a. If we consider balls of radius R/(2a) around each vector z;, i € J,
then these balls are disjoint:

BUID (.CL‘Z', R> n BUIN (::Cj, R) =0 forali,jeJ i#j.
2a 2a

Because of z; € Bgl'H)(O,R) the union of the balls B,(L”'H)(:z:i,R/(2a)) is contained in

BT(L”'H)(O, (14+1/(2a))R). Therefore, the number of balls (and hence also |J|) is bounded
by

vob (BID 0.1+ 2)R))  (2u1)"
vol, (BI (0. £m)) (20"

where we use Equation (2.1) from Chapter 2. The number of iterations is N. In the
7-th iteration with 1 < 5 < N we consider the set J that contains at most j vectors.
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Figure 5.1.: The effect of the sieving procedure. Given as input a set of vectors y;,
1 <4 < N, the sieving procedure computes for each vector y; a representative
Yo(iy With |[yi — yo(s)l| < R/a. This is illustrated on the left. On the right,
we see the vectors y; — yo(;), 1 <7 < N, which are contained in a || - [|-ball
with radius R/a.

Therefore, we need to evaluate the norm roughly
N
> i=0(N?
j=1

times. Since the norm || -|| is efficiently computable, the number of arithmetic operations
of the sieving procedure is

N?(n - logy(r)) ™,

where r is an upper bound on the size of the vectors z;, 1 <i < N. ]

Description of the sampling procedure

Now, we present a sampling procedure that for all tractable norms approximates the
generalized shortest vector problem with approximation factor 1 +¢€, 0 < e < 3/2.

The algorithm chooses N vectors uniformly at random in a ball BSJ"”)(O, p) with radius
p > 0. The parameter N will be defined later. For each vector x; with i € {1,..., N}
we compute the vector y; in the fundamental parallelepiped such that y; — x; is a lattice
vector. For #; = 37, a;b; with a; € Q we have y; = > 77 (aj — | o] )bj. We apply the
sieving procedure repeatedly to the vectors y;. Using the mapping o : {1,...,N} — J,
for each y; we get a representative y, ;) with ||y; — y,(;)|| < R/a. We replace y; with
Yi — (Yo(i) — To(s))- This effect is illustrated in Figure 5.1.

This procedure is repeated until the distance between the lattice vectors and their rep-
resentatives is small enough. Then we can show that we have found short lattice vectors.
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Algorithm 2 The sampling procedure
Input:

e A lattice basis B = [by, ..., by] of a lattice L C R",
e a subspace M C span(L), and
e parameters 0 < § < V2 —1 and p>1/2.

Used subroutine: Sieving procedure.
Output: A vector v € L\M or “failure”.
1. a) Set Ry < m - max{||b;|| |1 <i<m}.
b) Choose N vectors x1,...,zy uniformly in B7(ZH'||)(O,p).
¢) Compute y; € P(B) with y; =x; mod Lfori=1,...,N.
)
)

d Set Z {(x17y1)7'~-,($NayN)}'
e) Set R« Ry and a «+ 1+ 2/6.

2. While R > (1+ 6)p,

a) apply the sieving procedure to the set {y;|(x;,y;) € Z} with the parameters
a=1+2/6 and R. The result is a set J and a mapping o.

b) Remove all pairs (x;,y;) with ¢ € J from Z.
c¢) Replace each remaining pair (z;,y;) € Z with (24, yi — (Yo (i) — To(i)))-
d) Set R <+ R/a+ p.

3. Set S :={y; — =zil(xi,yi) € Z}.

Output a shortest vector v € § with v & M if such a vector exists. Otherwise,
the output is “failure”.

A detailed description of the algorithm is presented in Algorithm 2.

We use parameters 4 and p satisfying

0<8<+v2—-1and
p>1/2.

The required upper bound for the parameter § is needed to show that the sampling pro-
cedure solves the generalized shortest vector problem with probability exponentially close
to 1. The lower bound on the radius p is required to give an upper bound on the number
of arithmetic operations of the algorithm and also influences the success probability of
the algorithm.

We have o(i) = i for each pair (v;,y;) € Z with i € J and therefore y; — (y,(;) —
Ty(;)) — ¥i = 0. By removing in step 2b) each pair (z;,y;) with i € J from Z we avoid
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redundant elements.

Now, we analyze the sampling procedure and state its main properties. Furthermore,
the main part of the sampling procedure is the application of the sieving procedure. In
each application of the sieving procedure we remove all pairs (z;,y;) with i € J from Z.
To derive results about the success probability of the sampling procedure, we need to
guarantee that at the end of the sampling procedure the set Z contains sufficiently many
vectors. Hence, we are interested in an upper bound on the number of pairs which are
removed during the sampling procedure.

We start with the analysis of the output and show that the sampling procedure solves
the generalized shortest vector problem correctly if it outputs a vector v and not “failure”.

Lemma 5.1.4. Given a lattice basis B € Q" " and a subspace M C span(B) with

=

parameters p and § chosen as above, the sampling procedure, Algorithm 2, outputs a
vector v € L\M of length at most (2+ 0) - p, when it is successful.
Proof. During the sampling procedure, two invariants are maintained:

1. For all (x;,y:) € Z, yi —x; € L(B).

2. For all (z;,v:) € Z, ||uil]| < R.

Let us consider the first invariant. The algorithm chooses N vectors zi,...,xn in
Bq(@”'”)((),r) and computes y; with y; = x; mod L(B) for ¢ € {1,..., N}. That means,
Yi — x; € L(B). During the while-loop in step 2 of the sampling procedure we only
subtract from y; vectors of the form y; — x; that are themselves lattice vectors.

Next, we consider the second invariant. At the start of the while-loop we have y; €
P(B). Hence, for all i € {1,..., N} the length of y; is bounded by

lyill < > bill < n-max {[lb] | 1 <j <m} = Ro=R.
j=1

This property is maintained during each iteration of the while-loop since the distance
between every vector y; and its corresponding representative is at most R/a,

R
lyi = Watiy = 2@l < [l = vo) | + 20|l < = + 20|
see Lemma 5.1.3. Since x,(;) € B,(L”'H)(O, p), it follows that

R
19 = Wotiy — Tow))|| < S tPsR

The last inequality is based on the fact that at the end of each iteration of the while-loop
R is replaced by R/a + p.
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If R < (14 0)p, the while-loop terminates. By the two invariants, each remaining pair
(x;,y;) € Z satisfies y; — x; € L(B) and

1yi — zill < [llgall + llzill < (1 +8)p+p = (2+)p.
O]
Now, we consider the number of arithmetic operations used by the sampling procedure

that is mainly influenced by the number of iterations of the while-loop in step 2 of the
sampling procedure. Here we use that the radius p is at least 1/2.

Claim 5.1.5. Given a lattice basis B € Q"*™ and a subspace M C span(B) together with
the parameters 0 < 6 < v/2 — 1 and p > 1/2, the number of iterations of the while-loop
of the sampling procedure is at most

2 2
210g2 <1 + 5) . <10g2(R0) + 10g2 <1 + 6)) 5

where Ry = m - max{||b;|| | 1 <i < m} is an upper bound of the input size.

Proof. The parameter R is initialized as Ry. After ¢ steps of the while-loop the parameter
R is

-1
RO . _j
F‘FPE a “.

Jj=0

The iteration terminates if R < (1 + J)p. Since a # 1, we can use the geometric series

i—1

Ry <« _;_ Ro a
- - j<7 *
a’+p jz_:la _az+p a—1

to see that the iteration terminates if
Ry

a®

a
—— < (1+d)p.
p— =1+
We obtain that
i > logy - (log Ro + logy(a — 1) — logy((8(a — 1) — 1)p)).
Since a = 1 + 2/4, the number of iterations in step 2 is at most

logy(a) - (loga(Ro) + logy(a — 1) — logy((d(a — 1) — 1)p))
< logy(a) (logz(Ro) + logy(a) — logy(p)) -
Since p > 1/2, we obtain that this is at most

logy(a) - (logy(Ro) + logg(a) + 1)
< 2logy(a) - (logy(Ro) + logy(a))

2 2
= 2logy(1 + 3) - (loga(Ro) + logy (1 + 5))
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Using this bound for the number of iterations, we can analyze the number of arithmetic
operations of the sampling procedure. Furthermore, we are able to give an upper bound
on the number of pairs which are removed from the set Z during the sampling procedure.

Lemma 5.1.6. Let || -|| be a tractable norm on R™. Given a lattice basis B € Q™*" and
a subspace M C span(L(B)) with the parameters p and § satisfying 0 < § < /2 —1 and
p > 1/2, the sampling procedure, Algorithm 2, satisfies the following properties:

e The number of arithmetic operations of the sampling procedure is bounded by

o)
2
<log2 (14—3) -logg(r)-n-N) ,

where N is the number of vectors chosen in the sampling procedure and r is an
upper bound on the size of the lattice basis B and the subspace M.
The representation size of each number computed by the algorithm is ot most

5 o(1)
<n -log, (1 + 5) logQ(T)> .

e We remove at most

2(Ry, 8) := <10g2(R0) +log, (1 + ?)) (2(1 + %) + 1) " (5.6)

pairs from the set Z.

Proof. The number of iterations of the while-loop dominates the number of arithmetic
operations used by the sampling procedure and is bounded by

2log, (1 + %) : <10g2(R0) + log, (1 + (25)) , (5.7)

as we have seen in Claim 5.1.5. This term is bounded by

22 2 ow
4logy (1 + 5) -logy(Rp) < <m log, (1 + 5) logz(r)> , (5.8)

where r is an upper bound on the size of the basis B and the subspace M.

In each iteration, we apply the sieving procedure to the set {y;|(x;, ;) € Z}. Since the
size of the vectors z; sampled from BQHD(O, p) is at most r”o(l), it is easy to see that the
size of the translations y; is also r”om, see Theorem 5.0.7.

In each iteration, we change the vectors y; by adding or subtracting two other vectors
of size of at most 7" Since the number of iterations is at most (m - logy(1 +2/0) -
log, ()W), see (5.8), the size of the vector y; after step 2 of the sampling procedure is
at most

- (nlog (142/8)-logy () )
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Hence, in each iteration step of the while-loop, the sieving procedure is applied to vectors
with this size and it follows that the number of arithmetic operations is at most

N2 (n - logy(r)°W.

Combining this with the upper bound for the number of iterations of the while-loop given
in (5.8), we obtain that the number of arithmetic operations of the sampling procedure
is bounded by

9 o(1)
<log2 (1 + 5) logy(r) - m - N) .

Since the sieving procedure is executed at most 2logy(142/9) (logs(Ro) + logy (1 4+ 2/9))
times, see (5.7), and we find a set of size of at most (2a+1)" = (2(1+2/0) +1)" in each
application of the sieving procedure, see Lemma 5.1.3, we remove at most

2log, (1 + %) <log2(Rg) + log,y (1 + ?)) . (2(1 + %) + 1)”

pairs from Z. O

Combining Lemma 5.1.4 and Lemma 5.1.6 with the right choice of parameters, we see
that the sampling procedure computes a set of lattice vectors whose length is at most
(1+ e)A%lj'”)(L) for arbitrary 0 < e < 3/2.

Theorem 5.1.7. Let || - || be a tractable norm on R™. For every 0 < e < 3/2 there exists
a & > 0 such that the following holds: Given a full-dimensional lattice L C Q" and a
parameter p satisfying

<p<

1 :
< 50+ (@),

the sampling procedure, Algorithm 2, computes a set S of vectors from LN BT(L”'H)(O, (1+
e))\g&ll)(L)). The number of arithmetic operations of the sampling procedure is

1 o)
<log2 (2 + ) logy(r) - - N) ,

€
where N s the number of vectors chosen in the sampling procedure and r is an upper

bound on the size of the lattice L and the subspace M. The representation size of each
number computed by the sampling procedure is at most

1 o(1)
(n -logy (2 + g) . logQ(r)) :
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Proof. 1f we choose 0 = €/4, it follows from ¢ < 3/2 that 6§ < v/2 — 1. The sampling
procedure computes a set of pairs (z,y) € Z each satisfying ||y — z|| < (24 J)p and

y—x € L, see Lemma 5.1.6. Since the parameter p satisfies p < (1/2) - (1 + 5)2AS\U['||)(L)
we get

1 . 5 .
ly ==l < (2+0)5(1+ 0\ (L) = (1 + 5 (5445 + 52)> AP ().
Since ¢ = ¢/4, it follows that
ly —all < 1+ (L).

Using Lemma 5.1.6, the number of arithmetic operations of the sampling procedure is

<log2 (1 + %) log,(r) -1 - N> o <10g2 (2 + %) log,(r) -1 - N>

and each number computed by the algorithm has representation size of at most

o)

2 0(1) 1 o(1)
(n -logy (1 + g) -logg(r)) = <n -log, (2 + E) . 10g2(7“)> .

5.1.3. Analysis of the sampling procedure using a modified sampling
procedure

The sampling procedure computes a set of lattice vectors whose length is at most

(1+ e))\gdlf'H)(L). So far, we have not excluded the case that all vectors are contained
in the subspace M.

We need to show that the sampling procedure computes vectors in L\M. For this,
we use the randomization in the algorithm. We change our point of view and consider a
modified sampling procedure that behaves exactly like the sampling procedure presented
in Algorithm 2. We are able to show that the modified sampling procedure computes
a vector v € L\M with success probability 1 — 2-%(") Hence, the same is true for the
sampling procedure.

We consider a lattice vector uw € L\M with ||ul| = )\S»HI'”)(L) and define the sets
Oy = BUD(0, ) 1 BYD (a1, p) amd € := BID(0, p) 0 BID(—u, ).

If the parameter p satisfies
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ot

Figure 5.2.: The sets C; and C3. We consider balls with radius p around the vectors
—u, 0, and u. If the radius p is less than |Ju||, the intersections C; and Co
are disjoint. If the radius r is greater than ||u||/2, the intersections C; and
Cs are non-empty.

fora0<5<\/§—1,wehave
1
p> 5)\5&”)@)
and
1 . .
p< 51025 (@) <A (D).
Therefore the sets C7 and (5 are non-empty and disjoint. The form of the sets with
respect to the Fuclidean norm is shown in Figure 5.2.

We define a mapping 7, : B’,(L”'H)(O, p) — R™ depending on the lattice vector w.

r+u , z€Ch
Tw(x) =18 xz—u , zeC . (5.10)
T , otherwise

Claim 5.1.8. Let L C R™ be a lattice and M C span(L). For 0 <§ < /2 —1let p >0
be a parameter satisfying (5.9). Then the mapping T, defined as in (5.10) is a bijective

mapping

it BID(©,p) = BJD(,p)
which maps Cy to Co, Cy to Cq, and Bgl'u)(O,p)\(Cl U Cy) to itself. Particularly, we
have |7y (2)|| < p for all x € Br(L”'H)(O,p).

Proof. The statement follows directly by the definition of the sets C; and Cs. For = €
C, = Bg"”)(o,p) N BY(LH'”)(u,p) we have

ITu(@)]| = [l — ull < p and
I7u(2) +ull = [lz]| < p,
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that means 7,(x) € C2. Analogously, we see that 7,(z) € Cy for all x € Cy and that
Tu(T) € B,(JHD(O, p)\(C1UCy) for all z € B,SH'”)(O, p)\(C1UC%2). Obviously, 7, is a bijective
mapping. O

Using the mapping 7, we define the modified sampling procedure which is presented
in Algorithm 3. The modified sampling procedure applies the sieving procedure in the
same way as the original sampling procedure. The result of this sieving procedure is an
index set J. In contrast to the original sampling procedure, for each pair (z;,y;) with
i € J, the modified sampling procedure replaces the vector x; with probability 1/2 by the
vector 7,(x;). Furthermore, after the termination of the while-loop for each remaining
pair (z,y) € Z, the modified sampling procedure replaces the vector x with probability
1/2 by the vector 7, (z).

The modified sampling procedure is only used for the analysis. Hence, we do not worry
about its running time and the fact that it uses the unknown vector w. Since 7, maps
B,g"”)((),p) to R(JPH)(O’/))’ we have ||7,(z)]| < p for all z € B,(J"”)(Qp). Thus, analo-
gously to Lemma 5.1.7, we can see that the modified sampling procedure returns vectors
in LN B0, (1 4+ A0 (Ly).

The sampling procedure presented in Algorithm 2 and the modified sampling procedure
presented in Algorithm 3 return vectors distributed according to certain distributions.
We call these the output distributions generated by the sampling procedure and the
modified sampling procedure, respectively.

Theorem 5.1.9. The sampling procedure, Algorithm 2, and the modified sampling pro-
cedure, Algorithm 3, generate the same output distribution.

Proof. First, we consider the following modification in step 1b) of the sampling procedure
presented in Algorithm 2. After choosing the vectors x; we decide for each x; uniformly
at random whether to keep z; or to replace it with 7,(x;). This does not change the
distribution on the vectors x;. Hence, this modification does not change the output dis-
tribution of the sampling procedure.

Next, we observe that we can postpone the decision of replacing x; to the first time in
which it has an effect on the algorithm. We observe that v € L implies

yi = x; = 1y(x;) mod Lyi=1,..., N.

Hence, if we decide for each x; whether to replace it with 7,(z;) at the end of step 1
rather than in step 1b), this does not change the output distribution.

But if, without changing the output distribution, we can choose for each x; whether to
keep it or to replace it with 7,(z;) at the end of step 1, then making that decision for each
x; prior to the first time it is used in step 2 will also not change the output distribution.
Furthermore, for each vector z; not used at all in step 2 we can choose whether to keep

109



5. A randomized algorithm for the generalized shortest vector problem

Algorithm 3 The modified sampling procedure
Input:

e A lattice basis B = [by, ..., b,] of a lattice L,
e a subspace M C span(L), and
e parameters 0 < § < /2 —1 and p > 1/2.

Used subroutine: Sieving procedure.
Output: A vector v € L\M or "failure”.
1. a) Set Ry < n-max{||b;]||]1 <i<mn}.
b) Choose N vectors x1,...,zy uniformly in B,(l“'||)(0,p).
¢) Compute y; € P(B) with y; =x; mod Lfori=1,...,N.
)
)

d Set Z = {(.fl,yl),-“?('r]\/ay]\/)}'
e) Set R+ Ry and a < 1+ 2/4.

2. While R > (14 6)p,

a) apply the sieving procedure to {y;|(zi,y;) € Z} with the parameters a =
1+2/6 and R. The result is a set J and a mapping o.

=3

Remove from Z all pairs (z;,y;) with i € J.

o

For each pair (z;,v;), i € J, replace z; with 7,(z;) with probability %

oL

Replace each remaining pair (v, y;) € Z with (24, ¥i — (Yoi) — To(i)))-

)
)
)
) Set R« R/a+ p.

e
3. For each pair (z;,y;) € Z replace x; with 7,(z;) with probability %

4. Set S :={y; — xi|(zi,y:) € Z}.
Output a shortest vector v € § with v & M if such a vector exists. Otherwise,
the output is “failure”.
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it or replace it with 7,(x;) at the end of step 2. But this is exactly the modification
leading from the sampling procedure presented in Algorithm 2 to the modified sampling
procedure presented in Algorithm 3. ]

Mathematically, this proof is not correct. Since we consider a continuous probability
distribution on BT(AL”'H)(O, p), the probability of a finite vector x € BY(L”'H)(O, p) is 0. Hence,

we cannot argue that a vector x € R(IH'”)(O7 p) is chosen with the same probability as the

vector T, (z) € BT(JHD(O, p). Nevertheless, the statement in Theorem 5.1.9 is correct. But
to prove it correctly, we need to consider small balls around the vectors x and 7, (z) and
we have to argue that they have the same volume. For the sake of simplicity and for a
better understanding we omit this proof here.

For further analysis, we need the probability, that a vector x, which is chosen uniformly
in B,S‘"”)(o,p), is contained in Cq U Cs.

Lemma 5.1.10. Let || - || be a norm on R"™, let u € R™ be a vector and { > 0. Define
C = BV (0,(1/2) (1 + Q) B (w, 1/2(1 + Q) Jul]). Then

vol, (C) ¢ \"
voly, (By"") (0,%(1+C)HUH)> - <1+<> '

Proof. Since (1/2)(1 + ¢)||lu|]| > (1/2) - ||lu||, the intersection C' is non-empty. The in-
tersection C' contains a ball with radius (1/2)(||u|| centered around u/2, since for all
s € BY"D(w/2, (1/2)¢||ul) it holds that

1 1 1
sl < [|s = 5[ +[|5]| = 560l + 50l = 5@+l
and
U U 1
I =l < [lo =5+ {[5] = 30+ O
We get that

vol,,(C) > vol, (B,(l”') (O, ;(|u||>> .

Using Equation (2.1) in Chapter 2, we obtain

o G (.

A+Qlul)) — (B +Olul)"vob, (BIP(0,1))  \1+¢

N[
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BIY(0.3(1+0)p) B30+ 0p)

Figure 5.3.: Volume of the intersection of two /{;-balls. The intersection
BS)(O, 1+ Qp) N Bgl)(u, 3(1 + ()p) is exactly the ¢1-ball with radius
(1/2)C||u|ly centered at u/2.

For general norms, the bound given in this lemma is tight. Consider the vector
u = (u1,0,...,0) € R™ with respect to the ¢;-norm. Then, the intersection C is ex-
actly the ¢;-ball B,(ll)(u/l (1/2)C|u1|), see Figure 5.3. For the Euclidean norm one can
achieve a slightly better bound by looking at a (n — 1)-dimensional cylinder centered at
the vector u/2, see [GGO00| and [Reg04].

The sampling procedure and the modified sampling procedure choose N vectors uni-
formly at random in BSHD(O, p). We are interested in the number of vectors which are

contained in Cq U Cs.

Lemma 5.1.11. Let N € N. By q, denote the probability that a random wvector in
Bq(@”'H)(O,p) is contained in C1 U Co. If N wectors x1,...,xN are chosen uniformly at

random in B,(ZH'H)(O,p), then with probability larger than 1 — 4/(N - q) there are at least
(q- N)/2 vectors x; € {x1,...,xN} with the property x; € C; U Cs.

Proof. Let X be the number of vectors which are contained in C7 U Cs. The expected
number of vectors from C; U Cy is ¢ - N with variance N - ¢ - (1 —¢q) < N - ¢q. Using
Chebyshev’s inequality, see Theorem A.0.1 in the Appendix, we get

: N - 4
PlIx-EX) = 1 < Vang) S I q)2 “N.¢
~—~— Vi . .
—4N ~—— 4 q

=€

Therefore,

P(IXﬁq'?N> <1
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For further analysis only pairs (z,y) with € C1 U Cy are of interest because only for
them the mapping 7, is not the identity. The next lemma shows how many vectors N
one has to choose at the beginning of the sampling procedure so that at the end of step
2 of the sampling procedure the set Z contains sufficiently many pairs (x,y) satisfying
the property that x € Cy U Cs.

Lemma 5.1.12. Let ||-|| be a tractable norm on R™. We consider the sampling procedure,
Algorithm 2, respectively the modified sampling procedure, Algorithm 3, with input of a
Jull-dimensional lattice L C Q", a subspace M C span(L) and a parameter p satisfying

1 .
p> 31+ (@)

for arbitrary 0 < 6 < 1/2. Furthermore, assume that in the first step of the sampling
procedure or the modified sampling procedure the number of vectors chosen is

1+0\"
N= <§> 2 (v + 2(Ro, ),
where z(Ry, d) is defined as in (5.6) and v € N. Then at the end of step 2 of the sampling
procedure or the modified sampling procedure, the set Z contains with probability 1 —2/v
at least v pairs (x,y) with the property x € C1 U Cy.

The proof combines Lemma 5.1.10, where we determined the probability that a vector
2 which is chosen uniformly at random in B,(L”'H) (0, p) is contained in C1UCy, with Lemma
5.1.11, where we determined the number of vectors which are contained in C7 U Cy, if we
choose N vectors at the beginning of the sampling procedure. Additionally, we have to
consider the number of pairs which are removed from the set Z.

Proof. If p > (1/2)(1 + 5))\5&“)(1)), we have p = (1/2)(1 + C)/\%H)(L) for some ¢ > §.
Using Lemma 5.1.10 with [|u]| = A\l (L) and ¢, we obtain that

vol, (Ch) ¢ \"
e ()

> <1i5>n, (5.11)

where the last inequality follows from ¢ > 4. It follows from (5.11) that for i € {1,..., N}
we have x; € C1 U (s with probability at least

Py— 5 n
=\155) -

Using this in combination with Lemma 5.1.11, the set {x1,...,2n} contains with prob-
ability
N -q v+ z(Ryp,0) v
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at least (¢ - N)/2 vectors from C U Cy. With Lemma 5.1.6, we remove at most z(Rp, 0)
pairs from Z. Therefore, at the end of the algorithm the set Z contains with probability
larger than 1 — 2/v at least

1
3¢ N — z(Rp,0) = v+ z(Rp,0) — 2(Ro,0) = v

pairs (z,y) with the property z € C; U Ch. O

Using this result, we are able to show that the modified sampling procedure computes
a lattice vector which is not contained in the subspace M with probability exponentially
close to 1.

Theorem 5.1.13. Let || - || be a tractable norm on R"™. For every 0 < e < 3/2 there
exists a § > 0 such that the following holds: Given a lattice L C Q™ and a subspace
M C span(L) satisfying )\S&'”)(L) > 2 and a parameter p satisfying Equation (5.9), i.e.,

1 : 1 :
s+ L) <o < s aA @),

then the modified sampling procedure, Algorithm 3, computes a vector v € L\M with
probability 1 — 272

Proof. We apply the sampling procedure with the same parameters as in Theorem 5.1.7,
i.e., we choose

d=¢€/4
N=(1+48)/0)"22"+ 2(Ro,9)) .
Since /\%‘['”)(L) > 2, we have p > 1/2. By assumption, u € L\ M.
elfy—oveM,y—m(z)=y—aztuec \M.
e Otherwise, y —x — (y — ¢ £ u) = Fu € M.

If at the end of step 2 of the modified sampling procedure there exists a pair (z,y) € 2
with x € C'1 U Cy and one of the following conditions holds:

e y—x € M and in step 3 we replace z with 7,(z) or
e y—x € L\M and in step 3 we do not replace = with 7,(z),

the modified sampling procedure returns a vector v € L\M. In step 3 of the modified
sampling procedure we decide for each pair (z,y) € Z uniformly and independently if we
replace it or not. Using Lemma 5.1.12 with v = 2™, the set Z contains at least 2" pairs
(z,y) with the property z € C; U Cy with probability 1 — 27"+1. Therefore, assuming
that the set Z contains at least n such pairs, the probability that the modified sampling
procedure does not return a vector v € L\M, is bounded by 272". Hence, the success
probability of the modified sampling procedure is at least 1 — 2—n) ]
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The sampling procedure and the modified sampling procedure generate the same out-
put distribution as we have seen in Theorem 5.1.9. Additionally, we have shown in
Lemma 5.1.2 that we can restrict ourselves to instances of the generalized shortest vector
problem with 2 < /\g\l,'”)(L) < 3.

Theorem 5.1.14. There exists a randomized algorithm that for all tractable norms solves
GsvP with approzimation factor 1 + € for arbitrary 0 < € < 3/2 with success probability
1 — 2720 The number of arithmetic operations of the algorithm is

<(2 + %)n logz(r)> o ,

where r is an upper bound on the GSVP-instance. Each number computed by the algorithm
has representation size of at most

1 o(1)
(n -logy (2 + E) . logQ(r)> :

Proof. For all tractable norms, we can assume that we are given a (GSVP-instance in
form of a full-dimensional lattice L C Q™ and some subspace M C span(L) satisfying

2 < )\EJII'H)(L) < 3, or equivalently

2 2
< =h
Ay (L)

see Lemma 5.1.2. Let § = ¢/4 and define

2
Ko = {loglﬂg 3J and

l:= {log 2z w
: 1446 . )
AUl II)(L)

then ro < <0 and the parameter p := (1 + 6)?~! satisfies Equation (5.9), i.e.,

S+ @) <p< s @).

N | =

We apply the sampling procedure for each value p = (1 + 6)2" with ko < I’ < 0 with
the same parameter N as in Theorem 5.1.7 and in Theorem 5.1.13.

Let vy € L\M be the lattice vector discovered by the sampling procedure started with
p=(1+ 5)2*1/ if any lattice vector is discovered. The output will be the smallest
vy € L\M. As we have seen, for the unique I’ = [ such that p = (1 + )2~ satisfies the
Equation (5.9), the sampling procedure will find a (1 + €)-approximation for Gsvp with
probability 1 — 272" see Theorem 5.1.13.
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We apply the sampling procedure roughly

2
logy s 3

times. By choosing of 6 = €/4 it follows from Theorem 5.1.7 that the number of arithmetic
operations is

2 1 o)
10g1+63‘- (logg (24—2) ~log2(r)-n-N> .

By our choice of N, we have

N = (1?5)” .2(2" + 2(Ro, 8))

o

2 O(n)
=290 1og, (Ry) (1 + 5)

1 O(n)
= logQ(T)O(l) <2 + > .

€

_ <1 + 1)” P <2” + (loga(Ro) +logy(1+ 2)(2(1 + 3) + 1)"“)

Overall, we obtain that the number of arithmetic operations of the sampling procedure

is at most
0(1)
IR
((2 + ;) logQ(r)) .

The upper bound on the representation size of each number computed by the sampling
procedure follows directly from Theorem 5.1.7. O

Combining this result with the reductions presented in Chapter 4 we obtain single
exponential time algorithms approximating Svp, SMP, Sivp, and SMP for all tractable
norms with approximation factor 1+ € for arbitrary 0 < € < 3/2.

5.2. Using the sampling procedure for optimal solutions

In this section we show that a variant of the sampling procedure presented before can
be used to compute a shortest lattice vector outside a given subspace exactly, provided
there do not exist too many short lattice vectors outside the given subspace.

5.2.1. Description and analysis of the sampling procedure for optimal
solutions

In the following, we are given a lattice L and some subspace M C span(L). Furthermore,
we assume that there exist absolute constants c, € such that the number of lattice vectors
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v € L\M satisfying [|v|| < (1 + e))\g&'”)(L) is bounded by 2. If so, we are able to show
that the sampling procedure presented in the last section satisfies the following property:
With probability exponentially close to 1 there exists at least one vector v € L\ M which
is represented by 2" pairs of the set Z (after the iteration). Using a modified sampling
procedure like the one presented in Algorithm 3, we can show that a shortest vector
u € L\M is the difference of such two vectors.

Without loss of generality we can assume that € < 1/2. To turn the (1 + ¢)-sampling
procedure into an exact algorithm, we use the sampling procedure described in Algorithm
2 with the parameters

d =¢€/4 and
N = ((1+6)/6)"2 (5 et 4 (R, 5)) , (5.12)

where z(Rp,0) is defined as in (5.6) in Lemma 5.1.6. We only modify the output: We
consider the set

O = {(yi — @) — (yj — zj)|(%i, vi), (x5, ;) € Z}.

The output is a shortest lattice vector v € O with v € L\M. A complete description of
the algorithm is given in Algorithm 4.

The analysis of this sampling procedure and its number of arithmetic operations are
the same as in Section 5.1. Obviously, we can modify the sampling procedure in the same
way as in Theorem 5.1.9 by using the mapping 7, with respect to a shortest vector u €
L\M. We obtain a modified sampling procedure like the modified sampling procedure
described in Algorithm 3 which generates the same output distribution as the original
sampling procedure. This modified sampling procedure for optimal solutions is presented
in Algorithm 5.

Hence we only need to analyze the success probability of the modified sampling pro-
cedure. We show that the modified sampling procedure computes the lattice vector
u € L\M with probability 1 — 279

In the following, we consider the set Z after step 2 and before step 3 of the modified
sampling procedure. We define the multiset

F:={(z,y) € Zlz € CLUCL} C Z. (5.13)

If we apply the sampling procedure for optimal solutions with input of a parameter
p satisfying (1/2)(1 + O)AID(@) < p < (1720 + 62A0W(L), each pair (z,y) € F
represents a lattice vector y —x € L whose length is at most (1 +6)>\5&'H)(L), see Theorem
5.1.7. Furthermore we see that the set F' contains with probability 1 — 272 at least
5. 2+Dn pairs, using Lemma 5.1.12 with v = 5 - 2(c+1)7 The following lemma shows
that at least 2" of these pairs represent the same lattice vector.
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Algorithm 4 The sampling procedure for optimal solutions

Input:

e A lattice basis B = [by, ..., by] of a lattice L,
e a subspace M C span(L), and
e parameters 0 < 6 < 3/2 and p > 1/2.

Used subroutine: Sieving procedure.
Output: A vector v € L\M or “failure”.
1. a) Set Ry« m-max{||b;||]1 <i<m}.
b) Choose N vectors x1, ...,z N uniformly in Bﬁ”"”(o,p).
c) Compute y; € P(B) with y; =x; mod L fori=1,...,N.
)
)

d) Set Z < {(z1,91),.-.,(zN,yNn)}
e) Set R« Ropand a < 1+ 2/6.

2. While R > (14 6)p,

a) apply the sieving procedure to the set {y;|(x;,y;) € Z} with the parameters

a and R. The result is a set J and a mapping o.

b) Remove all pairs (z;,y;) with i € J from Z .

c¢) Replace each remaining pair (v, ;) € Z with (zi, % — (Yoi) — To()))-

d) Set R+ R/a+r.

3. Set O := {(yL — J)z) — (yj - mj)|(xi;yi)7 (xjvyj> € Z}

Output a shortest vector v € O with v € M if such a vector exists. Otherwise,

the output is “failure”.
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Algorithm 5 The modified sampling procedure for optimal solutions
Input:

e A lattice basis B = [by, ..., by] of a lattice L,
e a subspace M C span(L), and
e parameters 0 < 0 < 3/2 and p > 1/2.

Used subroutine: Sieving procedure.

Output: A vector v € L\M or “failure”.

1. a) Set Ry +—n-max{[|b;] | 1 <i<n}.

b) Choose N vectors x1,...,xy uniformly in B,(l“'||)(0,p).

d) Set Z ={(z1,11),---, (zN,yN)}-

)
)
¢) Compute y; € P(B) with y; =x; mod Lfori=1,...,N.
)
e) Set R« Ry and a < 1+ 2/6.

2. While R > (14 6)p,

a) apply the sieving procedure to {y;|(x;,y;) € Z} with the parameters a and
R. The result is a set J and a mapping o.

b) Remove all pairs (z;,y;) with ¢ € J from Z.

d) Replace each remaining pair (z;,y;) € Z with (24, y; — (Yo (i) — To(i)))-

)
c¢) For each pair (x;,y;), ¢ € J, replace x; with 7,(z;) with probability %
)
e) Set R« R/a+ p.

3. For each pair (z;,y;) € Z replace x; with 7,(z;) with probability %
4. Set O :={(yi — i) — (yj — 2j)|(zi, 1), (25, 5) € Z}.

Output a shortest vector v € § with v € M if such a vector exists. Otherwise,
the output is “failure”.
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Lemma 5.2.1. Let L C Q" be a full-dimensional lattice and M C span(L) be a subspace.
Assume that there exist absolute constants c, € such that the number of v € L\ M satisfying
loll < (14 e))\SVH['”)(L) is bounded by 2°".

Consider the modified sampling procedure of optimal solutions, Algorithm 5, with input
of the lattice L, the subspace M, and a parameter p satisfying

<p<=-(1+2V),

N | —
DN | =

where 0 < 6 < e€/4. Assume that the multiset F defined as in (5.13) contains at least
5.2t yirs. For v € L we set

Fy = {(wi, 1) € Flyi — i = v}
Then, there exists a vector v € L with |F,| > 2™.

Proof. Assuming that |F,| < 2" for all lattice vectors v € L, we will derive a contradic-
tion.

In the following, we consider the set of all lattice vectors in L which are represented by
a pair (z,y) € F,

G:={vell3(z,y) € Fwithv=y—zx}.
Since we assume that |F| > 5-2(ct)7 and |F,| < 2" for all v € L, we obtain
|G| > 5-2°".

Since the parameter p satisfies 1/2 < p < (1/2)- (1 + 5)2)\%‘“)@), it is guaranteed by
Theorem 5.1.7 that all lattice vectors in G have length of at most (1 +6)A§|V|I'||)(L). Hence,
if we define

Gy =GNM,

the set G\Gs consists of lattice vectors in L\M of length of at most (1 + e))\g&'H)(L).
By assumption, |G\G /| < 2" and therefore

|G| = |G| — |G\Gar| > 5-2¢™ — 26™ = 2¢mH2, (5.14)

Every vector v € G is represented by a pair (z,y) with z € C; UCy and v = y — z.
Since 7, (x) € Bé”'H)(O,p), we can see that ||y — 7, (z)]| < (1 + e))\g\U['H)(L), analogously to
the proof of Theorem 5.1.7. Furthermore, we have

y—Tu(r)=y—xrtu=v+tuec L\M.
Since 7, is injective, this shows that we can define an injective mapping

Gar — {v e D\M||lo]| < 1+ )AL}, (2y) =y — ()
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and it follows that
Gu| < {o e I\NM | ol < (1 + A (L),

Combining this with (5.14), we obtain that the number of lattice vectors v € L\M
satisfying ||v|| < (1 + e))\%l['”)(L) is at least 2¢7%2 ie.,

{z e \M|(1+ Al ()} > 20742,

This contradicts the assumption that the number of lattice vectors v € L\ M satisfying
ol < (1 + e)AP(L) is bounded by 207 O

Using this lemma, we get:

Theorem 5.2.2. Let || - || be a tractable norm on R™. Let L C Q" be a full-dimensional
lattice and M C span(L) be a subspace. Assume thal there exist absolute constants
c,e such that the number of v € L\M satisfying |v|| < (1 + e)/\g&'”)(L) is bounded by
2¢". Then, the modified sampling procedure for optimal solutions, Algorithm 5, solves the
generalized shortest vector problem with success probability 1 — 272n).

Proof. Using Lemma 5.1.12 with v = 5-2(¢*D" we obtain that with probability 1—272()
the set F defined as in (5.13) contains at least 5-2(¢T)" pairs. In this case there exists a
lattice vector v € L with |F,| > 2", see Lemma 5.2.1. In step 3 of the modified sampling
procedure we decide for each pair (z,y) € F, uniformly at random whether we replace z
with 7,(x) or not. If there exist (x;,v;), (z;,y;) € F, such that in step 3 the mapping 7
is applied to x; but not to x; then u € O. Since we decide uniformly whether we replace
x with 7,(z) this event happens with probability at least 1 —2-272". O

Like in Theorem 5.1.9, we can show that the sampling procedure for optimal solutions,
Algorithm 4, and the modified sampling procedure for optimal solutions, Algorithm 5,
generate the same output distribution.

Theorem 5.2.3. (Theorem 5.0.3 restated.)

Let || - || be a tractable norm on R™. Let L C Q" be a full-dimensional lattice and
M C span(L) be a subspace. Assume that there exist absolute constants c,e such that the
number of v € L\M satisfying ||v|| < (1+6))\5\U['||)(L) is bounded by 2. Then, there exists
an algorithm that solves the generalized shortest vector problem with success probability
1 — 2% The number of arithmetic operations of the algorithm is (2" - logQ(r))O(l),
where 1 is an upper bound on the size of the lattice and the subspace. The algorithm runs
wn single exponential space and each number computed by the algorithm has representation

size of at most (n - logy(r))°W).

5.2.2. Consequences for other lattice problems

In this section, we show that we can use this result to obtain probabilistic single expo-
nential time algorithms for Svp, Smp, Sive, and Cvp. For this, we need to show for
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each problem that the number of (1 + €)-approximate solutions is single exponential.

To obtain an upper bound for the number of (1 + €)-approximate solutions for these
lattice problems we use our results from Chapter 4, where we have seen that the number
of lattice vectors in a ball with radius R is essentially single exponential in the relation
between the radius R and the minimum distance of the lattice, see Lemma 4.2.11.

For the shortest vector problem we can use this result to show that the assumptions
of Theorem 5.0.3 (Theorem 5.2.3 respectively) are always satisfied. For the successive
minima problem we can use the same result, but here the assumptions of Theorem 5.0.3
are only satisfied in the special cases where the relation between the n-th successive
minimum and the minimum distance of the lattice is not too large. For the closest vector
problem, we have to go back to the original reduction presented in Section 4.3.1 to see
that in some special cases the assumptions of Theorem 5.0.3 are satisfied.

Theorem 5.2.4. (Theorem 5.0.4 restated.)

For all tractable norms, there exists a randomized algorithm that solves the shortest vector
problem with success probability 1 — 27X The number of arithmetic operations of the
algorithm is (2" logy(r))®W), where n is the rank of the lattice and v is an upper bound
on its size. The algorithm runs in single exponential space and each number computed
by the algorithm has representation size of at most (n - logy(r))°M).

Proof. Given a lattice L, we set M := {0}. Then, the subspace avoiding minimum
corresponds to the minimum distance of the lattice, i.e., )\S\»”)(L) = /\g”'H)(L). We have
seen in Chapter 4 that the number of lattice vectors in L with length at most (1 +

e)/\gl'”)(L) is upper bounded by
B (0,14 AV (L)) N L] < 201+ +1)" = (34 20" =2

for a ¢ € N, see Corollary 4.2.12. With Theorem 5.0.3, we obtain that the sampling
procedure for optimal solutions with input of the lattice L, the subspace M, and the
parameter N chosen as in (5.12) computes a vector v € L\M with ||v|| < AEJ'I'H)(L) with
probability exponentially close to 1 and therefore a shortest non-zero lattice vector in
L. O

Similarly, the sampling method for optimal solutions can be used to compute the
successive minima of a lattice L exactly provided that the n-th successive minimum
/\SHD(L) is bounded by c/\gH'”)(L) for some constant c. The proof of the following result
is based on the same idea as the reduction from SMP to GsvPp, see Theorem 4.3.3.

Theorem 5.2.5. (Theorem 5.0.5 restated.)
Let || - || be a tractable norm on R™ and L C Q" be a full-dimensional lattice. Assume

that the n-th successive minimum )\%H'”)(L) is bounded by c - )\SH'H)(L) for some constant

c € N. Then, with success probability 1 — 2= the successive minima of L can be
computed using (2" - log2(r))o(1) arithmetic operations, where v is an upper bound on
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the size of the lattice. The algorithm runs in single exponential space and each number
computed by the algorithm has representation size of at most (n - logy(r))9M.

Proof. We have seen in Theorem 5.2.4 that we are able to use the sampling procedure for
optimal solutions to get a shortest non-zero vector in L. Given vy,...,v;_1 € L linearly
independent for ¢ > 1, we consider the subspace M := span(vy,...,v;—1). Then we get

/\%‘I'H)(L) < )\l(.“'H)(L). Since )\QHD(L) <c- )\gH'”)(L), for all € > 0, the number of lattice
vectors in L of length of at most (1 + e)/\l(»”'H)(L) is upper bounded by

[BID 0,0+ N (@)) 2| < 201+ e+ 1),

see Corollary 4.2.13. With Theorem 5.0.3 we get that the sampling procedure for optimal
solutions with input of the lattice L, the subspace M and the parameter N defined as in
(5.12) computes a vector v; € L\M with [jv;]| < AE\UI'H)(L). O

For the closest vector problem, we obtain a similar result for instances of Cvp where
the distance between the target vector and the lattice is at most ¢ times the minimum
distance of the lattice for some fixed constant ¢ > 0.

Theorem 5.2.6. (Theorem 5.0.6 restated.)

Let || - || be a tractable norm on R™. Let L C Q" be a full-dimensional lattice and
t € span(L)NQ™ be some target vector. Assume that there exists some absolute constant
¢ such that p'D (¢, L) < c~/\§H'”)(L). Then, a vector v € L satisfying ||t —v|| = pl'D(¢, L)
can be computed using (2" - logQ(T))o(l) arithmetic operations, where r is an upper bound
on the size of the CvP-instance. The algorithm runs in single exponential space and each
number computed by the algorithm has representation size of at most (n - logy(r))9M).

To prove this theorem, we follow the reduction from Cvp to GSVP presented in Section
4.3.1 in Chapter 4. Given a lattice L C R" and a target vector £ € R" together with a
parameter o > 0, we consider the unique parameter p such that

p<plN(E, L) < (1+a)p.
We use the same lifting technique and the same parameter

_1+6
C1—c¢

v (1+a)p (5.15)

with 0 < € < 1/2 to define the (n + 1)-dimensional lattice

L_./;((Zg)(bgl)(i)) (5.16)
M= Span<( %1 > ( b(’)" )) C span(L), (5.17)
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where B = [b1,...,by] € R™™ is a basis of the lattice L. Also, we consider the same
norm F on R™"! which is defined as F(x) = ||Z|| + |2| for z = (27, 27) € R""!. As we
have seen in Lemma 4.3.4, the norm F is tractable, since || - || is a tractable norm.

Now, the main part of the proof of Theorem 5.2.6 is to show that it follows from
pdDE L) < e )\gll'H)(L) that there do not exist too many lattice vectors in L'\ M whose

length with respect to the norm F is at most (1 4+ 6))\§5) (L"), i.e., to show that there
exists a constant ¢; € R such that

BF 0,1+ A (L) n (L\M)| < 297,

If we can show this, we can use the sampling procedure for optimal solutions to ob-
tain a shortest vector v € L'\ M with respect to the norm F with success probability
1— 272" Ag we have seen in the reduction from CvP to GsvPp, such a vector is of the
form v = +(z — t, —v), where z € L is a lattice vector in L that is closest to the target
vector ¢ with respect to the norm || - ||, see Lemma 4.3.8 in Chapter 4.

We consider a parameter p satisfying p < ,u(”'H)(t,L). We have already seen that

under this assumption the subspace avoiding minimum A%?(L’ ) of the lattice L' and the

subspace M C span(L’) in the norm F is less than 2+,

2

see Claim 4.3.7 in Chapter 4. Hence, it follows from the definition of the norm F' that
the minimum distance of the lattice L’ with respect to the norm F is the minimum
of the minimum distance of the lattice L with respect to the norm || - || and the value
WD L)+, e,

AP(L/) = min {A(l""‘)(L),M(H'“)(t,L) +7} _

By assumption, there exists some absolute constant ¢ such that x{('D (¢, L) < ¢- /\gll'H)(L).
1t A (@) = AN(@), we have pID(#, L) < ¢ AIPD(@) = ¢ A (1), Otherwise,
we obtain pl'D(t, L) < pFD(t, L) + v = )\gF) (L’). This shows that in both cases the
parameter p satisfies

p<plh )y <e- )\gF)(L/).

In the next lemma, we will see that this guarantees that there do not exist too many
lattice vectors in L' with length 27 in the norm F.

Lemma 5.2.7. Let L C R"™ be a lattice and t € span(L) be some target vector. For
a >0 and 0 < € < 3/2 define the parameter v and the lattice I’ C R™! as above, see
(5.15) and (5.16).
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Assume furthermore that there exists a parameter p > 0 and some absolute constant c
such that

p<c- A,
Then, the number of lattice vectors in L' with length of at most 2v is upper bounded by
BU(0,29) N L'| < 29"

for some constant c¢; € N.

Proof. Using Lemma 4.2.11 with the radius R = 2, we obtain that the number of lattice
vectors in L' whose length with respect to the norm F is at most 27 is upper bounded

by
F n
. (47+A§ )(L’)> |

B (0,29)n L
’ A ()

By definition of v and using that p < ¢- /\gF)(L’), we obtain

‘B}f‘ )(0,29) N L'

) (4}+g(1 +a)p+ AYWL’))"

A (1)
€ F "
(4301 + a)e+ 1) AP (L)
B AL
S 26171
for some constant ¢; € N. ]

As we have seen in (5.18), the subspace avoiding minimum of the lattice L’ and the

subspace M is less than )\55) (L") < (2/(1+¢€))y. Thus, it follows from Lemma 5.2.7 that

B0, (1+ MNPy nr

< ‘B,@(o,zy) nr|<oan,

In particular, the number of vectors v € L'\M satisfying F(v) < (1 + e)/\g\?( ") is
bounded by 2™ for some fixed constant ¢; € IN. Hence, the assumptions of Theorem
5.0.3 are satisfied, that means the lattice membership algorithm for optimal solutions
with input of the lattice L’ and the subspace M defined as in (5.16) and (5.17) using
a parameter p satisfying p < pll'D(t, L) < (1 + a)p computes a shortest lattice vector
u € L'\ M with respect to the norm F with probability exponentially close to 1. As we
have seen in Lemma 4.3.8, the vector u is of the form u = +(z — ¢, —7), where z € L is
a lattice vector that is closest to the target vector ¢ with respect to the norm || - ||. This
proves Theorem 5.2.6.
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5.3. Discussion of the results

In this chapter, we presented a probabilistic single exponential time algorithm based on
the AKS-sampling technique that approximates the generalized shortest vector problem
with approximation factor 1+ € for arbitrary 0 < € < 3/2. Unfortunately, we are not able
to use this technique to solve the generalized shortest vector problem exactly. Moreover,
it seems to be impossible to develop an algorithm based on the AKS-sampling technique
that solves one of the lattice problems Smp, Sivpe, or CVP exactly. If we want to use
the sampling technique to obtain exact solutions we need to find some kind of collisions.
That means, the number N of vectors which are chosen in the beginning of the sampling
procedure needs to be large enough to guarantee that at the end of the algorithm we have
two vectors of the form x and x + u, where u is an optimal solution of the corresponding
lattice problem and both z and x + u are guaranteed to be approximate solutions. But
we have already seen in Chapter 4 that for the lattice problems Smp, Sivp, and CvP,
the number of approximate solutions can be arbitrarily large.

In 2008, Arvind and Joglekar improved our approximation algorithm for Gsvp with
respect to the Euclidean norm such that the number of arithmetic operations of the
algorithm is (27(1/€)¥ logy(r))©™M), where n is the rank of the lattice, k is the dimension
of the subspace, and r is an upper bound on the size of the lattice and the subspace, see
[AJ08]. The improvement of the running time is achieved as follows: In their algorithm,
the number N of vectors chosen at the beginning of the sampling procedure needs to
be large enough such that after the iterations there exist enough pairs (x;,v:), (25, ;)
with z;,z; € C1 U Cy satisfying ||(z; — vi) — (x; — y;)|| < € and (z; — y;) — (zj —
y;j) € M. To determine a corresponding parameter N they use a packing argument
in R*, where k is the dimension of the subspace M. Thus, they use a bijective linear
transformation between the subspace M and the vector space R. Since this bijective
linear transformation is length preserving with respect to the Euclidean norm they can
use an argument like Lemma 4.2.11 in Chapter 4 to obtain an upper bound on the number
of different lattice vectors in L N M of Euclidean length at most e. This upper bound
depends only on the dimension k of the subspace and not on the dimension of span(L).
Unfortunately, we do not know how to construct a bijective linear transformation from
an arbitrary k-dimensional subspace to the vector space R¥ which is length preserving
with respect to some arbitrary but fixed norm.

126
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lattice membership problem

In this chapter, we consider algorithmic solutions for the lattice membership problem.
To recall, in the lattice membership problem we are given a full-dimensional bounded
convex set together with a lattice. The goal is to compute a lattice vector in the convex
set or to decide that the convex set does not contain a lattice vector, see Definition 4.3.12
in Chapter 4.

We show that there exists a deterministic algorithm that solves the lattice member-
ship problem in polynomial space for all /,-balls and polytopes. If we consider /,-
norms, 1 < p < oo, we obtain an algorithm whose number of arithmetic operations
is p-logy (r)OMnH+e(n where 7 is an upper bound on the size of the coefficients defin-
ing the convex set and n is the dimension of the £,-ball. For all polyhedral norms, we
obtain an algorithm whose number of arithmetic operations is (s - logy (1)) Z+e))n
where r and n are defined as above and s is the number of constraints defining the poly-
tope. In particular, for the ¢;-norm and the {.-norm, we obtain an algorithm whose
number of arithmetic operations is logg(r)O(l)n(”O(l))”.

In Chapter 4, we have seen that the lattice membership problem can be seen as a
geometric reformulation of the closest vector problem, i.e., that there exists a polynomial
time reduction from the closest vector problem to the lattice membership problem for
all £,-norms and all polyhedral norms. This leads to a deterministic polynomially space
bounded algorithm for the closest vector problem for all £,-norms and all polyhedral
norms.

As we have seen in Chapter 4, the lattice membership problem is a generalization of
the integer programming feasibility problem from polytopes to general bounded convex
sets. Hence, the existence of algorithmic solutions for the lattice membership problem
is closely related to the existence of algorithmic solutions for the integer programming
feasibility problem. Our algorithm is a variant of Lenstra’s algorithm for integer pro-
gramming used together with a variant of the ellipsoid method, see [Len83|. To guarantee
that the algorithm runs in polynomial space, we use a preprocessing method from Frank
and Tardos developed for Lenstra’s algorithm for integer programming, see [FT87].

To put our results in perspective, we shortly review the major results based on Lenstra’s
technique in the following.
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Lenstra’s algorithm for integer programming and related results

In 1979, Lenstra presented the first polynomial time algorithm that solves the integer
programming feasibility problem in fixed dimension, [Len83]. This algorithm was im-
proved by Kannan in 1987, [Kan87b]. Considering the dimension as a part of the input,
the number of arithmetic operations of this algorithm is O(n(>/2* logy(r)), where r is an
upper bound on the size of the input polytope. Hence, our result improves the running
time of Lenstra’s algorithm by the factor n™/2 while keeping polynomial space complexity.

In 2005, Heinz generalized Lenstra’s algorithm to obtain an algorithm for integer op-

timization over quasiconvex polynomials, [Hei05]. To recall, a function f : R" — R is
quasiconvex if all a-sublevel sets {z € R"|f(z) < a}, a € R, are convex sets, see Defi-
nition 2.1.7 in Chapter 2. Heinz considered quasiconvex polynomials F1,..., F,, € Z[z],
which define a convex set Y := {x € R"|F;(z) < 0 for all 1 < ¢ < m}. His algorithm
either computes an integer vector in this set or shows that this set does not contain an
integer vector. Recently, this algorithm was improved by Hildebrand and Koéppe, who
presented an algorithm for this problem using m - logy(r)?MdC ™o arithmetic
operations, where d is an upper bound on the total degree of the m polynomials and r
is an upper bound on the size of the input, see [HK10].
In particular, their algorithm can be used to decide whether the set {x € R"|||z—t|h—a <
0} with ¢ € R™ and a > 0 contains a lattice vector if p is an even number, since for even
p the function | - ||} : R® = R, z — [jz||b = Y, ¥ is a quasiconvex polynomial and
obviously for a given vector ¢ € R™ and radius o > 0, we have

BY(t,0) = {z € R"[|a — t], < a} = {z € R"|[lz — t]}} - a” < 0}.

If p is not an even number, the function || - || : R® — R, = — ||z||} is not even a
polynomial. Although it is possible to represent Bflp ) (t, ) as the intersection of poly-

nomials, these polynomials are not quasiconvex. For example, BT(L?’)(O7 1) can be repre-
sented using the sublevel sets {z € Rz} + 23 — 1 < 0}, {x € R?| — 2} + 23 — 1 < 0},
{r € R? — 23 — 23 — 1 < 0}, and {z € R?|2} — 23 — 1 < 0}, but we have already seen
that for example the function = +— 23 + 23 — 1 is not quasiconvex, see Figure 2.3 on
page 14 in Chapter 2. Thus, the result of Heinz cannot be applied directly to achieve
our results. Additionally, their algorithm has the disadvantage of not being polynomially

space bounded.

In 2010, Dadush, Peikert, and Vempala presented a randomized algorithm for the lat-
tice membership problem for well-bounded convex bodies given by a separation oracle,
see [DPV11]| and [DPV10]. Their algorithm is also based on Lenstra’s algorithm for
integer programming. The expected number of arithmetic operations of this algorithm
is O(n/3)7)1ogy ()M, Their algorithm uses so-called M-ellipsoids. In [DPV11] they
present an algorithm that computes an M-ellipsoid for a well-bounded convex body in ex-
pected single exponential time. Recently, Dadush and Vempala described a deterministic
algorithm that computes an approximate M-ellipsoid for any well-bounded convex body
in time O(logy(n))", see [DV12]. This yields a deterministic algorithm for the lattice
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membership problem for well-bounded convex bodies given by a separation oracle where
the number of arithmetic operations is O(n(*/3)") log,(r)®™). Of course, the number of
arithmetic operations of their algorithm is better than ours, but compared to our result,
their algorithm has the disadvantage of having exponential space complexity.

Main results of this chapter and its consequences for other lattice
problems

In this chapter, we present a deterministic algorithm that solves the lattice membership
problem in polynomial space for all £,-balls, 1 < p < oo, and polytopes.

Theorem 6.0.1. There exists a deterministic algorithm that solves the lattice member-
ship problem for all convex sets generated by an {,-norm, 1 < p < oo, or a polyhedral
norm.

o If the convex set is an £p-ball with 1 < p < 0o, the number of arithmetic operations
of the algorithm is at most p - logQ(r)O(l)n(2+o(1))”. The algorithm Tuns in poly-
nomial space and each number computed by the algorithm has bit size of at most
p- 10 logy(r).

o Ifthe convex set is a full-dimensional polytope symmetric about the origin given by s
constraints, the number of arithmetic operations is at most (s-logy(r))PMpZ+e)n,
The algorithm runs in polynomial space and each number computed by the algorithm
has bit size of at most n®™M log,(r).

We present the algorithm as a general algorithmic framework. This framework works
for all full-dimensional bounded convex sets which are contained in some class K such
that there exists a so-called flatness algorithm for this class. Loosely speaking, a flatness
algorithm for such a class of bounded convex sets computes a bounded number of parallel
affine hyperplanes for a given convex set from this class such that the following holds:
The convex set contains a lattice vector if and only if the intersection of the convex set
with one of these affine hyperplanes contains a lattice vector. That means, the flatness
algorithm reduces the solution of the lattice membership problem for a bounded convex
set of dimension n to several solutions of the lattice membership problem of convex sets
of dimension n — 1.

To obtain an algorithm that solves the lattice membership problem for polytopes, we
consider the class of full-dimensional polytopes and show that for this class there exists
a flatness algorithm. If we want to obtain an algorithm that solves the lattice member-
ship problem for £,-balls with 1 < p < oo there arises the technical difficulty that we
are not able to develop a flatness algorithm for £,-balls since the class of £,-balls is not
closed under bijective affine transformation and intersection with hyperplanes. Due to
this reason, we consider a generalization of £,-balls, the class of so-called ¢,-bodies. For
this class, we show that there exists a flatness algorithm. This part is the main technical
contribution of our lattice membership algorithm.
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6. A deterministic algorithm for the lattice membership problem

In Section 4.3 of Chapter 4, we have seen that the lattice membership problem is a
geometric reformulation of the closest vector problem. Particularly, we have seen that
there exists a polynomial time reduction from the closest vector problem to the lattice
membership problem for all /,-norms and all polyhedral norms, see Proposition 4.3.13 in
Chapter 4. Combining this with Theorem 6.0.1, it implies a deterministic polynomially
space bounded algorithm that solves the closest vector problem with respect to an /-
norm, 1 < p < 0o, and a polyhedral norm, e.g. the ¢;-norm and the £,-norm.

Theorem 6.0.2. There exists a deterministic polynomially space bounded algorithm that
solves the closest vector problem for all £,-norms, 1 < p < oo, and all polyhedral norms,
e.g. the l1-norm and the lso-norm.

e For all {,-norms with 1 < p < oo, the number of arithmetic operations of the
algorithm is p - logy (r)®Mn(2+e)n,

e For all polyhedral norms, the number of arithmetic operations of the algorithm is
(5logy(r))PMnC+te)n where s is the number of constraints defining the polytope.
In particular, for the ¢1-norm and the lso-norm we obtain an algorithm for Cvp,
where the number of arithmetic operations is logy(r)©Mn(2+e()n,

Here, v is an upper bound on the size of the CvP-instance and n is the dimension of the
vector space.

Organization This chapter is organized as follows: We start with a description of
Lenstra’s algorithm as a general framework for algorithmic solutions of the lattice mem-
bership problem. This is done in Section 6.1. Here, we consider some unspecified class
IC of full-dimensional bounded convex sets, for which we assume the existence of a flat-
ness algorithm. Then, we adapt this framework to concrete classes of full-dimensional
bounded convex sets. In Section 6.2, we consider full-dimensional polytopes and in Sec-
tion 6.3 generalizations of £,-balls, where 1 < p < 0.

To complete the description of the lattice membership algorithm, we describe in Sec-
tion 6.4 how a flatness algorithm for these classes of convex sets can be realized. We
start with a description of a flatness algorithm for ellipsoids. Then we generalize this
result to general bounded convex sets, for which we are able to compute an approximate
Léwner-John ellipsoid. For polytopes and the generalization of £)-balls, we are able to
compute an approximate Lowner-John ellipsoid and we obtain a flatness algorithm for
these classes of convex sets. At the end of this chapter, we describe a slight modification
of the replacement procedure due to Frank and Tardos, which can be used to guarantee
that our lattice membership algorithm runs in polynomial space.

6.1. A general algorithm for the lattice membership problem

In this section, we describe a general framework to solve the lattice membership problem
for full-dimensional bounded convex sets and full-dimensional lattices. Before we present
a concrete and detailed description of the lattice membership algorithm, we start with
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the description of the main geometric idea behind the algorithm.

The lattice membership algorithm is a recursive algorithm which works for classes of
bounded convex sets. Since we describe a general framework here, we do not specify how
the convex sets from the class IC are given.

The class K need to satisfy certain properties. We will define and explain these proper-
ties at a suitable place where they are necessary for the development of the membership
algorithm. First of all, we assume only that the class I is closed under bijective linear
transformation. Then it is enough to solve the lattice membership problem for those
instances where the corresponding lattice is the integer lattice Z™. Since every vector
from a lattice L = £(B) is an integer linear combination of the basis vectors of B, any
bounded convex set C C span(L) contains a lattice vector from L if and only if the
bounded convex set B~!C contains an integer vector.

Lemma 6.1.1. Let L CR"™ be a full-dimensional lattice given by a basis B € R™"™ and
C C R™ be a convex set. Then, the conver set C contains a lattice vector from L if and
only if the convex set B~'-C = {B~'z|x € C} contains an integer vector.

6.1.1. The main idea of the lattice membership algorithm

The lattice membership algorithm uses the concept of branch and bound. Given a
bounded convex set C from the class K we consider a family of affine hyperplanes given
by a vector d € Z"\{0}, Uyecy, H, - Obviously, every integer vector v € Z", which is

contained in C, satisfies (d,v) = k for some integer value k € Z and k is contained in the
interval

Ic = [inf{(d, o))z € C},sup{(d, z)|z € C}|.

Hence, to decide whether the bounded convex set C contains an integer vector, it is
sufficient to consider all integer values k which are contained in the interval I¢ and check
recursively whether the convex set C N H k4 contains an integer vector. This idea is
illustrated in Figure 6.1. In the following, we will call an algorithm which realizes this
idea a lattice membership algorithm.

Since the convex set C can be arbitrarily large, we cannot generally assume that the
length of the interval I¢ is bounded. But we will show that we can restrict ourselves to
consider only a bounded number of affine hyperplanes. That means we can show that
there exists a non-decreaging function f : N — R such that for every bounded convex
set C C R™ N K of dimension m there exists a vector d € Z"\{0} and an interval I of
length at most f(m) such that the following holds: The convex set C contains an integer
vector if and only if there exists an integer k € Z N I¢ such that the convex set C N Hy ;
contains an integer vector.

We call a vector d that satisfies this property a f(m)-flatness direction of the convex set

C.
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6. A deterministic algorithm for the lattice membership problem

H, jwith k = sup{(d, z)|z € C}

H, ; with k = inf{(d, z)|z € C}

Figure 6.1.: Main idea of the lattice membership algorithm. If d is a non-zero
integer vector, every integer vector in the convex set C is contained in an affine
hyperplane H, ;, where k € Z with inf{(d, )|z € C} < k < sup{d, )|z € C}.

Definition 6.1.2. (v-flatness direction)

Let C C R™ be a bounded conver set of dimension m. A vector d € Z™\{0} is called a
~v-flatness direction of C for some parameter v > 0 if there exists an interval Ic of length
at most v such that the following holds: The convex set C contains an integer vector if
and only if there exists k € Z N I¢ such that CN Hk:,d contains an integer vector.

The parameter v > 0 is arbitrary. It can be a constant or a function of any parameter
associated to the lattice. Often the parameter depends on the dimension of the convex set.

In the following, if we say that we compute a y-flatness direction d € Z"\{0} of some
given convex set C together with a corresponding interval Iz we mean that we compute a
vector d € Z"\{0} and an interval I¢ of length at most + such that the following holds:
The convex set C contains an integer vector if and only if there exists k € Z N I¢ such
that C N de contains an integer vector.

At the moment, we assume that such a ~-flatness direction of a convex set can be
found. Then we obtain a prototype of a lattice membership algorithm, which is described
in Algorithm 6.

6.1.2. Description of the lattice membership algorithm

If we realize this idea of a membership algorithm, we obtain a recursive algorithm, where
the recursive instances are given by a full-dimensional bounded convex set C and an affine
subspace H. At the beginning, i.e., if m = n, we set H := R". Later, the affine subspace
H is given by a set of affine hyperplanes Hy, 4,, m+1 < i < n for some parameter m < n.
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Algorithm 6 Prototype of a lattice membership algorithm
Input: A full-dimensional bounded convex set C C R™ from the class C which is closed
under bijective linear transformation.

Output: An integer vector in C or the statement that C does not contain an integer
vector.

If n =1, find an integer vector in C or decide that C does not contain an integer vector.

Otherwise,
1. compute an f(n)-flatness direction d € Z™\{0} and an interval I.

2. For all k € Z N I¢, find an integer vector in C N H,_ ; or show that CN H, ;
does not contain an integer vector.

3. If there exists an index k such that C N H, ; contains an integer vector,
output this vector. Otherwise, output that C N H, ; does not contain an
integer vector.

If m = 0, the affine subspace consists of a single vector. This vector can be computed
efficiently using Gaussian elimination.

During the execution of the algorithm we need to be able to compute f(m)-flatness
directions for the recursive instances. These recursive instances comnsist of a bounded
convex set of dimension m given as the intersection C N H of the original input convex
set C from the class K and an affine subspace H of dimension m. Thus, we assume that
we have access to a so-called flatness algorithm Ag ¢.

Assumption 6.1.3. (Existence of flatness algorithm for the class K)

Let K be a class of bounded convex sets and f : N — R>? be some nondecreasing function.
We assume that there exists a deterministic flatness algorithm Ay ¢ that on input of a
conver set C € K of dimension n together with an affine subspace H of dimension m
computes an f(m)-flatness direction d € Z™\{0} of the convex set C N\ H together with a
corresponding interval Icqg of length at most f(m).

In Section 6.4 we will show that for concrete classes of bounded convex sets, we can
realize a flatness algorithm, in particular for polytopes and generalizations of /,-balls.

Under the assumption that we have access to a flatness algorithm satisfying Assump-
tion 6.1.3, we are able to present a complete description of the algorithm, see Algorithm
7.

Theorem 6.1.4. Let K be a class of bounded convex sets closed under bijective linear

transformation. Assume that there exists a flatness algorithm Ay y satisfying Assump-
tion 6.1.5.
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Algorithm 7 Membership algorithm for bounded convex sets

Input:

o A full-dimensional bounded convex set C C R™ from the class I which is closed
under bijective linear transformation and satisfies Assumption 6.1.3, and
n

e an affine subspace H := (L, | Hy, q;, where d; € Z" linearly independent and
k; € Z for all m + 1 < i < n; alternatively, H := R"™.

Used subroutine: Flatness algorithm Ax ¢ satisfying Assumption 6.1.3.

Output: An integer vector in C N H or the statement that C N H does not contain an
integer vector.

If m =0, compute a vector z € Z™ N H satisfying z € C or decide that C N H does not
contain an integer vector.

Otherwise,

1. apply the flatness algorithm Ay ; with input of the convex set C and the
affine subspace H. The result is a vector d,,, € Z™ together with an interval

Ienm-
2. For all k € Z N Icqg, apply the membership algorithm to the convex set C

and the affine subspace H N Hj, 4,,. Either the algorithm outputs an integer
vector or it outputs that C N H N Hy, 4,, does not contain an integer vector.

3. If there exists an index k € Z N I¢gng such that the algorithm outputs an
integer vector, output this vector. Otherwise, output that C N H does not
contain an integer vector.
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Given a full-dimensional bounded convez set C C R™ from the class K and an affine sub-
space H, the lattice membership algorithm for bounded convex sets, Algorithm 7, decides
correctly whether CNH contains an integer vector. If CNH contains an integer vector, it
outputs one. The number of recursive calls of the algorithm is at most (2f(m))™, where
m 1s the dimension of the subspace.

Given a full-dimensional bounded convex set C C R"™ and the whole vector space R"
as input, the algorithm solves the lattice membership problem correctly.

Proof. If m = 0, the affine subspace H consists of a single vector. Thus, the algorithm
can decide correctly whether this vector is an integer vector which is contained in C.
For m > 1, the membership algorithm applies the flatness algorithm Ak ; to the full-
dimensional bounded convex set C and the affine subspace H. By assumption, the al-
gorithm computes an f(m)-flatness direction of the convex set C N H given by a vector
dm € Z™\{0} and an interval Icny. Since we assume that the flatness algorithm Ay ¢
verifies Assumption 6.1.3, it is guaranteed that C N H contains an integer vector if and
only if there exists an index k£ € Z N Ieny such that C N H N Hy, 4, contains an integer
vector.

Hence, if there exists an index k € Z N I¢ny such that the lattice membership algorithm
with input of the convex set C and the affine subspace H N Hy, 4,, outputs an integer
vector v € CN H N Hyq,,, then we have found an integer vector in C N H. Otherwise,
i.e., if for all £ € Z N Ieny the set CN H N Hy 4, does not contain an integer vector, it
is guaranteed by Assumption 6.1.3 that C N H does not contain an integer vector.

If we are given a convex set in R together with an affine subspace of dimension m as
input, we need at most f(m) + 1 solutions of recursive instances where the dimension of
the subspace is m — 1, since the length of the interval I cnp) is at most f(m). Hence,
the overall number of recursive calls is at most

m

[T +1) <2mf(m)™.

i=1
O

In the next proposition we show that our lattice membership algorithm runs in poly-
nomial space if the bit size of each number computed by the algorithm is polynomial in
the bit size of the input instance. So far we do not specify how the convex sets from the
class K are given. Hence, the notion of the size of a convex set C from the class K is not
clearly defined, but this does not matter in the following statement.

Proposition 6.1.5. Let K be a class of bounded convez sets closed under bijective linear
transformation. Assume that there exists a flatness algorithm Ax ; satisfying Assumption
6.1.3. Let C CR"™ be a full-dimensional convex set from the class IC and let H C R"™ be
an offine subspace of dimension m. Let r be an upper bound on the size of C and H. If
the flatness algorithm Ay y runs in polynomial space and if all numbers computed by the
lattice membership algorithm, Algorithm 7, with input of the convex set C C R"™ and the
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affine subspace H have size at most v for some fized constant ¢ > 1, then the lattice
membership algorithm runs in polynomial space.

Proof. The lattice membership algorithm with input of an affine subspace H of dimension
m is a recursive algorithm where the corresponding recursion tree has m levels. Each
level consists of all recursive instances with the corresponding affine subspaces having
the same dimension k.

Let s(k) be an upper bound on the space used by the lattice membership algorithm given
as input an affine subspace of dimension k. By assumption, the size of each number
computed in one reduction step is at most ™. Since the flatness algorithm Aj, ¢ runs
in polynomial space, this shows that this reduction step runs in polynomial space, i.e.,
it needs space at most (r")°(1).

At each step in our lattice membership algorithm we need to consider exactly one path
in the recursion tree. Furthermore, the algorithm can terminate if it has found an integer
vector in CN H. The recursive instances are given by a vector d € Z™\{0} together with
an interval I = [kmin, kmax, Which is given by its lower and upper bound. By assumption,
the size of all these numbers is at most 7. This shows that the space complexity satisfies
the following recursion

s(k) < O@F™) + s(k — 1).

From this, it follows that the space complexity of the algorithm is upper bounded by
S, O(r™) = r”o(l), that means the algorithm runs in polynomial space. O

Unfortunately, for the outline of our lattice membership algorithm presented so far we
cannot guarantee that the bit size of each number computed by the algorithm is polyno-
mial in the bit size of the input instance. In fact, the size of the new affine hyperplane
depends not only on the size of the convex set C but also on the size of the affine sub-
space. This problem occurs also in Lenstra’s algorithm for integer programming and its
improvement by Kannan. To avoid this problem, we use a replacement procedure devel-
oped by Frank and Tardos in 1987, see [FT87]. In the next section, we will describe their
result and show how it can be used to obtain a polynomially space bounded algorithm
for the lattice membership problem.

6.1.3. A polynomially space bounded lattice membership algorithm

The replacement procedure from Frank and Tardos is a polynomial time algorithm that
on input of an affine subspace H C R" and an additional hyperplane Hj 4 computes a
set of new affine hyperplanes Hy, ;.. i € J for some index set J with small size.

If the affine subspace H and the affine hyperplane Hy, 4 are affinely independent, the
affine subspace H and the new affine hyperplanes Hy, ;.4 € J are also affinely indepen-
dent and we have dim(H) + |J| < n. Furthermore, if we additionally consider a convex
set C and choose the parameters appropriately depending on the shape of the convex set,
it can be guaranteed that each integer vector in the convex set C is contained in the affine
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subspace H N Hy, 4 if and only if it is contained in the intersection H N (), Hy, 7.- The
following result is a slight generalization of Lemma 5.1 in [F'T87|. Its proof together with
a short description of the procedure appears in Section 6.5 at the end of this chapter.

Proposition 6.1.6. There exists a replacement procedure, which satisfies the following
properties: Given a parameter N € N as input as well as an affine subspace H C R™ and
an additional affine hyperplane Hy, 4 which is affinely independent of H, the replacement
procedure computes a set of affinely independent hyperplanes Hy, ., i € J # (0 such that
the following holds:

e Every integer vector z € BT(LI)(O,N — 1) N H satisfies (d,z) = k if and only if it
satisfies (di, z) = k; for all i € J.

o The affine subspace H and the affine hyperplane Hy, ;., i € J are affinely indepen-
dent.

The size of the vectors d; € Z™ and the numbers k; € 7 is at most 2+2? N The number
of arithmetic operations of the replacement procedure is at most (n - logy(N))CM).

If we use this replacement procedure in the lattice membership algorithm with a suit-
able computed parameter N directly before the recursive call of the lattice membership
algorithm, we can replace the newly constructed affine hyperplane Hj, 4,, with the inter-
section of several other affine hyperplanes whose size depend only on the shape of the
convex set C and not on the size of the affine subspace H. The parameter N depends only
on the shape of the convex set, that means in each recursion step of the lattice member-
ship algorithm we can use the same parameter N. Hence, if we describe our membership
algorithm and say that we compute in each recursion step a parameter N such that
C C B,(})(o, N —1) this is only for the simplification of the representation. A complete
description of this algorithm, which is called the modified membership algorithm, is given
in Algorithm 8.

Theorem 6.1.7. Let K be a class of bounded convex sets closed under bijective linear
transformation. Assume that there exists a flatness algorithm A ¢ satisfying Assumption
6.1.5.

Given a full-dimensional bounded convex set C C R™ from the class I satisfying C C
Bg)(O,N — 1) and an affine subspace H, the modified lattice membership algorithm,
Algorithm 8, satisfies the following properties: It decides correctly whether CNH contains
an integer vector or not. If C N H contains an integer vector, it outputs one.

Each recursive instance consists of the original conver set C and an affine subspace of
size of at most

max {size(H), 2("+2)2N"} .

Proof. Since C C B,ﬁ”(o, N —1), for all k € Z the convex set C contains an integer vector
from H N Hygq,,, if and only if it contains an integer vector from H N niEJk Hy, 7., see
Proposition 6.1.6. Hence, the correctness of the algorithm follows directly from Theorem
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6. A deterministic algorithm for the lattice membership problem

Algorithm 8 A polynomially space bounded lattice membership algorithm for bounded

convex sets
Input:

e A full-dimensional bounded convex set C C R™ from the class IC, which is closed
under bijective linear transformation and satisfies Assumption 6.1.3, and

e an affine subspace H := (., 41 Hi; q;, where d; € Z" linearly independent and
ki € Z for all m + 1 < i < n; alternatively, H := R".

Used subroutines: Flatness algorithm Ay s satisfying Assumption 6.1.3; replacement
procedure.

Output: An integer vector in C N H or the statement that C N H does not contain an
integer vector.

If m =0, compute a vector z € Z™ N H satisfying z € C or decide that CN H does not
contain an integer vector.

Otherwise,

1. apply the flatness algorithm Ay ; with input of the convex set C and the
affine subspace H. The result is a vector d,,, € Z™ together with an interval
Ienm-

2. Compute a parameter N € N with C C qul)(O,N —1).

3. Forall ke ZnN I,

a) apply the replacement procedure to the affine subspace H, the hy-
perplane Hy, 4 and the parameter N. The result is an index set Jj,
and an affine subspace | Hy,. 4.

b) Apply the membership algorithm to the convex set C and the affine
subspace H N[\, Hy, 4,- Either the algorithm outputs an integer
vector or it outputs that C N H N Hy, g, does not contain an
integer vector.

i€

i€k

4. If there exists an index k such that the algorithm outputs an integer vector,
output this vector. Otherwise, output that CNH does not contain an integer
vector.
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6.2. A lattice membership algorithm for polytopes

6.1.4. Each recursive instance consists of the original convex set C and an affine subspace
of dimension m — 1. This subspace is given as the intersection of the original subspace
H and an affine hyperplane of size of at most 2(”+2)2N”, see again Proposition 6.1.6.
Hence, the size of the recursive affine subspace is the maximum of the size of the affine
subspace H and 2(n+2)° Nn_ m

Obviously, we are able to adapt this general framework for all classes of bounded
convex sets for which there exists a flatness algorithm. In the following two sections, we
consider polytopes and generalizations of £,-balls. We will see that for these classes of
bounded convex sets, there exists a flatness algorithm.

6.2. A lattice membership algorithm for polytopes

In this section, we consider the class of full-dimensional polytopes. We will present a
deterministic algorithm that solves the lattice membership problem for these convex sets.
Given a full-dimensional polytope in R™ defined by s constraints as input, the running
time of this algorithm is (s -logy (r))©Mn+ten where r is an upper bound on the size
of the input polytope.

In the following, we always assume that the polytopes are given by a matrix A € 7Z5*"
and a vector § € Z°®. Obviously, the class of all full-dimensional polytopes is closed
under bijective linear transformation. Furthermore, there exists a flatness algorithm for
polytopes. The proof of the following result together with a description of the algorithm
appears in Section 6.4 at the end of this chapter.

Theorem 6.2.1. There exists a flatness algorithm that for all full-dimensional polytopes
P C R"™ and affine subspaces H of dimension m outputs a 2m?-flatness direction d,, €
Z"\{0} of PN H together with a corresponding interval Ipng C R of length of at most
2m?. The number of arithmetic operations of the flatness algorithm is

(ns - Togy (1)) OV 200m) yym/ (26).

where r s an upper bound on the size of the polytope, s is the number of constraints
defining the polytope, and e is Euler’s constant. The algorithm runs in polynomial space
and each number computed by the algorithm has size of at most @

Using this result, we can adapt the algorithmic framework from Section 6.1 to solve the
lattice membership problem for polytopes. Essentially, the lattice membership algorithm
for polytopes works in the same way as the lattice membership algorithm for bounded
convex sets as presented in Algorithm 8. As input, the algorithm gets a full-dimensional
polytope in R" given by integral constraints and an affine subspace H C R"™. Further-
more, we assume that the polytope is given together with an upper bound on its size
rp = size(P).
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6. A deterministic algorithm for the lattice membership problem

Algorithm 9 Lattice membership algorithm for polytopes
Input:

e A full-dimensional polytope P given by A € Z**" and B € 7Z° together with its
size rp and

e an affine subspace H := (., 41 Hg; q; given by d; € Z" linearly independent
and k; € Z, m + 1 <1 < n; alternatively, H := R".

Used subroutines: Flatness algorithm, replacement procedure.

Output: An integer vector in PN H or the statement that P N H does not contain an
integer vector.

If m = 0, compute a vector z € Z™ N H satisfying z € P or decide that P N H does
not contain an integer vector.

Otherwise,

1. apply the flatness algorithm to the polytope P and the affine subspace H.
The result is a vector d,, € Z"™ together with an interval Ipng C R.

2. Set N + n(”+3)/27“§§ + 1.
3. Forall k € ZN Ipng,

a) apply the replacement procedure to the affine subspace H, the hy-
perplane Hy, 4, and the parameter N.
The result is an index set J and an affine subspace (. ; Hj, 4.-

b) Apply the membership algorithm to the polytope P and the affine
subspace H N (e, Hy, 4,-
Either the algorithm outputs an integer vector or it outputs that
PN HN(Vey, Hg, g, does not contain any integer vector.

4. If there exists an index k such that the algorithm outputs an integer vector,
output this vector. Otherwise, output that P N H does not contain an
integer vector.

i€

In the first step, it applies the flatness algorithm to the full-dimensional polytope P
and the affine subspace H. As a result, we obtain a 2m?2-flatness direction d,,, € Z"\{0}
of PNH together with an interval Ipngy and we check recursively if there exists an integer
k € Ipnp such that P N H N Hy 4, contains an integer vector.

For the computation of the parameter N, we use that the size of the vertices of every full-
dimensional polytope given by integral constraints are at most n(*t1)/ 27"?3 (in absolute
value), where n is the dimension and rp is the size of the corresponding polytope. Hence,
we set N as n(®+3)/ Zpn. A detailed description of the algorithm is given in Algorithm 9.

In the next theorem, we show that the lattice membership algorithm for polytopes
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6.2. A lattice membership algorithm for polytopes

can be used to solve the lattice membership problem. To prove this we use the result
for the lattice membership problem for bounded convex sets to show that on input of a
full-dimensional polytope P and an affine subspace H the lattice membership algorithm
for polytopes decides correctly whether the intersection of the polytope with the affine
subspace contains an integer vector.

Theorem 6.2.2. Let P C R"™ be a full-dimensional polytope given by a matriz A € Z5*™
and a vector € Z°. Let H C R"™ be an affine subspace of dimension m < n.

Given P and H as input, the lattice membership algorithm for polytopes, Algorithm 9,
finds an integer vector in PN H if there exists one. Otherwise, it outputs that PN H does
not contain an integer vector. The number of arithmetic operations of the algorithm is

(- 51ogy (r)) O mCHom,

where 1 is an upper bound on the size of the polytope and the affine subspace. The
algorithm runs in polynomial space and each number computed by the algorithm has size
of at most @

Proof. Since P is a full-dimensional polytope given by integral constraints, P is contained
in an f4.-ball with radius n(”+1)/2r§§, where rp is an upper bound on the size of the
polytope, see Lemma 2.2.19 in Chapter 2. According to Holder’s inequality, it follows
that

P C BW (0, n+3)/2pm),

This shows that the parameter N computed by the algorithm satisfies P C B,(LI) (0, N—-1).
Combining this with Theorem 6.1.7, it follows that the lattice membership algorithm for
polytopes decides correctly whether P N H contains an integer vector or not. If PN H
contains an integer vector, it outputs such a vector.

Now we consider the size of the numbers computed by the lattice membership algo-
rithm for polytopes. We assume that we are given as input a full-dimensional polytope
P of size rp and an affine subspace H C R"™ of dimension m. The parameter r is an
upper bound on the size of both, i.e., r > max{rp,size(H)}.

The primary observation is that each recursive instance of the lattice membership
algorithm for polytopes consists of the original input polytope P together with an affine
subspace H of size of at most

max {size(H)7 2("+2)2N"} , (6.1)
see Theorem 6.1.7. By definition, the parameter NN is at most

o(1)

N =nF3)/2pm 41 < (6.2)

It is important that the parameter N depends only on the size of the polytope and not
on the size of the affine subspace. This shows that each recursive instance of the lattice
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6. A deterministic algorithm for the lattice membership problem

membership algorithm consists of an affine subspace of size of at most oW,

In the following, we consider an arbitrary recursive instance of the lattice membership
algorithm given by the polytope P and an affine subspace H of dimension k < m.
If we apply the flatness algorithm to the polytope P and the affine subspace H, each
number computed by the flatness algorithm, in particular the bounds of the interval
I and the vector di, has size of at most

ele! o)

max {'rp, size(ﬁ)} =r ,

see Theorem 6.2.1. Also, the other numbers computed by the membership algorithm in
one recursion step have size of at most O

Since the size of the affine subspace H is at most T‘nO(1>, this shows that all numbers
computed by the lattice membership algorithm in one reduction step have size @,
Overall, this shows that the size of each number computed by the lattice membership
algorithm is at most Y and that the algorithm runs in polynomial space, see Propo-
sition 6.1.5.

Finally, we give an upper bound on T'(m,n, s, r), the number of arithmetic operations
of the lattice membership algorithm for polytopes with input of a full-dimensional poly-
tope in R™ given by a matrix A € Z**™ and a vector 8 € Z*® and an affine subspace H
of dimension m. The parameter r is an upper bound on the size of the polytope and the
affine subspace.

As already said, the recursive instances of the algorithm consist of the original input
polytope P and an affine subspace H of dimension k with 0 < k < m.
We start with the case & = 0, which means that the affine subspace H consists of a single
vector. This vector can be computed using Gaussian elimination in O(n3) arithmetic
operations. Using O(s) arithmetic operation, it can be checked if this vector is contained
in the polytope, i.e.,

T(0,n,s,7) = (s-n)°W.

We now assume that the dimension of the affine subspace H is k > 0. The number of
arithmetic operations of the flatness algorithm is at most

s-n-logy (max{size(P), size(ﬁ)}) 20 (k) k/(2€)

see Theorem 6.2.1. As we have seen above, the size of the affine subspace H is at most
(@] . . . . .

r" <1)7 which shows that the number of arithmetic operations of the flatness algorithm

is at most

(5 - 1 - logy (r)) O 20®K) k/ (26).
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6.2. A lattice membership algorithm for polytopes

It is particularly important that the number of arithmetic operations depends only on the
size of the polytope and the input subspace H and not on the size of the affine subspace
H of the recursive instance.

The number of arithmetic operations of the replacement procedure is polynomial in n
and log, (), see Proposition 6.1.6. By our definition of N, we have logy(N) < (n +
3)logy(n - 7). This shows that the number of arithmetic operations of the replacement
procedure is at most (n - logy (). Overall, this shows that in one recursive instance
the number of arithmetic operations is at most

(s-n - logy(r))PM20®) K/ (2e)

where k is the dimension of the affine subspace defining the recursive instance.

The number of recursive calls of the lattice membership algorithm is determined by
the length of the interval computed by the flatness algorithm. The length of this interval
is at most 2k?, see Theorem 6.2.1. Thus, there exist at most

| 2
2m2.2(m—1)2.”_.2(m_k+1)2:2m_k <7]:,>

different recursive instances where the corresponding affine subspace has dimension k.
Hence, the number of arithmetic operations is upper bounded by

> (s logy(r) 0 2004 @m (B0
k=0 :

That means there exist constants c1, co > 1 such that the number of arithmetic operations
of the membership algorithm is at most

m 2
o 1 9ea-k.k/(2€) gm—k ﬁ'
T(m,n,s,r) < kg_o (s-n-logy(r))™ 2%k 2 (k:! >

C C: m % e m! ?
< (s n - logy(r))™ 2(ex+Dm 3 /(20 (k,)
k=0

Using Stirling’s formula, we see that m! < m™ and that k! > (k/e)*. Thus, the number
of arithmetic operations can be upper bounded by

T(m,n,s,r) < (s-n-logy(r))r2lcztbm Z L/ (2€) py2m .2k 2k
k=0

< (s n-logy(r))craleatbimy,2m2m Z 1(1/(2€)=2)k
k=0
= (5 1+ logy(r)) 220 m?,
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6. A deterministic algorithm for the lattice membership problem

If we apply the membership algorithm with input of a full-dimensional polytope and
the vector space we obtain an algorithm for the lattice membership problem.

Corollary 6.2.3. The lattice membership algorithm for polytopes, Algorithm 9, solves the
lattice membership problem for all full-dimensional polytopes given by a matriz A € Z°*"
and a vector B € 7° correctly. The number of arithmetic operations of the algorithm is
at most s logz(r)o(l)n(2+°(1))”, where r is an upper bound on the size of the polytope.
The algorithm runs in polynomial space and each number produced by the algorithm has
size of at most T”O(l), that means bit size of at most n®M) logy(r).

6.3. A lattice membership algorithm for /,-balls

In this section, we use the algorithmic framework presented in Section 6.1 to obtain an
algorithm that solves the lattice membership problem for £,-balls with 1 < p < 0.

Unfortunately, the class of £,-balls is not closed under linear affine transformation.
Hence, we consider generalizations of £,-balls, so called general £,-balls, in this section.
We will present a polynomially space bounded lattice membership algorithm for general
{,-balls. The number of arithmetic operations of this algorithm is plogy (1)@ nZ+e(n,
where 7 is an upper bound on the size of the general £,-ball and n is its dimension.
Obviously, we also obtain an algorithm which solves the lattice membership problem for
¢p-balls. Before we describe this algorithm, we will define the class of £,-balls.

6.3.1. The class of general /,-balls

General /,-balls are balls generated by the generalization of an ¢,-norm. The general-
ization of an /,-norm, 1 < p < oo, is defined in the same way as the generalization of
the Euclidean norm, see Section 2.2.1. For the definition of general £,-balls we consider
generalizations of £,-norms. By the generalization of an /,-norm with 1 < p < oo, we
understand the following: We consider norms, whose unit balls are transformations of
the £,-unit ball.

Definition 6.3.1. Let 1 < p < oo and V € R™™ be nonsingular. For a vector x € R"
we define

lzlly = V™"l

Obviously, the mapping || - ||X defines a norm on R”™. If the matrix V is an orthogonal
matrix, the unit ball of this norm is just the rotation of the £,-unit ball by the orthogonal
matrix V. For an illustration of a generalized ¢,-ball see Figure 6.2.

Like all convex functions, the generalized /,-norms can be used to define convex sets.
Given a nonsingular matrix V € R™*" together with a vector t € R"™ and a parameter
a > 0, we define the set j: 1 (t,) as the set of all vectors in R™ whose distance to ¢
with respect to the norm || - ||X is at most a,

Bt 0) = {z € Rz — t]} < o}
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Figure 6.2.: General /)-balls. In this picture, we see the unit-ball of the ¢3-norm to-
gether with the unit ball of the norm || - ||

Analogously, BPY) (t,a) = {z € R"|[|[z—t]|) < a}. If we consider the standard £,-norm,

we omit the matrix I, and write BY’ (t, ) instead.

Obviously, the class of all sets B,(f V) (t, ) is closed under bijective affine transforma-
tion. In the following, whenever we speak of a general £,-ball, we assume that we are
given a nonsingular matrix V' € R™*™ a vector t € R", and a parameter a > 0 and we
consider the convex set BY) (t,a). The size of such a general £,-ball is the maximum
of n, a and the size of the coordinates of V! and ¢.

In the following, we will present a deterministic algorithm that solves the lattice mem-
bership problem for general £,-balls, 1 < p < oc.

6.3.2. Description and analysis of the algorithm

In Section 6.4.3, we will show that for all general £,-balls there exists a flatness algorithm.
The flatness algorithm for general ¢,-balls differs from the flatness algorithm for polytopes
in the point that it is possible that the flatness algorithm outputs that the general £,-ball
does not contain an integer vector. Obviously, this is not a problem in our setting.

Theorem 6.3.2. There exists a flatness algorithm that given a general £,-ball ng’v) (t, )

with 1 < p < oo together with an affine subspace H of dimension m outputs one of the
following:

o FEither it outputs that ng,V) (t,a) N H does not contain an integer vector, or

e it outputs a 4m>-flatness direction d,, € Z"\{0} of B®Y) (t,a) N H together with
a corresponding interval Igng of length at most 4m?.

The number of arithmetic operations of the algorithm is

p(n- 10g2(r))0(1)20(m)mm/(2e)’
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6. A deterministic algorithm for the lattice membership problem

where r 45 an upper bound on the size of the general {,-ball and e is Euler’s constant.
The algorithm runs in polynomial space and each number computed by the algorithm has
size of at most Pt ,

Using this algorithm, we are able to describe an algorithm that solves the lattice mem-
bership problem for the class of general £,-balls with 1 < p < co. In particular, we obtain
an algorithm that solves the lattice membership problem for ¢,-balls.

Substantially, the algorithm works in the same way as the lattice membership algo-
rithm for bounded convex sets presented in Section 6.1. The algorithm gets as input
a full-dimensional general /,,-ball BT(Lp V) (t, ) together with an upper bound on its size
rp and an affine subspace H of dimension m. Either it outputs an integer vector in
P (t,a) N H or it outputs that j: 1 (t, ) does not contain an integer vector.

As in the general lattice membership algorithm, the lattice membership algorithm for
general £,,-balls applies the flatness algorithm with input of the general £,,-ball B7(Lp V) (t, )
and the affine subspace H in the first step. If the flatness algorithm outputs that the set
B,(Lp’v) (t,a)NH does not contain an integer vector, the membership algorithm outputs the
same. Otherwise, the flatness algorithm outputs a 4m?-flatness direction d,, € Z™\{0}
of BT(lp’V) (t,) N H together with a corresponding interval Igng. In this case, the mem-
bership algorithm checks recursively whether there exists an integer k € Igng such that
B (t,a) N H N Hy, q,, contains an integer vector.

To apply the replacement procedure, we need to be able to compute the radius of a
circumscribed /1-ball for a given general /)-ball. For this, we use the following observa-
tion.

Lemma 6.3.3. Let Bflp’v)(t, a) be a general y-ball given by V€ R™™ nonsingular,
teR", a>0and1l <p<oo. Then B (t, ) is contained in a Euclidean ball with
radius a+/n||V]|2, where ||V ||2 denotes the spectral norm of the matriz V.

Proof. Using Holder’s inequality, we obtain that the £,-body ng V) (t,«) is contained in
the set {z € R"|||V " (z — t)||2 < ay/n}, which is the ellipsoid ay/nx E(VVT t). The
circumscribed radius of an ellipsoid is given by the square root of the largest eigenvalue
of the matrix defining it, see Lemma 2.2.10. The square root of the largest eigenvalue of

VVT is the spectral norm of the matrix V,

zTVVTy n
VI = V7 :max{ﬁ eem ’\{0}}.

Hence, we obtain that

BV (t.0) € Bt avilVll).
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This shows that a general ¢,-ball B (t,«) is contained in an ¢;-ball with radius

2n - rp||V2, where rg is an upper bound on the size of the general £,-ball. That means,
we can define the parameter N as n-rg||V||2+1. A detailed description of the algorithm
is given in Algorithm 10.

Theorem 6.3.4. Let ng’v) (t,0) be a general £y-ball given by V € Q™™ nonsingular,
teQ, a>0and 1 <p<oo andlet H be an affine subspace of dimension m < n.
Given as inpul ng,v) (t,a) and H, the membership algorithm for general £y-balls, Algo-
rithm 10, decides correctly whether B,(lp’v) (t,a) N H contains an integer vector. If there
exrists an integer vector in Bﬁlp’v) (t,a) N H, the algorithm outputs such a vector. The
number of arithmetic operations of the algorithm is at most

p(nlogy(r))?WmEretim,

where r is an upper bound on the size of ng’v) (t,a) and the size of H. The algorithm
runs in polynomial space and each number computed by the algorithm has size at most

pnO0)
Proof. Without loss of generality, we assume that the flatness algorithm with input of the

general (,-ball BPY) (t,a) and the affine subspace H outputs a 4m?-flatness direction
dp € 7Z\{0} together with a corresponding interval Igng. We have seen in Lemma 6.3.3

that B (t, ) is contained in a Euclidean ball with radius ay/n||V||2. Using Hélder’s
inequality, this shows that

BPY)(t,a) € B (t,av/nl|V]l2) € BV (0, nrs|[V 2,

since rg is an upper bound on the size of the general /)-ball, i.e., rg > a.
By definition of N this shows that B (t,a) C Bg)(O,N — 1). Hence, if the flat-
ness algorithm outputs a vector d,,, € Z™\{0} together with an interval Ig~g, it follows

from Theorem 6.1.7 that the membership algorithm for general /,-balls decides correctly

whether B (t,) N H contains an integer vector and outputs some if B (t,a)NH

contains an integer vector.

Now, we consider the size of each number computed by the algorithm given a general

£,-ball B (t,) of size rg and an affine subspace H C R™ of dimension m as input.
The parameter r is an upper bound on the size of both, i.e., r > max{rg, size(H)}.

The primary observation is that each recursive instance consists of the original input
{p-ball BT(LP’V) (t, ) together with an affine subspace H of size of at most
max{size(H), 2(”+2)2N”}, (6.3)

see Theorem 6.1.7. Since the parameter N is at most n - rg||V|2 + 1 < 2nrp||V]2, the
size of the affine subspace is upper bounded by

2(n+2)2Nn < 2(n+2)22nnnrg,”v“721 < 22(n+2)2 (n-rpl|Vi])" < rgom. (6.4)
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Algorithm 10 Lattice membership algorithm for general £,-balls, 1 < p < oo

Input:

e A general /,-ball Br(lp V) (t, ) given by a nonsingular matrix V' € Q"*", a vector
t € Q" and a radius o > 0 together with its size rg and

n

e an affine subspace H := (\_,, .| H, 4, given by d; € Z" linearly independent
and k; € Z, m 4+ 1 <14 < n; alternatively, H := R".

Used subroutines: Flatness algorithm, replacement procedure.

Output: An integer vector in B (t,a) N H or the statement that B (t,a) N H
does not contain an integer vector.

If m = 0, compute a vector z € Z™ N H satisfying z € Bép’v) (t,a) or decide that

B (t,a) N H does not contain an integer vector.

Otherwise, apply the flatness algorithm with input of the general £,-ball Bflp V) (t, @)
and the affine subspace H.

If it outputs that ng,V) (t, )N H does not contain an integer vector, then output
the same.

Otherwise, the result is a vector d,,, € Z"\{0} together with an interval Ig~g.
1. Set N :=n-rp-||V]2+1.
2. For all k € Z N Ipng,
a) apply the replacement procedure to the affine subspace H, the

hyperplane Hy, 4,, and the parameter N.
The result is an index set [, and an affine subspace ;. ; H, 4.-

b) Apply the membership algorithm to the £,-body B7(1p V) (t, @)
and the affine subspace H N(;c; Hy, 7.-
Fither, the algorithm outputs an integer vector or it outputs
that BV (¢, a)nHNN
vector.

i, H, 4, does not contain any integer

3. If there exists an index k € Z N Ignyg such that the algorithm out-
puts an integer vector, output this vector. Otherwise, output that
BPY) (t,a) N H does not contain an integer vector.
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Here, the last inequality follows since each eigenvalue of the matrix VTV is at most
n-size(VTV). Combining this with (6.3), this shows that every recursive instance consists
of the original input general £,-ball B,(Lp V) (t, ) together with an affine subspace H of

size of at most
max {size(H), rl’}o(l)} =, (6.5)

In the following, we consider the size of each number computed by the algorithmn in
one recursion step. The input of such a recursion step consists of the general £,-ball

B (t,) together with an affine subspace H of size of at most " for some fixed
constant ¢ > 1. This constant ¢ depends only on the size of the general £,-ball.

If we apply the flatness algorithm with input of the general £,-ball Bép V) (t,«) and
the affine subspace H, each number computed by the algorithm, particularly the vector
dy € Z™ and the bounds of the interval Igng have size of at most

200
om\Pm 2O

)

see Theorem 6.3.2. Also the other numbers computed by the membership algorithm in
. . nO(1) . . .

one recursion step have size of at most r?™ ", Overall, we obtain that in every recursion

step, the size of each number computed by the algorithm is at most o

Since the size of the affine subspace H depends only on the size of the affine subspace
H and the general /,-ball, this shows also that the size of each number computed by the
lattice membership algorithm for general /)-balls has size of at most @, Moreover,

this shows that the algorithm runs in polynomial space, see Proposition 6.1.5.

We now give an upper bound on the number of arithmetic operations of the algorithm.
Let T'(m,n, p,r) be an upper bound on the number of arithmetic operations of the lattice
membership algorithm for general £,-balls with input of a general £,-ball BPY) (t,a) and
an affine subspace H of dimension at most m, where r is an upper bound on the size of
the general £,-ball and the affine subspace.

As we have seen in (6.5), each recursive instance consists of an affine subspace H of

. O(1)
size of at most r"™ .

If the dimension of the affine subspace H is 0, the vector z € H can be computed
in O(n3) arithmetic operations using Gaussian elimination and it can be checked if z is

contained in BY") (t, ). Hence,

T(0,n,p, 78, TH,T) = nPW,

If the dimension of the affine subspace H is k > 1, the algorithm applies the flatness

algorithm with input of the general £,-ball B®Y) (t,«) and the affine subspace H. Since
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the size of the affine subspace is at most Tn0(1>, the number of arithmetic operations of
the flatness algorithm is at most

p(n - logy ()P W20E) . (k/(2€) < p(n - log,(r)) O 20K g/ (2€)
see Theorem 6.3.2. The number of arithmetic operations of the replacement procedure
is polynomial in the dimension n and logy(N). As we have seen above, see Inequality
(6.4), N is at most o, Thus, the number of arithmetic operations of the replacement
procedure is at most (n - logy(1))°M).

Overall, this shows that in one recursion step the number of arithmetic operations of the
lattice membership algorithm is at most

pln - Tog, (r) O D20 W4 22),

where k is the dimension of the affine subspace defining the recursive instance.

If we consider a recursive instance where the dimension of the affine subspace is k,
the number of recursive calls of the algorithm is determined by the length of the interval
I g, which is at most 4k?, see Theorem 6.3.2. Overall, there exist at most

| 2
Aam? - Am —1)% .. A(m —k +1)2 = 220m7R) <TZ'>

different recursive instances, where the corresponding affine subspace has dimension k.
This shows that the overall number of arithmetic operations of the lattice membership
algorithm can be upper bounded by

2
T(m,n,p,r) < ZP n - logy (1)) O 20 k) k/ (2e) 92(m—k) <7:">

Equivalently, there exist constants c;,co > 1 such that

LS !
k1.k/(2¢)02m—k [ T
T(m,n,p,r ,}_ p(n - logy(r))cr202P /=€) 22m= <k'>

m) 2
< p(n - logy(r)) 202+ Z /) (k.)

Using Stirling’s formula, we see that m! < m™ and that k! > (k/e)¥, see Section A.0.3
in the appendix. Thus, the number of arithmetic operations of the lattice membership
algorithm can be upper bounded by

T(m,n,s,r) <pn- logQ(T))Cl2(02+2)m Z kk/(2€) p 2m =2k 2k
k=0

< p(n - logy(r)) 2 2myp2me2m N (1) (2e)=2)k
k=0
p(n IOg (T))cl2(02+2)mm2me2mm

— p(n - logy ()02t p2m,
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O]

If we apply the lattice membership algorithm with input of a general /,-ball and
the whole vector space as subspace, the lattice membership algorithm solves the lattice
membership problem.

Corollary 6.3.5. The lattice membership algorithm for general €,-balls, Algorithm 10,

solves the lattice membership problem for all general {,-balls B,(Lp’v) (t,«) correctly. The
number of arithmetic operations is at most p - logQ(r)O(l)n(QJrO(l))”, where r is an upper
bound on the size of the £,-ball. The algorithm runs in polynomial space and each number

computed by the algorithm has size of at most Tp'"o(l), that means bit size of at most
p-nWlogy(r).

To complete the description of the lattice membership algorithm we need to describe
a flatness algorithm for polytopes and general £,-balls. Furthermore, we need to present
the replacement procedure. This will be done in the rest of this chapter. We start with
the description of the flatness algorithms.

6.4. An algorithm for computing a flatness direction

In this section, we show that for polytopes and general ¢,-balls there exist flatness al-
gorithms. The flatness algorithms are constructive versions of so-called flatness theorems.

We describe the flatness algorithm as a general algorithmic framework which works for
classes of bounded convex sets. Given a bounded convex set C from such a class together
with an affine subspace H of dimension m, the algorithm computes an f(m)-flatness di-
rection of the convex set CNH, i.e., a vector d,,, € Z™\{0} together with an interval Ionpy
of length of at most f(m) for some non-decreasing function f : N — R=Y. To recall, an
f(m)-flatness direction of the set C N H is a vector d,,, € Z™\{0} such that there exists
an interval Ieng of length of at most f(m) and the set C N H contains an integer vector
if and only if there exists a hyperplane de, ke ZNlIe, such that CNH N de contains
an integer vector, see Definition 6.1.2. The interval is given through its upper and lower
bound.

This section is organized as follows: We start with a general description of a flatness
algorithm for bounded convex sets: First of all, we show that we can restrict ourselves
to full-dimensional bounded convex sets. Then we show how we can realize a flatness
algorithm for full-dimensional bounded convex sets. Here we start with special convex
sets and later generalize this result to general convex sets by approximating the convex
set with an approximate Lowner-John ellipsoid. Combining all this, we obtain a general
description of a flatness algorithm for bounded convex sets. Finally, we will adapt this
general framework to present concrete flatness algorithms for polytopes and general /-
balls.
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6. A deterministic algorithm for the lattice membership problem

6.4.1. A flatness algorithm for bounded convex sets

In the description of a general flatness algorithm, we consider bounded convex sets from
some unspecified class K. First of all, we show that we can restrict ourselves to full-
dimensional bounded convex sets. We assume that we are given a full-dimensional
bounded convex set C together with an affine subspace H which is given by a set of
affine hyperplanes Hy, 4,, m + 1 < ¢ < n for some parameter m < n.

Since the convex set CN H is not full-dimensional, we construct a bijective affine trans-
formation which maps the convex set C N H to a convex set in R" N(_, ., Hoe,. Such
a convex set can be identified with a full-dimensional convex set in R". The important
property of this transformation is that it is constructed in a way such that it maps every
integer vector to an integer vector and vice versa. This guarantees that CNH contains an
integer vector if and only if the corresponding convex set in R™ N[, ., Ho,., contains
an integer vector. The construction of such a transformation is described in the following.

First of all, we use an integer vector v € H to map the affine subspace H to the subspace
H — v which is given as the intersection of the affine hyperplanes Hy 4, m +1 < i < n.
Since the normal vectors d; of this subspace are linearly independent, they can be ex-
tended to a basis of the whole space R, B = [b1,...,bm,dmt1,---,dy]. Obviously,
every vector = € (H — v) satisfies B2 = (z7,0"™)T, where £ € R™. That means,
the function x ~ BTz maps the subspace (H — v) = Niens1 Ho,g; to the subspace
ﬂ?:mﬂ Hy,,. To guarantee that we obtain a bijection between the integer vectors in
H —v and (1 Hoe,, we construct a basis of the lattice L(BT) N, ,; Hoe, and
map every vector in this lattice to its corresponding integer coefficient vector.

We observe that such a transformation can be constructed efficiently: Using the Her-
mite normal form, we can decide in polynomial time if there exists an integer vector in
the affine subspace H and if so, compute one. This was shown by Frumkin, and von
zur Gathen and Sieveking, see [Fru76b|, [Fru76al, [v2GS76]. The basis D of the lattice
LBy nNL,, 41 Hoe; can be constructed efficiently by a polynomial time algorithm
using the Smith normal form. Such an algorithm is presented by Micciancio in [Mic08].

Claim 6.4.1. Let C C R" be a full-dimensional bounded convex set. Form € N, m < n,
let H := ﬂ?:m_H Hy, a4, be an affine subspace given by d; € Z" linearly independent and
ki € Z. Let v e ZNH and B = [bl,...,bm7dm+1,_...7dn] € Z" " be a basis of R™
which contains the vectors di, m+1 < i < n. Let D € Z™™ be a basis of the lattice
LBTYNNiL,s1 Hoe, and D :=[D, emy1, ..., en] € Z"".

Then, the bijective affine transformation

7:R" > R", z— DB (z —v)
satisfies the following properties:

e The transformation T is a bijective transformation between the affine subspace H
and the subspace (\_,, . Hoe,, T(H) = (_i1 Hose;-
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6.4. An algorithm for computing a flatness direction

e The transformation T is a bijective mapping between Z"NH and Z"ﬂﬂ?:mﬂ Hye,.

Proof. Obviously, the transformation 7 is well-defined.
We start with the proof of the first statement. By definition of 7, for all z € R™ and
m + 1 <17 <n we have that

(T(x),e;) = <ﬁ_lBT(m —0),€;) = (BT(x —0), (ﬁT)_lei>. (6.6)

Since the columns of D are vectors in R™ N ﬂ?:m_H Hoe,;, we have DTe; = 0 for all

m+ 1 < ¢ < n. Furthermore, ﬁTei =¢; for all m + 1 < ¢ < n. Combining this with
(6.6), it follows that

(r(x),e;) = (BT (z —v),e;) = (x —v,B-e;) = (x —v,dy).

Since v € H =) Hy, 4;, we have

;L:m—l—l
<T(x>7ei> = <$7d1> - <’U,di> =k —k;=0

for all m +1 <i < n and € H. This shows that 7(z) € (}_,,,; Hoe; Since 7 is
bijective and the (affine) subspaces H and (;_,, 1 Ho,; have the same dimension, it

follows that 7(H) = (;_,,, 1 Ho,e;- This proves the first statement.

We show the second statement in two steps. First, we show that 7 maps every integer
vector in H to an integer vector in R™ N, 41 Hoe;. Furthermore, we show that the
inverse transformation 7~! maps every integer vector in R™ N Nie., 41 Hoe; to an integer
vector in H.

For every integer vector x € Z", we have z —v € Z" and BT (v —v) € L(BT). As both
x and v are contained in H, it follows that

(BT (2 —v),e;) = (x — v, Be;) = (x —v,d;) =0

for all m + 1 < i < n. This shows that BT (x — v) is a vector in the lattice £(BT) N

ﬂ?:mﬂ Hoy,e;. Since D € Z™*™ is a basis of this lattice, there exists an integer vector

z € Z™ such that
Dz = BT (z —v).
Obviously, the vector 2/ = (2T, 0"=™)T € Z" satisfies
Dz = BT (z — ).
From this, it follows that D~1BT (z — z) € Z™.
The inverse of the bijective affine transformation 7 is given by

LR 5 R, y— (BY)'Dy +v.
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6. A deterministic algorithm for the lattice membership problem

To show that 7-1(y) € Z" for all integer vectors y € Z" N
show that (BT)~'Dy € Z".
Every integer vector y' € Z" N

?:erl Hy,, it is enough to

;L:m-i-l Hy; is of the form y' = (y', 0™ with y € Z™.

Obviously, we have Dy’ = Dy. Since D is a basis of the lattice £(BT) N Ni=mr1 Hoe;s
it follows that

B n

Dye LBY)N (] Hoe € LBY).

j=m+1
Hence, there exists an integer vector w € Z" such that
Dy = BTw.
O

We can now show that the transformation 7 defined in Claim 6.4.1 can be used to
obtain a ~-flatness direction of the convex set C N H from a ~-flatness direction of the
full-dimensional convex set 7(C N H).

Lemma 6.4.2. Let C C R™ be a full-dimensional bounded conver set. For m € N, m <
n, let H := ﬂ?:mﬂ Hy, 4, be an affine subspace given by d; € Z™ linearly independent
and k; € Zi. Let 7 : R™ — R" be the bijective affine transformation defined as in Claim
6.4.1. If d € Z™\{0} is a vy-flatness direction of 7(C N H) for some parameter ~ > 0,
then dy, == (D~*BT)T(d", 0T € Z"\{0} is a y-flatness direction of C N H.

Proof. To prove this statement, we show that for all d € Z™\{0} and k € 7Z the set
7(CN H) N H, ; contains an integer vector if and only if the set C N H N Hyy (y.4,.),du
contains an integer vector.

Obviously, for all £ € R, the statement that 7(CNH) N H, ; contains an integer vector
is equivalent to the statement that 7(C N H) N H, (dT on—m)T contains an integer vector

from Z" NN, Ho., if we interpret 7(C N H) as a convex set in R* NN, 1 Hoe,-

Since 7 is a bijective mapping between Z" N H and Z" N ﬂ?:mﬂ Hy,,, the set 7(C N
H)N H, (dT on—m)T contains an integer vector if and only if CN H N T‘l(Hk (dr onfm)T)
contains an integer vector. Since

71 (Hk,(JT,O7‘_m)T) = HkJr(U,dm),dma

it follows that 7(CNH)NH, ;contains an integer vector if and only if CNHNHj (. 4,.,d.n
contains an integer vector. O

This result shows how we obtain an f(m)-flatness direction of the set CN H, where C is
a full-dimensional convex set from some class K and H is an affine subspace of dimension
m. Still, we have to keep in mind that the class K needs to be closed under bijective
affine transformation and intersection with hyperplanes. In the following, we consider
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:::::\\
BN

Figure 6.3.: Idea behind the flatness theorems. Full-dimensional convex sets which
do not contain an integer vector are squeezed between parallel affine hyper-
planes Hy, 4, where k € Z, d € Z™\{0}.

such a class K.

First of all, we show that we are able to realize a flatness algorithm for all full-
dimensional bounded convex sets in this class . This flatness algorithm is an algo-
rithmic realization of so-called flatness theorems. The basis of the flatness theorems is
the following observation: If a full-dimensional convex set does not contain an integer
vector, then it lies squeezed between the integer vectors. In other words: There exists
a direction in which the convex set is flat. This observation is illustrated in Figure 6.3.
Formally, this means that there exists a vector d € Z" such that only a bounded number
of affine hyperplanes H e d k € Z intersect C. The first result in this area was due to
Khinchin, see [Khi48|. For an overview about the existing variants see [Bar02].

To formalize the idea how many hyperplanes intersect a bounded convex set, we use the
notion of the width of a convex set C C R" along a vector d € R™\{0}, which is defined
as the difference between the supremum and the infimum of the objective function (J, x),
where z € C. Then, the width of C is defined as the minimal value of the width of C
along a vector d, where d € Z™\{0}. A vector d which achieves this minimum is called a
flatness direction of C.

Definition 6.4.3. (Width of a convex set, flatness direction) )
Let C C R™ be a convex set. For a vector d € R™\{0} the width of C along d is defined
as the number

w;(C) := sup{(d, z)|x € C} — inf{(d,x)|z € C}.
The width of C is defined as
w(C) := min{w;(C)|d € Z"\{0}}.

A wector d € Z"\{0} with wi(C) = w(C) is called a flatness direction of C.

155



6. A deterministic algorithm for the lattice membership problem

If the convex set C is closed, the objective function (J, x) achieves its extrema over
C, ie., wi(C) := max{(d, z)|z € C} — min{(d,z)|z € C}. Using this notation, we can
formulate the flatness theorems as follows: The width of every full-dimensional bounded
convex body, which does not contain an integer vector, is less than a number which de-
pends only on the dimension.

For certain classes of convex sets we are able to compute its width, for example for
ellipsoids. Given an ellipsoid £ C R™ we are able to compute its width together with a
flatness direction since we are able to compute for a given vector d € R™ the maximal
and minimal value of (d,z), where z € E.

Lemma 6.4.4. Let E = E(D,c) CR" be an ellipsoid and d € R"\{0}. Then
max{(d, z)|z € E} = (¢, x) + VdT Dd and
min{(d, z)|z € E} = (¢, z) — VdT Dd.
For r > 0 we have
max{(d,z)|z € rx B} = (¢,2) + r - VdTDd and
min{(d, z)|z € r « B} = (¢, z) — r - VdT Dd.
As a consequence, the width of an ellipsoid along d is
wy(E) = 2VdT Dd and wy(r » E) = 2rVd? Dd.

Proof. We start with the proof of the corresponding results for the Euclidean unit ball
Bﬁf)(o, 1). Using the Cauchy-Schwarz-inequality, we get that the value of the objective
function (d, x), where x € B® (0,1), is at most

max { (d,2)[z € BR(0,1)} < max {|ldlz - |ollz]2 € BE(0,1)} < [d]]2.

If x = d/||d||2, the Cauchy-Schwarz-inequality is fulfilled with equality, since

_ldd) _

Hence, max{(d, z)|z € BT(LZ)(O, 1)} = ||d||2. With the same argumentation, we see that
min{(d, z)lx € By(0,1)} = ~ | d]l>.

The corresponding bounds for ellipsoids follow by straightforward computation: If
D = Q" -Q is a decomposition of the matrix D defining the ellipsoid, then the ellipsoid
E is the image of the unit ball under the transformation z — Q7 + ¢, see Lemma 2.2.7.
This shows that

{(d,a)z € B} = {(d.Q"y+¢) | y € BP(0,1)}

= (d.o)+{(Qdy) | ye BP0.1)}.
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Now it follows directly from the observation above that the function (d,z) achieves
its maximum /minimum over F if and only if the function (Qd,y) achieves is maxi-

mum/minimum over [37(12)(0, 1). Hence,
max{(d,z)|x € E} = (d, c) + ||Qd||2

= {d,c) ++/dT'QTQd

= (d,c) + VdT Dd.
The corresponding statement for the scaled ellipsoid r x E follows directly from the
observation we made before together with the fact that r x E(D,c) = E(r?D,c), see
Lemma 2.2.11,

max{(d, z)|z € E(r*D,c)} = (d,c) + VdTr2Dd
= {(d,c) +r-VdTDd.

In the same way, we get the corresponding statements for the minimum. O

Now, we are able to show how a flatness direction of an ellipsoid can be computed.
Additionally, we are able to show which hyperplanes of a family of hyperplanes have a
non-empty intersection with an ellipsoid.

Proposition 6.4.5. Let E = E(D,c) C R" be an ellipsoid and D = QT Q be an arbitrary
decomposilion of the matriz D. Then a vector d € Z" 1is a flalness direclion of the
ellipsoid if and only if Qd is a shortest non-zero vector in the lattice L(Q). That means,
we have

w(B) = wi(E) = 227 (£(Q))

and for d = Qd € L(Q) we obtain

max{(d, z)|z € E} = (d,c) + ||d||2 and
min{(d, z)|z € E} = (d,c) — ||d||».

Proof. As we have seen in Lemma 6.4.4, the width of an ellipsoid along a vector de
7"\{0} is given by wi(E) = 2V dT Dd. Hence, for every decomposition D = QT'Q of the

matrix D, we have

VdT'Dd =/ (Qd)T(Qd) = ||Qd]|» (6.7)

which shows that the width wj(E) is minimized for d € Z™\{0} if Qd is a shortest
non-zero vector in the lattice £(Q) generated by the matrix . This proves the first
statement. The proof of the other statements follows directly from (6.7). O]

We observe that it follows from this proposition that the width of an ellipsoid can be
computed using an arbitrary decomposition of the matrix defining the ellipsoid.

157



6. A deterministic algorithm for the lattice membership problem

Remark 6.4.6. The width of an ellipsoid E(D,c) is independent from the chosen de-
composition D = QT - Q.

With the results of Proposition 6.4.5, we are able to prove the flatness theorem for
ellipsoids using the well-known transference bound for lattices due to Banaszczyk, see
Theorem 3.3.6 in Chapter 3.

Theorem 6.4.7. (Flatness Theorem for Ellipsoids)
Let E C R"™ be an ellipsoid. If the width of the ellipsoid is at least n, w(E) > n, then
the ellipsoid contains an integer vector.

Proof. 1f the ellipsoid is given by the symmetric positive definite matrix D € R"™*"
with D = QTQ and the vector ¢ € R", the ellipsoid E is the image of the Euclidean
ball B,(f) (c,1) under the bijective linear transformation = +— Q”z, see Lemma 2.2.7.
Hence, the ellipsoid E does not contain an integer vector if and only if the FEuclidean
ball BT(LQ)((QT)ilc, 1) does not contain a vector from the lattice £((Q7)~!). This shows
that the covering radius of the lattice £((QT)™!) with respect to the Euclidean norm is
greater than 1, since the distance from (Q7)~!c to the lattice £((QT)™!) is greater than
1. Since L((QT)™1)* = L£(Q), it follows from the transference bound, Theorem 3.3.6 in
Chapter 3, that

M (L(@) < n(Le@)™) AP (L@) < 5.

Using that the width of E is exactly 2)\(12)(5(62)), this shows the statement. O

Proposition 6.4.5 together with the flatness theorem for ellipsoids provide a first idea

of the realization of a flatness algorithm for ellipsoids: Given an ellipsoid, we compute
its width and a corresponding flatness direction dezn by computing a shortest non-
zero lattice vector. If the width is smaller than n, the interval Iy = [min{(d,z)|z €
E},max{(d,z)|z € E}] has length at most n. This interval together with the flatness
direction d has the property that E contains an integer vector if and only if there exists
an integer k € ZN1I such that EN H, ; contains an integer vector, i.e., d is an n-flatness
direction of F.
The flatness direction can be computed using Kannan’s algorithm for Svp which we men-
tioned in Section 4.1 of Chapter 4, see Theorem 4.1.14. Even though this algorithm is
not the fastest algorithm for SvP, it has the property that it runs in polynomial space, in
contrast to the Svp-algorithm based on the computation of Voronoi cells from Micciancio
and Voulgaris, see Theorem 4.1.13. A more formal description of the idea of a flatness
algorithm for ellipsoids is presented in Algorithm 11.

The disadvantage of this approach is that it does not lead to a constructive algorithm:

If the width of the ellipsoid E is larger than n, the flatness theorem for ellipsoids guar-
antees that F contains an integer vector, but we do not obtain an n-flatness direction.
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Algorithm 11 Prototype of a flatness algorithm for ellipsoids
Input: Ellipsoid E = E(D,c¢).

Used subroutine: Kannan’s algorithm for Svp.

Output: A vector d € Z" together with an interval I given by its upper and lower
bound kpin, kmax € 7.

1. Compute a decomposition D = QTQ of the matrix D.
2. Compute a shortest non-zero lattice vector d € £(Q).
Let d <+ Q~'d € Z".

3. Set w « 2|d||2-
If w > n, output that E contains an integer vector.
Otherwise, output d € Z™ together with
Fmin < (d,¢) — ||d||2 and
Femax < (d, c) + ||d]|2-

To obtain a constructive algorithm, we use an idea of Dadush, Peikert, and Vempala,
see [DPV11]. If the width w of the ellipsoid E along its flatness direction is strictly larger
than the dimension n, we shrink the ellipsoid by the factor n/w(FE) < 1, i.e., we consider
the ellipsoid E' := (n/w(FE)) x E. This ellipsoid is completely contained in the original
ellipsoid and its width is exactly n, see Lemma 6.4.4. Thus, if we find an integer vector
in this ellipsoid, we have already found an integer vector in the original ellipsoid E. Since
the width of the ellipsoid E’ is exactly n, we obtain an interval I of length exactly n
and there exists an integer k € Z N I such that E' N H k.4 contains an integer vector.
The complete algorithm is described in Algorithm 12.

In the next proposition, we show the correctness of the algorithm.

Proposition 6.4.8. Given an ellipsoid E C R", the flatness algorithm for ellipsoids,
Algorithm 12, outputs an n-flatness direction d € Z"\{0} of the ellipsoid E together with
a corresponding interval Iy of length at most n.

Proof. The value w computed by the algorithm is the width of the ellipsoid E. The
algorithm distinguishes between two cases:

e If w < n, the algorithm outputs the vector d € Z™\{0} together with the values

Emin = [min{(d, z)|z € E}] and
kmax = Lmax{(cz, x)|z € B},

see Proposition 6.4.5. Since d € Z™\{0}, it holds in this case that E contains an
integer vector if and only if there exists an integer k € Z with kpnin < k < Emax,
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Algorithm 12 Flatness algorithm for ellipsoids
Input: Ellipsoid E := E(D,c) with D € Q™™ symmetric positive definite and ¢ € Q".

Used subroutine: Kannan’s algorithm for Svp.
Output: A vector d € Z" together with an interval Ig given by its upper and lower
bound kmin, kmax € %.
1. Compute a decomposition D = QT'Q of the matrix D.

2. Compute a shortest non-zero lattice vector d € L£(Q).
Let d := Q™ 1d € Z".
3. Set w := 2||d|2-
If w < n, output d € Z" together with
kmin = [(d, ¢) — ||d||2] and
Fmax < [(d, ) + || d||2].
Otherwise, output d € Z™ together with
kmin < [(d, ¢) — 5] and
Femax < [(d,c) + 2.

such that ENH k.d contains an integer vector. Obviously, knin and knax define an
interval of length at most n.

e If the width of E is greater than n, the width of the scaled ellipsoid (n/w) *x E
is exactly n, see Lemma 6.4.4. Thus it follows from the flatness theorem, that
(n/w) * E contains an integer vector, see Theorem 6.4.7. Since d € Z™\{0}, every
integer vector in this ellipsoid is contained in one of the affine hyperplanes H e.d
where k € Z with

{min{<c§,x>’ x € (n/w)*EH <k< Lmax{@i,xﬂ x € (n/w)*E}J :

We have
min{(d, z)|z € (n/w)* E} = (d,c) — — - V/d' Dd
w
~ n w
={d¢)— 2. =
(de)- 22
~ n
={(d.¢)— =
() -2
and
~ n ~ n
d TyEY=(d )+ 2.
max{(,z:>|x€w* } <7c>+2
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Combining this with the fact that (n/w)+ E C E, this shows that there exists an

index k € Z with
[(doe) =51 <k< (o) +3)
such that F'N H, ; contains an integer vector.

O

This result shows that the flatness algorithm for ellipsoids really computes an n-flatness
direction of a given ellipsoid. It remains to show that the algorithm is polynomially space
bounded. For this, we need to give an upper bound on the length of the flatness direction
of the ellipsoid.

Lemma 6.4.9. Let D € Q"™ be a symmelric positive definite matriz. Let d € 7Z™\{0}
be the flatness direction of the ellipsoid defined by the matrix D. Then

[dlls < n®2)7 - sige( D)2,

Proof. To prove an upper bound on the length of the vector d, we observe that d = Q~'d,
where v is a shortest non-zero lattice vector in £(Q), as we have seen in Proposition 6.4.5.
Since the spectral norm and the Fuclidean norm are compatible, this yields to the upper
bound

Idll2 = Q" dll2 < Q|2 - l|d2-
The length of the vector d is the same as the length of a shortest vector in the lattice
L(D'?),
NP (£(@) = (D),

as we observed in Remark 6.4.6. This shows that the length of the vector d e Z" is at
most

ldlls < |Q 7| - AP (DV?). (6.8)

Using Minkowski’s first theorem, the Euclidean minimum distance of the lattice £(D/?)
is at most

AP(DV2) < /ndet(DY?)M" = /ndet (D), (6.9)

see Corollary 3.2.5. We can now give an upper bound on the spectral norm of the matrix
Q~'. Since the decomposition of a symmetric positive definite matrix in D = QTQ
is unique up to multiplication with an orthogonal matrix, there exists an orthogonal
matrix O € R™™ such that O - Q = DY2. From this, one can show that the matrices
Q! =D"Y2.0 and D~'/2 have the same spectral norm:

197 |2 = /1. (OTD710) = /(D) = \/nn((D‘l/Q)TD‘l/Q) = [ D72,
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where 7, denotes the largest eigenvalue of the matrix. The spectral norm of the matrix
|D~1/2||5 is given by the square root of the spectral norm of D!,

_ _ 1/2
ID™2||s = /(D) = | D752,

where the spectral norm of D~! is the inverse of an eigenvalue of D. It is easy to see,
that each eigenvalue of the symmetric positive definite matrix is at least 1/size(D), see
for example [Ye92|. Hence, we obtain that

IDL|5? < size(D)Y2.

Combining this with (6.8) and (6.9), we obtain the following upper bound for the length
of the vector d,

ldllz < v/ det(D)z 0+,

We have seen in Claim 2.2.18 in Chapter 2 that the determinant of a matrix D can be
bounded by det(D) < (n - size(D))™. Hence, the length of the vector d is at most

||d||2 <+Vn(n- Size(D))%(H‘%) =/n(n- size(D))(""H)/Q.
O

Now we can give an upper bound on the size of each number computed by the flatness
algorithm. Furthermore, we give an upper bound on the number of arithmetic operations
of the flatness algorithm for ellipsoids in the next proposition.

Proposition 6.4.10. Given an ellipsoid E = E(D,c) C R", where D € Q™™ sym-
metric positive definite and ¢ € Q", the number of arithmetic operations of the flatness
algorithm for ellipsoids, Algorithm 12, is 2°n™/(2€)  The algorithm is polynomially
space bounded and each number computed by the algorithm has size of at most r"o(l),

where T is an upper bound on the size of E and e is Euler’s constant.

Proof. Obviously, the algorithm runs in polynomial space if we can show that the size
of each number computed by the flatness algorithm is at most polynomial in the size of
the ellipsoid. This follows since Kannan’s algorithm for SvP runs in polynomial space.

We have seen in Lemma 6.4.9 that the length of the flatness direction is at most

HJHQ < n(n+2)/2 Size(D)(7z+1)/2 < n(n+2)/2r(n+1)/2' (610)

Since d is an integer vector, this shows that size(d) < n(?t2)/2p("+1/2 Hence, the only
thing we need to take care of is that the numbers kpin, kmax € 7 are not getting too
large. By definition, they are at most

~ n ~ n
in<— < -
(d,e) +min { 2. ldlla } < (d.c) + 5
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Combining the Cauchy-Schwarz inequality with (6.10), we obtain that
Bl Nella + 5 < /200D 2]l 4. 2.

Since r is an upper bound on the size of the ellipsoid FE with center ¢ € Q", we have
llella < |lelly < n -7 and we obtain that k < r”"

The number of arithmetic operations is dominated by the number of arithmetic op-
erations needed to compute a shortest non-zero lattice vector in £(Q) using Kannan’s
algorithm for Svp, see Theorem 4.1.14 in Chapter 4. This is at most 20 nn/(2¢), O

To generalize this result to arbitrary bounded convex sets, we approximate the convex
set by an approximate Lowner-John ellipsoid. To recall, for 0 < v < 1/n, a (1/v)-
approximate Lowner-John ellipsoid of an n-dimensional bounded convex set is an ellip-
soid E with E C C C (1/v) * E, see Definition 2.2.12 in Chapter 2.

Obviously, if we are able to compute approximate Lowner-John ellipsoids for a class
of full-dimensional bounded convex sets, there exists a flatness algorithm for this class:
Given an approximate Lowner-John ellipsoid F of a full-dimensional bounded convex
set C, we can compute the width and a corresponding flatness direction d € Z™\{0} of
the ellipsoid. If this width is larger than n, the ellipsoid and therefore the convex set
C contains an integer vector. In this case, in the same way as in the case of ellipsoids
we obtain an interval I¢ of length at most n, such that there exists an integer vector in
(n/w)*ENH, ;€ CNH, ;for some integer k € Z N Ic.

Otherwise, we observe that the width of the circumscribed ellipsoid (1/v) x E is at most
(1/) - w(E) < n/v and that d € Z" is also a flatness direction of the circumscribed
ellipsoid. Hence, the vector d € Z™ satisfies that

Hmax{(ci, x)|r € (1/7)*EH - [min{(d, z)lx € (1/7) *EH

n
<2
Y
Since the convex set C is contained in (1/7) % E, the vector d also satisfies that every
hyperplane H, ; which has a non-empty intersection with C satisfies

min{(a?,xﬂ:c € (1/7)*E} <k< max{(J,x)]x € (1/7)*E}.

Overall, this shows that for all full-dimensional bounded convex sets given together
with a (1/7)-approximate Lowner-John ellipsoid, we obtain a vector d € Z™\{0} together
with an interval I of length of at most n/v such that the following holds: The convex
set C contains an integer vector if and only if there exists a k € Z N I¢ such that CN Hk,d'
contains an integer vector. Combining this with the observation made in Claim 6.4.1 we
obtain a flatness algorithm for general bounded convex sets. A complete description of
this approach is given in Algorithm 13.

Theorem 6.4.11. Let K be a class of bounded convex sets closed under bijective affine
transformation and intersection with hyperplanes orthogonal to the unit vectors and let
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Algorithm 13 Flatness algorithm for bounded convex sets
Input:

o A full-dimensional bounded convex set C C R™ from the class I which is closed
under bijective affine transformation and intersection with hyperplanes orthogo-
nal to the unit vectors and

e an affine subspace H := (., 41 Hp; q;, where d; € 7™ linearly independent and
k; € Z for all m + 1 < i < n; alternatively H = R".

Used subroutines:

e Rounding method for the class K which for a given full-dimensional convex set
C € K computes a (1/7)-approximate Lowner-John ellipsoid for some parameter
0<~v<1land

e Kannan’s algorithm for Svp.

Output: A vector d,,, € Z™\{0} together with an interval Io given by its upper and
lower bound kmin, kmax € 7.
I.Ifm=n,setv=0and V = I,.
Otherwise, compute v € Z N H, a basis B = [b1,...,bm,dmt1,...,dn] € Z™"
of R™. Compute a lattice basis D € Z™™ of L(BT) N(i,,.1 Ho.e,-
Set D := [D,emit,...,en] €Z" and V = D-'BT.
Define the bijective mapping 7 : R® — R", z +— V(z — v).

2. Apply the rounding method with input of the convex set 7(C N H).
The result is an ellipsoid E(D,c) C R™.

3. Compute a decomposition D = QT Q of the matrix D.
Compute a shortest non-zero lattice vector d € £(Q).
Let d + Q7 'd e z™.

4. Set w « 2||d||2.

If w<m, set
Fanin = [{d. ) = (1/7) - [ dll2] and
Fmax == |_<d, C> + (1/7) ’ Hd||2J
Otherwise, set
Emin < [(d, ¢) —m/2] and
Emax < [(d,¢) +m/2].
5. Output the vector d,, + VT(ciT, 0"~™)T together with

Emin < Kumin + (v,dy,) and
kmax — ];max + <U7 dm>
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f:N = R>? be some non-decreasing function.

Assume that there exists a rounding method for this class, i.e., an algorithm which for
a given full-dimensional convex set C € K computes a (1/v)-approzimate Lowner-John
ellipsoid for some parameter 0 < v < 1.

Given a full-dimensional bounded conver set C C R™ from this class K and an affine
subspace H of dimension m, the flatness algorithm for bounded convex sets, Algorithm 13,
computes an (m/~)-flatness direction d,,, € Z"\{0} of CNH together with a corresponding
interval Ienp of length at most m/~.

Proof. If the affine subspace H is not the whole space R", the flatness algorithm com-
putes the bijective affine transformation 7 as described in Claim 6.4.1 which maps CN H
to a full-dimensional bounded convex set in R™. Otherwise, we set 7 as the identity.
Since K is closed under bijective affine transformation and intersection with hyperplanes
orthogonal to the unit vectors, we have 7(C N H) € K.

For this full-dimensional convex set 7(C N H) in R™, the rounding method computes a
(1/~)-approximate Lowner-John ellipsoid E. For this ellipsoid, we compute its width w
and a corresponding flatness direction d € Z™\{0}, see Lemma 6.4.5. Now, the algorithm
distinguishes between two cases:

e If w < m, the algorithm computes an interval [kpyin, l;:max], where

Fonin = {min{@@ |z € (1/7) *E(D,C)H and
Emax = Lmax{(d,m) | z € (l/fy)*E(D,c)}J ,

see Lemma 6.4.4. Thus, this interval contains all integers & € Z such that the affine
hyperplane H,_;intersects 7(CNH) and it follows that 7(CN H) contains an integer

vector if and only if there exists k € Z, Emin < k < Emax such that T(CNH)N de
contains an integer vector.

The length of the interval defined by kpin and kpax is at most the width of the
ellipsoid (1/7v) x E,

w((1/7) * E) = max {(d,x> |z € (1/7) *E} — min {(&,.@ |z € (1/7) *E} .
Since the width of the ellipsoid E(D, c) along the vector d is at most m, the width
of the ellipsoid (1/v) x E(D, ¢) along d is at most m/~, i.e., kmax — kmin < m/7.

e If w>m, we have (m/w)*E C E C7(CNH).
The width of the ellipsoid (m/w) * E is exactly m. Hence, it is guaranteed by the
flatness theorem that (m/w)+ E C E C 7(C N H) contains an integer vector, see
Theorem 6.4.7. This integer vector is contained in the intersection (m/w)xENH, ;,
where k € Z satisfies

{min{(d, z)|ze (m/w)*EH <k< Lmax{(ci,@ | x € (m/w)*E}J .
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Since
min{(ci,x) | x € (m/w)*E} =(d,c¢) —m/2 and
max{<d, ) |z € (mjw) *E} = (d, c) +m/2,

tNhe interval geﬁned by /%min and l;:max guarantees that there exists an integer k € 7Z,
kmin < k < Ekmax such that 7(CN H) N H,_ ; contains an integer vector. Obviously,

Fmax — Fmin < m.
This shows that in both cases, the algorithm computes an (m/v)-flatness direction de
Z"™\{0} of the convex set 7(C N H) together with a corresponding interval [kmin, Kmax).
As we have seen in Lemma 6.4.2, this shows that the vector d,,, € Z™\{0} is an (m/~)-
flatness direction of CN H. Additionally, we see that the numbers ki and kpax defined
as in the flatness algorithm define a corresponding interval. O

In Chapter 7, we will show that for polytopes and general £,-balls there exist deter-
ministic algorithms that compute approximate Lowner-John ellipsoids. They are based
on the famous ellipsoid method. At the moment, we use these results as black-boxes to
obtain flatness algorithms for polytopes and general /,-balls.

6.4.2. A flatness algorithm for polytopes

Obviously, the class of polytopes is closed under bijective affine transformation and in-
tersection with hyperplanes.

We will describe in Chapter 7 a rounding method for polytopes originally presented by
Goffin in 1984. This rounding method is a polynomial time algorithm which computes
for a full-dimensional polytope in R™ a (1/7)-approximate Lowner-John ellipsoid, where
0 < v < 1/n. The proof of the following theorem together with a complete description
of the algorithm appears in Chapter 7, Section 7.3.

Theorem 6.4.12. Let P = {x € R"|{a;,z) < B; for all 1 <i < s} with a; € Z",B; € Z
be o full-dimensional polytope. There exists a rounding method for polytopes that given
such a polytope P together with a parameter v with 0 < v < 1/n computes a 1/~-
approzimate Lowner-John ellipsoid, i.e., a positive definite matric D € Q™" and a
vector ¢ € Q" defining the ellipsoid E(D,c) such that

1
E(D,c) CPC —xE(D,c).
v

The number of arithmetic operations of the algorithm is

(ns - logs(r)) O,

where T is the size of the polytope. The algorithm runs in polynomial space and the size
of the approximate Lowner-John ellipsoid is at most

90(n"),.0(n)
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Using this result, we can adapt the flatness algorithm for bounded convex sets and
obtain a flatness algorithm for polytopes. A complete description of the algorithm is
given in Algorithm 14.

Theorem 6.4.13. (Theorem 6.2.1 restated.)

Given a full-dimensional polytope P C R™ together with an affine subspace H C R"™ of
dimension m, the flatness algorithm for polytopes, Algorithm 14, computes a 2m?-flatness
direction dy, € Z"\{0} of P N H together with a corresponding interval Ipng C R of
length of at most 2m? . The number of arithmetic operations of the algorithm is

where r s an upper bound on the size of the polytope, s is the number of constraints

defining the polytope and e is Euler’s constant. The algorithm runs in polynomial space
. . O

and each number computed by the algorithm has size of at most r™ @

Proof. The transformation 7 : z + V(x —v) maps the intersection PN H to the polytope
{x e R"AV 'z < 8 — Av} N, .1 Ho,e, which can be identified with the polytope
{x € R"|Az < 8 — Av}, where A € Z**™ consists of the first m columns of the matrix
AV~1. Combining this result with Theorem 6.4.11, it follows that the flatness algorithm
for polytopes computes a 2m?-flatness direction d,,, € Z"\{0} of P N H together with a
corresponding interval Ipnyr of length of at most 2m?2.

Obviously, the flatness algorithm for polytopes is polynomially space bounded if each
number computed by the algorithm has size of at most rn° 1), where r is an upper bound
on the size of the polytope P and the affine subspace H.

The size of the polytope P computed using the transformation 7 in step 1 of the algorithm
is of size of at most ", According to Theorem 6.4.12, the size of the approximate
Léwner-John ellipsoid of the polytope P computed by the rounding method is at most

2O(n4) size(P)O(") < 20(n4)rno(1) .

In fact, the flatness algorithm for polytopes combines the flatness algorithm for ellipsoids
for the ellipsoid E(D, ¢) and the ellipsoid 2mxE(D, c¢). Hence, it follows from Proposition
6.4.10 that the size of each number computed by the algorithm is at most

noW

(20(n4)rno(1)> _ TnO(l)

Finally, we give an upper bound on the number of arithmetic operations of the flatness
algorithm. Given a full-dimensional polytope in R"™ together with an affine subspace
of dimension m > 0, the computation of the affine bijective transformation in step 1
of the algorithm can be done using at most n®M) arithmetic operations. We apply the
rounding method for polytopes with input of the polytope P of size of at most """
Hence, it follows from Theorem 6.4.12 that the number of arithmetic operations of the
rounding method is at most (m-slogy ()™M, For the computation of a shortest non-zero
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Algorithm 14 Flatness algorithm for polytopes

Input:

e A full-dimensional polytope P C IR"™ given by A € Z5*" and § € Z* and

e an affine subspace H := )

i—m1 Hr;.d; where k; € 7™ linearly independent and
k; € Z for all m + 1 < i < n; alternatively H := R"™.

Used subroutines: Kannan’s algorithm for Svp, rounding method for polytopes.

Output: A vector d,, € Z™ together with an interval Ipng given by its lower and upper
bound kmin, kmax € %.

1.

If m=n,setv=0and V =1I,.
Otherwise, compute v € Z N H, a basis B = [by,...,bm,dm+1,...,dy] € Z™*"
of R™.
Compute a lattice basis D € Z™™ of L(BT) NN, 11 Ho.,-
Set D + [D, emit1,-..,en) €Z" and V D-1BT,
Let P be the polytope given by A e 75X and B — Av € Z*, where A is the
matrix which consists of the first m columns of the matrix AV 1.

. Apply the rounding method for polytopes with input of the polytope P and the

parameter v = 1/(2m).
The result is D € Q™*™ symmetric positive definite and ¢ € Q™.
Compute a decomposition D = Q7Q of the matrix D.

. Compute a shortest non-zero lattice vector d € £(Q).

Let d < Q~'d € Z™.

Set w := 2||d|2.
If w<m, set
Fmin < [{d, ) — 2m||d||2] and
Fmax < [(d, ¢) +2m|d]|2].
Otherwise, set
kmin < [{d,c) —m/2] and
kmax <= [(d, ¢) +m/2].

. Output the vector d,, « VI (d",0""™)T € Z" together with

Fmin %min + <U, dm> and
kmax — ]%max + <U, dm>
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vector using Kannan’s algorithm we need at most 29™m™/(2¢) arithmetic operations,
see Theorem 4.1.14 in Chapter 4. This shows that the number of arithmetic operations
of the rounding method is at most

nPW 4 (ns - logy(r)°W 4 200m)m/(2€) — (ng . log, ()M 200y m/(2e)

6.4.3. A flatness algorithm for /,-bodies

Unfortunately, the class of general ¢,-balls as defined in Definition 6.3.1 is not closed
under intersection with hyperplanes. Due to this reason, we consider a further general-
ization of £,-balls, the class of so-called £)-bodies.

For the construction of full-dimensional convex sets using the transformation defined

in Claim 6.4.1, we need to consider the intersection of general £)-balls with hyperplanes

orthogonal to the unit vectors, for example BﬁLp V) (t,a)NHog,. For simplicity, we denote

this by B®Y) (t,a). To be precise, for m € N, m < n, we define

n—1,n
B 6.0) = B 00) 0 () i,

m n
i=m+1

We will call these convex sets ﬁp—bodiesl.

In the following, whenever we speak of an /,-body, we assume that we are given a
nonsingular matrix V' € R™*" a vector ¢t € R", parameters m € N, m < n, and a > 0,
and we consider the convex set BS,Q”;X ) (t,a). The size of such an ¢,-body is the maximum

of n, m, a and the size of the coordinates of V1 and t.

We will interpret B%’j){ ) (t,) as a full-dimensional bounded convex set in the vector

space R"™. Then, we say that a vector x € R™ is contained in BT(,ZZJX) (t, ) if and only if
(T, 07T € BPV)(t,a).

To obtain a flatness algorithm for £,-bodies we need to be able to compute approximate
Léwner-John ellipsoids for £,-bodies. In Chapter 7, we will present an algorithm which
computes for a given £,-body an approximate Lowner-John ellipsoid with approximation
factor 2/~ for 0 < v < 1/n. The algorithm is based on a variant of the ellipsoid method
developed from Grotschel, Lovasz and Schrijver in [GLS93]. The proof of the following
theorem together with a complete description of the algorithm appears in Chapter 7,
Section 7.2 of this thesis.

Theorem 6.4.14. Let Bﬁ,fj;/) (t,a) CR™ be an £y-body given by V € Q™" nonsingular,
te Q" a>0andl <p<oo. There exists a rounding method that given such a convex
set together with a parameter v with 0 < v < 1/m satisfies the following properties:

!Obviously, £,-bodies are not convex bodies but bounded convex sets.
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e FEither it outputs that Br(ffjr‘b/) (t, ) does not contain an integer vector, or

e it outputs a 2/v-approximate Lowner-John ellipsoid, i.e., a positive definite matriz
D e Q™™ and a vector c € Q™ defining the ellipsoid E(D,c) such that

E(D,¢) € B®V)(t,a) C 2« B(D,c).
’ Y

In this case, the size of the ellipsoid is at most 20(n*)-0(n?p)

The algorithm runs in polynomial space and its number of arithmetic operations is at
most

Here, r 1s an upper bound on the size of the £,-body.

Using this result, we obtain a flatness algorithm for /,-bodies in the same way as we
obtain the flatness algorithm for polytopes. For a detailed description of the algorithm
see Algorithm 15.

Theorem 6.4.15. (Theorem 6.3.2 restated.)

Given a general £,-ball B,(Lp’v) (t,a) with 1 < p < oo together with an affine subspace H

of dimension m, the flatness algorithm for (,-bodies, Algorithm 15, outputs one of the
following:

e Either it outputs that BT(Lp’V) (t,a) N H does not contain an integer vector or

e it outputs a 4m>-flatness direction d,, € 7Z"\{0} of P (t,) N H together with
a corresponding interval Igng C R of length at most 4m?.

The number of arithmetic operations of the algorithm is

where v is an upper bound on the size of the general {,-ball and e is Euler’s constant.
The algorithm runs in polynomial space and each number computed by the algorithm has
size of at most o

Proof. The transformation 7 :  — V(x — v) constructed in step 1 of the algorithm

maps the intersection ng’v)(t,a) N H to the ¢,-body Bgf:gv)(f/(t —v),a). By con-

struction, it is guaranteed that B,(f’v) (t,a) N H contains an integer vector if and only if
Bﬁ,f,’,‘{v)(f/(t — ), ) contains an integer vector, see Claim 6.4.1.

Hence, if we apply the rounding method to the £,-body B,(ﬁj,‘l/v)(f/(t —v),a) and it
outputs that B,(ﬁ,’xv)(f/(t — v),a) does not contain an integer vector, the intersection

B®Y) (t,a) N H does not contain an integer vector.
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Algorithm 15 Flatness algorithm for £,-bodies

Input:

e An /,-body BT(LP’V) (t,a), where V € Q™™ nonsingular, t € Q", a > 0,1 < p <

oo, and

e an affine subspace H = (_,, 41 Hp; d;, where d; € Z™ linearly independent and

k; € Z for all m + 1 < i < n; alternatively H = R"™.

Used subroutines: Kannan’s algorithm for SvP, rounding method for £,-bodies.

Output: A vector d,, € Z" together with an interval Iz given by its lower and upper

bound Kmin, kmax € 7% or the statement that BT(Lp’v) (t, )N H does not contain an integer
vector.

1.

If m=0,set v=0and V =1I,.

Otherwise, compute v € Z N H, a basis B = b1, by Ayt - - - dy] € Z¥0
of R™. Compute a lattice basis D € Z"*™ of L(BT) N ﬂ?:mﬂ Ho.,.
Set D :=[D,emi1, ... €] € Z" and V = D71BT.

(p,VV)

. Apply the rounding method with input of the £,-body Byyn ' (V(t — v), ) and

the parameter v = 1/(2m).
If it outputs that B,(f;jxv)(f/(t —v),a) does not contain an integer vector, then

output that B (t,a) N H does not contain an integer vector.

Otherwise, the result is D € Q™*™ symmetric positive definite and ¢ € Q™.
a) Compute a decomposition D = QT Q of the matrix D.

b) Compute a shortest non-zero lattice vector d € L(Q).
Let d :== Q 'd € Z™.

c) Set w := 2[|d||2.
If w<m, set
Fin == [(d, ¢) — 4m/]|d||2] and
Fmax := [ (d, ¢) + 4ml|d]2].
Otherwise, set
Emin < [(d,¢) —m/2] and
Emax < |(d, ¢) +m/2].
d) Output the vector d,, « VT(d”,0"~™)T € Z" together with

Emin < kmin + (v, dy) and
kmax — Igmax + <U’ dm>
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Otherwise, it follows from Theorem 6.4.11 that the flatness algorithm for £,-bodies com-

putes a 4m>-flatness direction d,, € Z™\{0} of B (t,a) N H together with a corre-
sponding interval Ig~p of length at most 4m?.

Obviously, the flatness algorithm for £,-bodies is polynomially space bounded, if each

O(1) .
"7 where r is an upper bound

number computed by the algorithm has size at most r
on the size of the general /,-ball BT(Lp V) (t,«) and the affine subspace H. Especially, we
use here that Kannan’s algorithm for SvP is polynomially space bounded, see Theorem
4.1.14 in Chapter 4.

The bijective affine transformation constructed in step 1 of the algorithm is given by a

matrix and a vector whose size is at most size(H)”o<1) = rm°Y Tt follows that the size
(;D,VV) [/ no<1)

of the £)-body By)n ' (V(t —v), @) is at most r

According to Theorem 6.4.14, the size of an approximate Léwner-John ellipsoid com-
puted by the rounding method with v = 1/(2m) is at most 2°("")rO*P)  Since the
flatness algorithm is a combination of the flatness algorithm for ellipsoids applied with
the inscribed ellipsoid E(D,¢) and the circumscribed ellipsoid 4m x E(D, ¢), it follows
from Proposition 6.4.10 that the size of each number computed by the algorithm is at
most

<Qo<n4>T0(n2p>)”O(l) _ om0

Finally, we give an upper bound on the number of arithmetic operations of the flatness
algorithm. Given a general £)-ball in R" together with an affine subspace of dimension
m > 0, the computation of the bijective affine transformation in step 1 of the algorithm
can be done using at most n®M) arithmetic operations. We apply the rounding method
for £,-bodies with input of an £,-body of size of at most . Hence, it follows from
Theorem 6.4.14 that the number of arithmetic operations of the rounding method is at
most p(n-logy ()20 The number of arithmetic operations of Kannan’s algorithm
for SVP is upper bounded by 20 m™/(2€) gee Theorem 4.1.14 in Chapter 4. This shows
that the number of arithmetic operations of the rounding method is upper bounded by

6.5. Replacement procedure

In our algorithm for the lattice membership problem we assumed that we have access to
a so-called replacement procedure. The replacement procedure gets an affine subspace
H C R", an additional hyperplane Hj 4, and some parameter N € N as input and
computes a set of new hyperplanes Hy, 7, ¢ € J for some index set J, with small size
in polynomial time. For each integer vector which is contained in an ¢;-ball with radius
less than N it can be guaranteed that it is contained in the affine subspace H N H kd if
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and only if it is contained in the intersection H N (), Hp, 7.- This means, that if the
parameter N is chosen appropriately depending on the shape of some convex set C, it
can be guaranteed that each integer vector from C is contained in the affine subspace
H N Hy q if and only if it is contained in the intersection H N[, ; H, 4,- Furthermore, if
the affine subspace H and the affine hyperplane Hy, 4 are affinely independent, then the
affine subspace (. ; H, k;.a; are affinely independent.

This replacement procedure was used in the lattice membership algorithm to make the
algorithm run in polynomial space. In this section, we will describe this replacement
procedure and we will prove Theorem 6.1.6.

Originally, the replacement procedure was developed by Frank and Tardos in 1987 as
a preprocessing technique to make certain polynomial time algorithms for linear pro-
gramming strongly polynomial time?. For an overview about this application of the
replacement procedure see [Eis10].
Kannan observed that the preprocessing technique could also be used to make Lenstra’s
algorithm for integer programming [Len83| or its improvement by Kannan [Kan87b| run
in polynomial space.
The replacement procedure described in the following is a slight generalization of the
replacement procedure developed by Frank and Tardos adapted to our context. It can
be used to make the lattice membership algorithm as we presented in Section 6.1 run in
polynomial space.

The main idea of the replacement procedure as follows: For a given hyperplane
Hjp g € R", a vector b € R" is contained in the hyperplane Hj, 4 if and only if the vector
(T, —1)T € R"*! is contained in the hyperplane Hp,,, where w = (d', k)T € R",
Now, we can show that there exists a decomposition procedure that computes a rep-
resentation for the vector w as a linear combination of integer vectors with small size.
Additionally, the coefficients of this representation build a rapidly decreasing sequence.

The decomposition procedure used to compute such a representation is a kind of mul-
tidimensional continued fraction expansion. The techniques used in this replacement
procedure are completely independent from the techniques presented so far. The main
tool is simultaneous Diophantine approximation.

Simultaneous Diophantine approximation

Simultaneous Diophantine approximation deals with the topic of considering n real num-
bers ai,...,a, € R in order to approximate them simultaneously by rational numbers.
Here, simultaneously means, that the rational numbers have the same denominator. A
fundamental result due to Dirichlet shows that for all N € IN there exists a simultaneous
approximation for arbitrary numbers a, ..., a,, where the common denominator ¢ is at
most N™.

2Loosely speaking, a polynomial time algorithm is strongly polynomial time if the number of arithmetic
operations depends not on the binary encoding length of the input.
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6. A deterministic algorithm for the lattice membership problem

Theorem 6.5.1. (Dirichlet’s Theorem about simultaneous approzimation)
Let N € N and a,...,a, € R. Then, there exists p1,...,pn € Z and q € Z such that

1
1<g<N" and]q-ai—pi]<Nf0ralllgi§n.

Dirichlet’s Theorem guarantees the existence of a simultaneous approximation with
approximation factor at most ¢ - N* < N"*! since we have |a; — p;/q| < (q¢- N)~! for
all 1 <i <n. A proof of this result can for example be found in [Sch91].

We observe that for N > 2, the numbers p; are uniquely characterized as the integers
which are next to q-«;, 1 <i <n. Hence, if there exists an index 7 such that a; = 0, for
all ¢ € N p; = 0 is the only number which satisfies |q - o; — pi| < 1/N < 1.

As a consequence, if o; € Z, then p; = «; - ¢ € Z is the only number which satisfies
lg- ;i —pi| <1/N < 1.

Dirichlet’s result itself is not constructive but the LLIL-algorithm from 1982, see The-
orem 4.1.10 in Chapter 4, can be used to compute a simultaneous Diophantine approx-
imation for given rational numbers in polynomial time. Since this application of the
LLL-algorithm was observed by Lovasz, the algorithm is named Lovasz’s approximation
algorithm. The common denominator computed by the algorithm is at most on’ N1,

Theorem 6.5.2. (Lovdsz’s approzimation algorithm, [LLL82[)
There exists an algorithm, which computes for N € N and ai,...,a, € Q integers
Dly---Pn € Z and ¢ € N such that

1
1§q§2”2N" and\q-ai—pil<Nf0ralllgi§n.

The algorithm s called Lovdsz’s approximation algorithm. The number of arithmetic
operations of this algorithm is at most n®logy(B), where B is an upper bound on the size
of the values a;, 1 < i <n, and N. Each number computed by the algorithm has size at
most O(B™).

A description of Lovasz’s approximation algorithm can be found in [LLL82| or for ex-
ample in [vzGGO03]. The disadvantage of this algorithm is that the number of arithmetic
operations depends on the size of the input. Yet, if we restrict the input to rationals with
absolute value of at most 1, we can construct an algorithm for simultaneous Diophantine
approximation whose number of arithmetic operations depends only on the parameter
N € N and on the number n of rationals. Conversely, the upper bound on the common
denominator ¢ gets worse than the upper bound of the common denominator computed
by Lovasz’s algorithm by the factor 2" to 2n°+n Nn+1,

The algorithm is called the revised simultaneous approximation algorithm. As input,
it gets an integer N € N and rationals aq, ..., a, € Q from the interval between —1 and
1. In the first step, it computes an individual rational approximation «; for each rational
number a; whose size depends only on n and N, i.e., is independent of the size of «; itself.
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6.5. Replacement procedure

Algorithm 16 Revised simultaneous approximation algorithm

Input:

e A parameter N € N,
e numbers ag,...,q, € Q satisfying |a;| <1 for all 1 <i <n.

Used subroutine: Lovisz’s approximation algorithm.
Output: Numbers py,...,pp € Z,q € N

1. For 1 <i < n, set

2
- LaiZn +n+1Nn+1J ,
O = e and N' :=2N.

2. Apply Lovasz’s approximation algorithm with input of the parameter N’ and the
numbers o, ..., a,. We obtain py,...,p, € Z and ¢ € N.

3. Output p1,...,p, and q.

Hence, if we apply Lovasz’s approximation algorithm to these rationals o, 1 <1 < n, the
number of arithmetic operations depends only on n and N. Using the triangle inequality,
it can be shown that the rational approximations computed by Lovész’s approximation
algorithm are also good (enough) approximations for the input numbers «a;, 1 < i < n.
A detailed description of the algorithm is given in Algorithm 16.

Lemma 6.5.3. Given N € N, a1,...,a, € Q with |o;| < 1 for 1 < i < n, the revised
simultaneous approximation algorithm computes numbers p1,...,pn € Z and g € N such
that

1
1<qg< N and lgoi; — pi| < N for all 1 < i <n.

The number of arithmetic operations of the revised simultaneous approzimation algorithm
is polynomial in n and logy(N), i.e., (n -1logy(N))°W . Each number computed by the

algorithm has size of at most max{Q"OmNo("),B}, where B 1s an upper bound on the

size of the value a;, 1 < i <n, and N.

Proof. For each index i, 1 < i < n, the number o/ approximates the number «; with a
factor 27* "IN+ gince by definition they satisfy |27+ LN (q; — a})| < 1. That
means, the difference between «; and o is at most

i — o] < 27 (7 Hntl) N=(nt ) (6.11)

Lovész’s approximation algorithm with input of the numbers «f,...,a), and N’ = 2N
computes a number g € N satisfying

g < 2V N =2 N, (6.12)
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6. A deterministic algorithm for the lattice membership problem

Additionally, for each index i, 1 < i < n, it computes a number p; € N that approximates
o with the factor ¢ - N/, i.e.,
1

-0 = pil < 57 (6.13)

see Theorem 6.5.2. Using the triangle inequality, it follows that p; also approximates «;,
|q - i — pil < q-ag— o + |qa; — pil.
Combining (6.11), (6.12) and (6.13), we see that this is less than
2n2+nNn . 2—(n2+n+1)N—(n+1) + (ZN)_l _ N1

which shows that the revised simultaneous approximation algorithm computes an ap-
proximation with approximation factor gni+n Nntl

The revised simultaneous approximation algorithm applies Lovasz’s approximation al-
gorithm with input numbers of size of at most o NO) Hence, the size of each num-
ber computed by the revised simultaneous approximation algorithm is upper bounded by
ow , B}, where B is an upper bound on the size of the values o;, 1 <1i < n, and N.

The number of arithmetic operations of Lovasz’s approximation algorithm is at most
n%logy(B), where B is an upper bound on the size of the numbers o, 1 <i < n, and N'.
Since «; is at most 1, the size of the numbers o is at most on*+n+tl Nntl  Thig shows
that the number of arithmetic operations of Lovisz’s approximation algorithm applied
in the revised approximation algorithm is at most

n log2(2”2+n+1N”+1) = n°W log, (N).

For the computation of the numbers o, we need to compute the greatest integer smaller
than ;2" "1 N7+l This can be done using binary search. Since the absolute value
of the numbers «; is at most 1, the number of elements on which we perform the binary
search is at most

O(logy (2" TN 1)) = O(n? logy(N)).

Since we need to do this only for numbers whose absolute value is at most 27 +n+1 yn+1,
the number of arithmetic operations to do this is at most polynomial in n and logy(N).
Hence, the number of arithmetic operations of the revised simultaneous approximation
algorithm is polynomial in n and logy(N). O

Decomposition algorithm

We now show that the revised simultaneous approximation algorithm can be used to rep-
resent an arbitrary vector w € Q" as a positive linear combination of at most n integer
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6.5. Replacement procedure

Algorithm 17 Decomposition Algorithm
Input:

e A parameter N € N and
e a vector w € Q"\{0}.

Used subroutine: Revised simultaneous approximation algorithm
Output: Integer vectors vy, ...,vp € Z™ together with x1,...,x% € Q
1. Set wg + w and k «+ —1.

2. For W41 75 0,
a) set k< k41 and wj, < wi/||wk| -

b) Apply the revised simultaneous approximation algorithm with input of the

parameter N and the coordinates wy(1),...,wg(n) of the vector wy.
We obtain vgi1(1),...,vk11(n) € Z and g1 € N.
c) Set
k1 < (g1 (1), o1 (n) 7
it Ll g
Qk+1

Wk+1 < Wk — Xk+1 * Vk+1-

d) Output vy,...,v541 € Z™ and x1, ..., Xx+1 € Q.

vectors vi,...,v, € Z", whose components are relatively small. Additionally, this rep-
resentation has the property that the coefficients of this representation decrease very fast.

The idea of this algorithm is easy. By scaling a vector w with its largest coefficient

||w||so, We achieve a vector whose coefficients have absolute value at most 1. Hence, the
revised simultaneous approximation algorithm can be used to compute a simultaneous
approximation of these coefficients in form of integers v1(1),...,vi1(n) € Z and a common
denominator ¢; € IN.
We set v; € Z" as the vector with the coefficients v1(i), 1 < ¢ < n. Now, we want to
represent the vector w — (||wo||oo/q1)v1 as a positive linear combination of integer vectors
with small coefficients. This can be done recursively in the same way as for the vector
w. The algorithm terminates if we obtain the vector 0. A detailed description of the
algorithm is given in Algorithm 17.

Theorem 6.5.4. The decomposition algorithm with input of the vector w € Q" and
the parameter N € N, N > 2, computes vectors vi,...,vx € Z"™, k < n, and numbers
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X1,---, Xk > 0 such that the following holds:

e The vector w is a linear combination of the vectors vy, ...v, with the coefficients
Xi, i-e., we have w = Zle XiV;.-

. . 2 .
e The size of the vectors v; is at most 2" T"N™ j.e.,

lvilloo < gntn \n for all 1 <i<k.

e The components of this linear representation decrease, i.e. for 2 < j <k,

n
Xj—
13 il < S22
i=j

Especially, we have

1
Xi <~ Xd-1-
77 Nlvjllee™

The number of arithmetic operations of the decomposition algorithm is polynomial in n
and logy(N), i.e., (n-logy(N))°W.

Proof. To show that the algorithm terminates after at most n steps of iteration, we show
that in each iteration step the number of non-zero coordinates decreases: For all ¢ > 1,
the number of non-zero components of the vector w; is strictly smaller than the number
of non-zero components of the vector w;_1.

e First, we show that every component w;_i(j) which is zero, remains zero, i.e.,
w;i(j) = 0. This follows since the corresponding approximation v;(j) computed by
the revised simultaneous approximation algorithm is 0. Hence,

w;i(j) = wi—1(j) — xi - vi(j) = 0.

This shows that the number of non-zero coordinates of the vector w; is not greater
than the number of non-zero coordinates of the vector w;_1.

e Now, we show that the coordinates of w;_1 with maximal value become zero. Let
1 <j < n be an index with |w;—1(j)| = ||wi—1|lcc- Then, we have

wi_1(j) = sign(w;—1(j)) € Z.

Since the number v;(j) computed by the revised simultaneous approximation algo-
rithm is the closest integer to g; - w_,(j), the corresponding approximation v;(j)
is sign(w;—1(4)) - ¢i- This means that the j-th coefficient of the vector w; is

wilf) = wi1(j) - ”w"‘;f,j)”“pm

= wia ()~ O (7)) - =0,

qi
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6.5. Replacement procedure

Hence, the number of non-zero components of w; is strictly smaller than the number of
non-zero components of w;_; and there exists an index k < n such that wi41 = 0.

It remains to show that for all 1 < ¢ < k the vectors v; together with the scalars
x; satisfy the three claimed properties. Obviously, w = Zle xiv; and x; > 0 for all
1<i<k.

Now, we show that the vectors v;, 1 < i < k, are of small size. To be precise, we will
show that for all 1 < j < n, we have |v;(j)| < ¢;. Since the number q; computed by the
revised simultaneous approximation algorithm satisfies ¢; < 2T N" and v;(j) € N, it
follows that size(v;) < 27T N™.

Since the numbers v;(j) computed by the revised simultaneous approximation algorithm
satisfy |¢; — w)_;(j) —vi(j)| < 1/N < 1, they are uniquely determined as the integers
which are closest to ¢; - w)_;(j)-

o If |w,_,(j)] =1, it follows from v;(j) = w,_,(j) - ¢i that |v;(§)| = |ql-

o If |w._,(j)| < 1, then |gw._,(j)| < ¢, where ¢; € N. Hence, p;(j) as the integer
closest to ¢; - w,_,(j) is at most g;.

For all 1 < j <k, the revised simultaneous approximation algorithm with input of the
vector w}fl € Q" and the parameter N € N computes an integer ¢; € N and an integer
vector v; € Z" such that

1
lg; - w j — Voo < N
see Lemma 6.5.3. Since w}_; is defined by wj—1/[[wj-1llec and x; = [[wj-1lloc/qj, it
follows that
1
\\;jwj,l — vl <
It is easy to see that wj_; = ZZ 1 XV = Zf:j X4Vi, which yields
5 > = =l H*va o=l Y K
N Xi ! Y =1 X
or equivalently
k i
1> x|, < 2 (6.14)

i=j+1
By definition of the coefficient x;, we have for 1 <j <k
k
lwilloo I 22imj41 XaVilloo

Xj+1 = =
gj+1 qj+1
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Hence, it follows from (6.14) that

k
v _ 1wl _ 1 ISl 1y
X Xi  Qj+1 Xj qj+1 X; N-qgy1  N-gjn

Since the coefficients of the vector v; are at most ¢;11, we obtain

Xit+1 1
X; — Nlvjslles

O

Obviously, if we use Dirichlet’s theorem, we can argue in the same way and we obtain
that for each vector w € Q7, there exists a linear combination of integer vectors with
the same properties as in Theorem 6.5.4 except that the size of the integer vectors is at
most N™.

Now, we show that any integer vector whose sum of its coefficients is not too large,
is contained in the hyperplane orthogonal to the vector w if and only if it is contained
in the hyperplanes orthogonal to the integer vectors v;, 1 < ¢ < k, computed by the
decomposition algorithm.

Lemma 6.5.5. Let w € Q"\{0} and N € N, N > 2. Let vi,...,ux € Z", k < n,
and x1,-.-,X& > 0 be computed by the decomposition algorithm, see Algorithm 17, with
input w and N. Thus, they satisfy w = Zle xiv; and for all 2 < j < k we have

I8 Xivillso < xj-1/N.
Then, the following holds: For b € Z"™ with ||b]|1 < N it holds that b € Hy,, if and only

ifbe N, Hou,-

Proof. Obviously, every vector b € R"™ which satisfies (b,v;) = 0 for all 1 < i < k is
contained in the hyperplane Hy ., since (b, w) = Zle Xi (b, v;).

Now, we assume that b € Z"™ N B,gl)(O,N) is contained in the hyperplane Hg,,. Let

1 < j < k be the smallest index such that b & Hoy,, i-e., 0 = (w,b) = (321, xivi, b).
Obviously, we have

k
<Z X;vj,b) = X (v, b) Z Xivi, b) = xj | (v5,0) Z Xivi, b
i=j i=j+1 Xi 2 j41
Hence, it follows from Holder’s inequality that
n

1 1, —
(vj,b) me, = — Z Xivi, b)| < —/| Z Xivilloo - 1|0]]1-
J

i=j+1 T i=j+1
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By assumption, we have || 331 Xivilloo < X;/N and [[b]1 < N, see Theorem 6.5.4.
Thus, we obtain that

k
1
(— ZXM‘,@ —(v5,b)| < 1. (6.15)
Xi =
Since b,v; € Z", it follows from (b,v;) > 0 that (b,v;) > 1. Combining this observation

with (6.15), we obtain that (1/)@)(2;9:]- v;, b) > 0 or equivalently that <Zf:j Xivi, b) > 0,
which yields a contradiction. O

Replacement procedure

We now present the replacement procedure that replaces a hyperplane Hj, ¢4 by hyper-
planes Hy, ;, @ € J, with small size. Additionally, the replacement procedure gets an
affine subspace H as input. The goal is to secure that any vector from this subspace
which is contained in the hyperplane Hy 4 is also contained in the hyperplanes Hp, 7.,
i € J. Obviously, we cannot guarantee this for all vectors in the affine subspace H but
for all integer vectors whose sum of coefficients is not too large, that means for all vectors
contained in an ¢1-ball with some specific radius.

The idea of the replacement procedure is simple. The algorithm gets an affine subspace
H, an additional hyperplane Hj, 4 and a parameter N € N as input. The hyperplane is
given by a vector d € Q" and a number k € Q). The algorithm applies the decomposition
algorithm to the (n+1)-dimensional vector (d7, k)T € Q! and obtains a representation
of this vector as a linear combination of integer vectors with small size. These vectors
define a set of affine hyperplanes. Using the result from the last section, we can show that
all integer vectors with small coefficients which are contained in the original hyperplane
are also contained in all new hyperplanes. A concrete description of the algorithm is
presented in Algorithm 18.

In the following proposition, we state the main properties of the replacement procedure.

Proposition 6.5.6. (Proposition 6.1.6 restated.)

Let H C R™ be an affine subspace given by affine hyperplanes Hy, 4,, m+1 <1i <n, and
let Hy 4 be an affine hyperplane such that d,dp,41,...,dy, are linearly independent.
Given as inpul a parameter N € N, N > 2, the affine subspace H and the addi-
tional affine hyperplane Hy, 4, the replacement procedure, Algorithm 18, computes a set
of affinely independent hyperplanes Hy, 7,1 € J # () such that the following holds:

o Every integer vector z € B}P(O,N — 1) N H satisfies (d,z) = k if and only if it
satisfies (d;, z) = k; for all i € J.

o The affine subspace H and the affine hyperplanes Hy, ., i € J are affinely inde-
pendent.

The size of the vectors d; € Z™ and the numbers k; € 7 is at most 2+2* N The number
of arithmetic operations of the replacement procedure is at most (n - logy(N))CM).
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Algorithm 18 Replacement procedure
Input:

e A parameter N € N,

e an affine subspace H :=(\;_, ., Hy, 4,, and

e an additional hyperplane Hj, 4, such that d,dy,1,...,dy, are linearly indepen-
dent.

Used subroutine: Decomposition algorithm.

Output: A collection of hyperplanes Hy, g, i € J.

1. Apply the decomposition algorithm to the vector w = (d’, k)T € R"*! and the
parameter N.
We obtain vectors (JZT, k)T € 7" where 1 < i < j(m) < n + 1, together with
parameters x;, 1 <1i < j(m).

2. Let J C {1,...,j(m)} be the maximal set of indices such that the vectors d;,

m+1<1i<nandd; i€ J, are linearly independent.

3. Output the affine hyperplanes Hy, ; with i € J.

Proof. First, we show that J # (). The decomposition algorithm with input of the vector
(d¥, k)T computes a set of vectors (d?,k;)?, 1 < i < j(m). These vectors provide a

linear combination of (d”, k)7,

3(m) 7

d d;
(5)-2x(%)

=1
Thus, the vector d is a linear combination of the vectors d;. By assumption, the vec-
tors dm+1,- - ., dn,d are linearly independent. Hence, there exists at least one vector d;,
1 < i < j(m), such that the vectors dp,41,...,dn,d; are linearly independent. This

guarantees that the subspace H and the affine hyperplanes Hy, ;, ¢« € J are aflinely
independent.

The upper bound on the size follows directly from Theorem 6.5.4, since each vector
computed by the decomposition algorithm is an integer vector whose coefficients are at
most 2(n+1)(n+2)Nn’ ||((ZZT’ ]}Z)T”OO < 9(n+1)(n+2) yrn
Since every integer vector in z € BS)(O,N — 1) satisfies ||z||1 < N — 1, the vector
2 = (1, -1)T € 7" satisfies |||l = ||z|1 + 1 < N. Hence, it follows from Lemma
6.5.5 that 2’ is contained in the hyperplane orthogonal to the vector (d’, k)7 if and only
if it is contained in the hyperplanes orthogonal to the vectors (d7, k)T, 1 <i < j(m).
This means that the vector z is contained in the hyperplane Hj 4 if and only if it is
contained in the intersection of the hyperplanes Hy 7,1 <1 < j(m), and it shows that
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2 € BY(0,N—1) is contained in HNHy 4 if and only if it is contained in HN(} Hy, 4.
The set I is maximal with the property that the vectors dy,y1,...,d, and d;, i € I, are
linearly independent. Hence, a vector z € Bﬁl)(O,N — 1) is contained in the affine
subspace H N Hj, 4 if and only if it is contained in the affine subspace H N[, Hy, - U

This result completes the description of the replacement procedure. Hence, our as-
sumptions made in Section 6.1.3 are satisfied and our lattice membership algorithms
presented before are polynomially space bounded.

6.6. Discussion of the results

Overall, we have seen that all assumptions made in the lattice membership algorithm are
satisfied. The only thing that remains to be proven is the existence of rounding methods
for polytopes and £)-bodies with 1 < p < co. This will be done in the next chapter.

Except for this aspect we have shown that there exists a polynomially space bounded
algorithm that solves the lattice membership problem for all /,-balls and polytopes ex-
actly. Furthermore, our algorithmic framework can easily be adapted to all classes of
full-dimensional bounded convex sets which are closed under bijective affine transforma-
tion and intersection with affine hyperplanes if we are able to compute an approximate
Léwner-John ellipsoid for each convex set from this class.

The number of arithmetic operations of our lattice membership algorithm is mainly
influenced by the factor n(t°(1)" A substantial improvement of this factor does not
seem to be possible. The factor n?" is caused by the fact that in each recursion step, the
flatness algorithm computes at most ¢ - n? affine hyperplanes where we need to search
recursively. Here ¢ > 1 is some fixed constant. The factor ¢ - n? is comprised of the ap-
proximation factor of the computed Léwner-John ellipsoid, which is ¢-n, and the bound
n given by the flatness theorem. As we have seen, both results are optimal up to some
constant factor.

Dadush, Peikert and Vempala presented an algorithm for the lattice membership prob-
lem for well-bounded convex bodies where the number of arithmetic operations is mainly
influenced by the factor n(*/#)" where n is the dimension of the convex body, see [DPV11]
and [DV12].

The running time of their algorithm is better than ours since they do not approximate
the convex body by an ellipsoid as we do. Instead of the Fuclidean version of the flatness
theorem, they use a general version of the flatness theorem which holds for general convex
bodies.

Theorem 6.6.1. Let K C R"™ be a conver body and L C R™. If K does not contain a
lattice vector, there ewists at most O(n*/3log(n)¢) affine hyperplanes Hy 4 such that K
contains a lattice vector from L if and only if there exist one of these hyperplanes such
that K N Hy, q contains a lattice vector from L. Here, ¢ > 0 is some fized constant and
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the vector d is a shortest vector in L* with respect to the norm defined by the convex body
(K — K)*.

The convex body K — K is the symmetrization of the convex body K, ie., K — K =
{z — ylz,y € K}. The dual of a convex body C C R", denoted by C* is the set
C* = {z € R"|(z,y) < lforally € C}. For a proof of Theorem 6.6.1 see [BLPS99],
[Rud00], and [DPV11].

To compute a vector d € L* as characterized in Theorem 6.6.1, Dadush, Peikert and
Vempala use their single exponential time SvpP-algorithm for general norms, which uses
single exponential space. Thus they obtain an algorithm for the lattice membership
problem which uses single exponential space.

That means, if there exists a polynomially space bounded algorithm that solves the
shortest vector problem for some class of norms, one can improve the number of arith-
metic operations of the lattice membership algorithm for the class of convex bodies gen-
erated by this norm. Of course, the number of arithmetic operations of this algorithm
should be at most n(*/3+o(M) Jog, (1)) where n is the rank of the lattice and 7 is an
upper bound on its size.

A candidate for such an algorithm is Kannan’s algorithm for the shortest vector prob-
lem, which we used in our flatness algorithm, see Theorem 4.1.14. As already observed
by Kannan, see Remark 2.17 in [Kan87b], this algorithm can easily be generalized to the
¢1-norm and the o-norm. Then, the number of arithmetic operations is O(3"n" logy(r)).
If one can generalize this algorithm to the class of all polyhedral norms, one can compute
a flatness direction d € L* in polynomial space as needed in Theorem 6.6.1. This would
lead to a polynomially space bounded algorithm for the lattice membership problem for
all polytopes. Particularly, this would yield a polynomially space bounded algorithm
for the closest vector problem for the f,,-norm and the ¢1-norm where the number of
arithmetic operations is mainly influenced by the factor n(#/3)" where n is the dimension
of the polytope.
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Lowner-John ellipsoids

The ellipsoid method is an iterative geometric algorithm with polynomial running time
that was originally developed by Shor, Yudin and Nemirovskii in the 1970s for the mini-
mization of convex functions, see [Sho77|, [YN76a|, [YN76b|. In 1979, Khachiyan adapted
this method and developed a polynomial time algorithm for linear programming. This
was a breakthrough result since linear programming is in NP N coNP and at that time it
was one of the candidates to prove that P # NP N coNP.

Today, the main impact of the ellipsoid method is not in practice for example for
solving linear programming in polynomial time but for its theoretical applications. The
ellipsoid method can be used to show the existence of polynomial time algorithms for
many geometric and combinatorial optimization problems.

Geometrically, the ellipsoid method can be characterized as a central cut algorithmn:
In every iteration step we are given an ellipsoid and we have to decide whether one has
already found a solution. If this is not the case, we intersect the ellipsoid with an affine
hyperplane through the center of the ellipsoid. Already in 1976, Yudin and Nemirovskii
remarked that the ellipsoid method does not make full use of the geometric idea behind
it. They observed that the number of arithmetic operations of the method remains poly-
nomial if we do not cut the ellipsoid through its center but take more of the original
ellipsoid, that means we take a shallow cut. These two types of cuts are illustrated in
Figure 7.1.

This modification of the original ellipsoid method, called shallow cut ellipsoid method,
allows a number of additional applications. For example, the shallow cut ellipsoid method
can be used to compute an approximate Loéwner-John ellipsoid of a full-dimensional
bounded convex set. To recall, for a parameter 0 < v < 1, a 1/~-approximate Léwner-
John ellipsoid F of a full-dimensional bounded convex set C is an ellipsoid which is
contained in the convex set C, whereas the convex set C itself is contained in the ellipsoid
(1/v) % E,ie., ECC C (1/y)* E, see Definition 2.2.12 in Chapter 2. John proved that
for every full-dimensional bounded convex set there exists an approximate Lowner-John
ellipsoid with approximation factor 1/n, see Theorem 2.2.13 in Chapter 2.

The first algorithm in this area was an algorithm that computes an approximate

Léwner-John ellipsoid for polytopes. It was first described by Goffin and extends a
method from Lenstra, see [Gof84], [Len83]. More precisely, they present a polyno-
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/s -y

Figure 7.1.: Two types of cuts of an ellipsoid. We counsider the ellipsoid E centered
at the origin with the main axes (2,0)7 € R? and (0,1)7 € R2. On the
left side, we use the vector (—2,1)7 to cut the ellipsoid through its center.
The shadowed region is the intersection F N {z € R2|(z,(-2,1)T) < 0}, a
central cut. On the right side, we use the same vector but cut the ellipsoid

through the point (—0.5,0)7. Here, the shadowed area is the intersection
En{z e R?{z,(-2,1)T) < 1}.

mial time algorithm that computes a 2n-approximate L&wner-John ellipsoid for full-
dimensional polytopes, where n is the dimension of the corresponding vector space. This
method is also described by Schrijver in [Sch86]. We can use this algorithm to complete
the description of the lattice membership algorithm for polytopes presented in Chapter 6
and the description of a deterministic polynomially space bounded algorithm that solves
the closest vector problem for all polyhedral norms, in particular for the £1-norm and the
£ no-n10111.

Based on the algorithm of Goffin, Grotschel, Lovasz, and Schrijver developed a general
algorithmic framework which computes in polynomial time a \/n(n + 1)-approximate
Léwner-John ellipsoid. This framework works for all full-dimensional well-bounded con-
vex bodies given by a separation oracle, see [Lov86], [GLS93|. This means, they assume
that the algorithm has access to an oracle that decides for a given vector whether it is
contained in the convex set or not. If the vector is not contained in the convex set, it
provides an affine hyperplane that strictly separates this vector from the convex body.

To use this general framework for concrete convex bodies, one needs to show that
these convex bodies are well-bounded, i.e., one needs to compute a circumscribed and an
inscribed Euclidean ball for them. Additionally, one need to show that there exists an
efficient algorithm that realizes a separation oracle for the given convex bodies.

This work was done by Heinz for convex bodies given by quasiconvex polynomials. He
described an algorithm that computes (’)(ng/ 2)-approximate Léwner-John ellipsoids for
convex bodies of the form Y := {x € R"|F;(z) < 0 for 0 < i < s}, where the functions
F; € 7Z[X] are quasiconvex polynomials, see [Hei05]. Hildebrand and Képpe improved his
algorithm and presented an algorithm that computes for these convex bodies an O(n)-
approximate Lowner-John ellipsoid. To improve the approximation factor, they accept
that the number of arithmetic operations becomes single exponential in the dimension,
see [HK10]. For the improvement, they used an idea of Kochol, who described how an
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approximate Lowner-John ellipsoid can be computed using the approximation of the Eu-
clidean unit sphere by polytopes, see [Koc94].

In this chapter, we present a general framework that computes a 2/y-approximate
Léwner-John ellipsoid for bounded convex sets which are given by a separation oracle
together with a circumscribed Euclidean ball and a lower bound on its volume. The
parameter -y needs to satisfy 0 < 4 < 1/n. The number of arithmetic operations of this
algorithm is polynomial in 1/, but single exponential in the dimension n. However, the
procedure needs only polynomial space.

Then, we adapt this general framework to the class of ¢,-bodies, which we defined in
Section 6.4.3 in Chapter 6. The main part here is to show that ¢,-bodies are bounded
convex sets for which there exists an efficient realization of a separation oracle. Addi-
tionally, we need to determine a circumscribed FEuclidean ball and a lower bound on the
volume. Overall, we achieve an algorithm which computes a 2/v-approximate Lowner-
John ellipsoid for all £,-bodies with 1 < p < oo. This completes the description of the
lattice membership algorithm for ¢,-bodies presented in Chapter 6 and the description
of a deterministic polynomially space bounded algorithm that solves the closest vector
problem for all £,-norms with 1 < p < oc.

This chapter is organized as follows. We start with an informal description of the
geometric idea behind the ellipsoid method by considering a special case where we are
given a bounded convex set by a separation oracle. Additionally, we are given a Euclidean
ball which contains the convex set and a lower bound on the volume of the set if it is not
empty. The goal is to decide whether the convex set is empty or not.

In Section 7.1, we describe the shallow cut ellipsoid method as a rounding method
to compute a 2/vy-approximate Léwner-John ellipsoid for some parameter 0 < v < 1/n.
This method works for all full-dimensional bounded convex sets given by a separation
oracle under the assumption that we know a circumscribed Euclidean ball for the convex
set and a lower bound on its volume. The number of arithmetic operations of the shallow
cut ellipsoid method is single exponential in the dimension, but polynomial in 1/7.

In the second part of this chapter, we adapt this method to concrete classes of convex
sets. In Section 7.2, we consider the class of £),-bodies. For this class, we show how for
a given ¢,-body we can compute a circumscribed Euclidean ball, a lower bound on its
volume and how we can realize a separation oracle. Unfortunately, we can only guarantee
a lower bound on the volume of an /,-body if the /,-body contains an integer vector.
But this does not matter in our setting.

For the lattice membership algorithm presented in Chapter 6, we also need a rounding
method for polytopes. Thus, we also describe the variant of the rounding method which
computes for a given full-dimensional polytope 1/y-approximate Lowner-John ellipsoid
for some parameter 0 < v < 1/n in polynomial time. Here, our description is based on
[Sch86].
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7. Computation of approximate Lowner-John ellipsoids

The ellipsoid method: an overview

Before we describe the algorithm that computes an approximate Léwner-John ellipsoid,
we illustrate the main geometric idea behind the ellipsoid method. To do this, we consider
a bounded convex set given by a separation oracle as it is described in Definition 2.1.18
in Chapter 2. The goal is to decide if this convex set is empty or not. If it is non-empty,
we want to find a vector in it.

In the following, we will assume that the bounded convex set C C R” is given by a
separation oracle together with a parameter vy, > 0. The parameter v;, provides a lower
bound on the volume of C if C is non-empty: If C is non-empty, then vol,(C) > vj,.
Additionally, we assume that we are given an ellipsoid Ey with center ¢y which contains
the convex set, C C Ej if C is non-empty. We can distinguish between two cases:

e Either, the center ¢ is contained in the convex body C, ¢y € C. Then ¢ is a witness
for the fact that C is non-empty. Whether cq is contained in C can be decided using
the separation oracle.

e Or, the center ¢ is not contained in the convex body C. In this case, the idea is to
construct a new smaller ellipsoid E7 which satisfies the following two properties:

1. the ellipsoid contains the convex body, C C E;, and

2. the volume of the ellipsoid is strictly smaller than the volume of the origi-
nal ellipsoid Ey by a factor single exponential in the dimension, that means
vol, (Ey) < e~ V(™) yol, (Ey), where ¢ > 0 is a constant.

Such an ellipsoid can be computed in the following way: Since the center ¢y of
the original ellipsoid is not contained in the convex set C, there exists an affine
hyperplane that separates ¢g from C. Such a hyperplane is given by the separation
oracle queried with input of the vector ¢g. If this affine hyperplane is given by a
vector a € R™ we have (a,z) < (a,cp) for all z € C. That means, the convex set is
contained in the halfspace

{x € R"(a,z) < <a,co>}.

Together with the assumption that C C Ey, we get that the convex body is con-
tained in the intersection of the ellipsoid Ey with this halfspace,

C C {z € R"(a,z) < (a,co)} N Ey.

Now, we can construct a new ellipsoid F; as the smallest ellipsoid that contains
this intersection.

Then, the algorithm continues iteratively. Obviously, it outputs the correct answer if it
terminates. To guarantee that the algorithm terminates we observe that in each iteration
step the volume of the constructed ellipsoid decreases by a single exponential factor
e~ 1/(e") for some constant ¢ > 0. At the same time, we guarantee that each constructed
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ellipsoid contains the convex set. This shows that for C # (), the ellipsoid method finds

an element x € C after at most
vol,, (Ep)
.n-ln [ 2297
en (SR E)

steps of iteration. Together with the fact that we know a lower bound of the volume of C
if C is not empty, it is easy to see that we can ensure that the ellipsoid method terminates
after O(n?) - (logy(vol, (Ep)) — logs(vin)) steps of iteration.

A more detailed description of the ellipsoid method is given for example in [Sch86|, [PS98|
or [GLS93].

7.1. The shallow cut ellipsoid method as a method to
compute approximate Lowner-John ellipsoids

The basic ellipsoid method always cuts the ellipsoid with an affine hyperplane through
the center of the ellipsoid. This divides the ellipsoid into two parts with equal volume.
Instead, we consider the intersection of the ellipsoid with a halfspace which contains more
than half of the ellipsoid, a shallow cut. We present the shallow cut ellipsoid method as a
rounding algorithm in a way such that it computes an approximate Léwner-John ellipsoid.

From now on, we will assume that the convex set C C R” is full-dimensional and
bounded. Additionally, we assume that we have access to a separation oracle SEP¢ for
the convex set C that on input of a vector x decides whether the vector is contained
in C or not. If the vector = is not contained in C, it outputs a vector a € R"™. This
vector defines an affine hyperplane that separates x from C, that means we have (a, z) >
(a,y) for all y € C. Additionally, we assume that the convex set is given together with
some parameters Rous, 7in € R™? and a vector ¢g € R” such that

C C Bﬁlz)(cout, Rout) and vol,(C) > 7} - Voln(Bg)(O7 1)).

The parameter r;, provides a lower bound on the volume of the convex body. Later, we
will see that it makes sense to parameterize the lower bound in this way. In the rest of
this section, whenever we speak of a convex set, we implicitly assume that it is given in
this form.

To illustrate the main idea of the rounding method, we consider the situation that we
are given a full-dimensional bounded convex set C together with an ellipsoid E such that
C C E, see Figure 7.2. We have found a 1/~v-approximate Lowner-John ellipsoid of C for
some parameter 0 < v < 1 if the scaled ellipsoid v F is contained in C, yx E C C. Thus,
the key problem is to check if this is the case. For this, we consider an affine bijective
transformation 7, which maps the Euclidean unit ball Bff) (0,1) to the ellipsoid E. Then,
v+ E C C if and only if B’,(?)(O,w) C 774C). Suppose we are given a finite set N of
vectors such that the convex hull of these vectors contains a Euclidean ball with radius
v, B® (0,7) C conv(N). Then we can distinguish between two cases:
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7. Computation of approximate Lowner-John ellipsoids

B (0,1)

: jém (0,7
’Y*E 7_71 (c) /

Figure 7.2.: The main idea of the rounding method. If the convex set 771(C)
contains the set N = {4vv2e;]i = 1,2}, then it contains conv(N) =
Bél)(o,fy\/i). Since BéQ)(O,'y) - Bél)((),’y\@), 77YC) contains BéQ)(O,'y)
and it follows that v x £ C C.

e If all vectors in N are contained in 771(C), then it follows from the convexity of

771(C), that also B (0,7) is contained in 771(C). The decision if N is contained
in 771(C) can be made using the separation oracle for C.

e If there exists a vector in A/ which is not contained in 771(C), we use this vector to
obtain a halfspace such that the intersection of the halfspace with the ellipsoid E
contains the convex set C. Then, we construct a new ellipsoid which contains this
intersection and has a smaller volume, and we continue iteratively.

In practice, the proceeding is a little bit different, since we are not able to construct
a new ellipsoid with smaller volume if the intersection of the ellipsoid with the halfspace
is too large. On this account, we choose a parameter v with 0 < v < 1/n and consider
a finite set A of vectors on the surface of BY (0,7), that means on the sphere S*~1(v).
For these vectors, we check if they are contained in 77!(C) or equivalently if their image
under the transformation 7 is contained in the convex body C, i.e., if 7(x) € C for all

x € N. Then, we distinguish between two cases:

1. If the images of all these elements under the transformation 7 are contained in the
convex body C,

7(z) € Cfor all x € NV,

we can show that we have found an approximate Lowner-John ellipsoid. The ap-
proximation factor depends on the shape of the convex hull of V. If conv(N)
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7.1. The shallow cut ellipsoid method as a method to compute approximate Lowner-John ellipsoids

contains a ball with radius p < v centered at the origin, we can show that we have
found a p-approximate Lowner-John ellipsoid of C.

2. Otherwise, there exists an element € N whose image under 7 is not contained
in C, that means, 7(z) € C. In this case, the separation oracle gives us an affine
hyperplane that separates the vector 7(x) from the set C. Thus, we get a vector
a € R"™ such that

(a,7(x)) > (a,y) for all y € C.

Hence, the convex body C is fully contained in the intersection of the ellipsoid
E with the halfspace {z € R"|[{a,z) < (a,7(y-x))}. Since the parameter =y
lies in a certain interval, we can construct a new ellipsoid 7 which contains this
intersection. The new ellipsoid E; satisfies two important properties:

e [t contains the convex body C since it contains the intersection of the halfspace
with the ellipsoid which itself contains C.

e The volume of Fj is smaller than the volume of E by a factor single exponential
in the dimension n.

We continue iteratively until we find an approximate Lowner-John ellipsoid.

To realize this idea, we need to show two things. Firstly, we need to show how we
can construct a set NV C S !(y) such that conv(N) contains a ball with large radius
p <. We do this in Section 7.1.1. Secondly, we need to show how such an ellipsoid Fy
satisfying the properties described in 2. can be constructed. This will be done in Section
7.1.2. Then, in Section 7.1.3, we will use these results to give a detailed description and
analysis of the algorithm.

7.1.1. Sufficient condition for an approximate Léwner-John ellipsoid

In this section, we consider an ellipsoid £ C R together with an affine bijective trans-
formation 7 : R™ — R™ which maps the Euclidean unit ball to the ellipsoid E. First of
all, we show the following: Let N be a finite set of vectors such that conv(N) contains
a Fuclidean ball with radius « centered at the origin. If the images of all elements of
N under the transformation 7 are contained in C, then C contains the shrinked ellipsoid
axFE.

Lemma 7.1.1. Let E(D,c) CR™ be an ellipsoid given by a symmetric positive definite
matriz D = QTQ € R™ and a vector c € R™. Let C C R™ be a convex set. We consider
the bijective affine transformation 7 : R® — R”, z — QTx + ¢, i.e., T(B,(f)(o, 1)) =
E(D,c). Let N CR™ be a finite set with B,(?)(Q a) C conv(N) for some o > 0. If

7(x) € C for all z € N,
the ellipsoid E(D,c) scaled by the factor « is contained in C,
axE(D,c) CC.
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Proof. Since the images of the vectors z € N under the transformation 7 are contained
in C, the vectors x itself are contained in the convex set 771(C), where 77! is the inverse
of the transformation 7, i.e.,

zer HC) forall z € N.

Since 771(C) is convex, it also contains the convex hull of these vectors, conv(N) C
771(C). By assumption, conv(N') contains a Euclidean ball with radius o. Thus it
follows that

a-BP(0,1) C 77(0).
Applying the transformation 7 again it follows that
axFE(D,c) CC.
O]

In the rest of this section we will present a concrete construction for the set A/ such
that the set conv(A) contains a ball with radius (1/2 — €)~ for some € > 0 arbitrary.
First, however we present as a motivation the construction of a set N of size 2n which
consists of vectors of length v > 0 and where the convex hull of A contains a Euclidean
ball with radius v//n.

Corollary 7.1.2. Let E(D,c) C R" be an ellipsoid given by a symmetric positive definite
matrizc D = QTQ € R™" and a vector ¢ € R"™. Let C C R™ be a convex set. We consider
the bijective affine transformation T : R™ — R", 2 +— QTx4c. Lety > 0 and epqi := —e;
for1 <i<n. If

7(v-€) =c+vQTe; €C for all 1 <i < 2n,
then the ellipsoid E(D,c) scaled by the factor ~v/+/n is contained in C,

L «E(D,¢)CC.

Vn
Proof. The proof follows directly, if we apply Lemma 7.1.1 with the set N = {7 -¢;]1 <
i < 2n}. The convex hull of N is an ¢1-ball with radius ~,
conv({y - e;]1 < i< 2n}) = BU(0,~).

It follows from Holder’s inequality that Bﬁll)(o,y) contains the Euclidean ball (1/y/n) -
Bi(0,7) = (v/v/n) - B (0.1). 0

If we would use this result in our algorithm, we would obtain a polynomial time
algorithm that computes a /n/v-approximate Lowner-John ellipsoid. It is an idea due
to Hildebrand and Koppe that the approximation factor can be improved if we consider

the convex hull of more than 2n vectors from BT(A?)(O, 7v), as it is illustrated in Figure 7.3.
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B (0,)

conv(£vyer,tvea)

Figure 7.3.: Improvement of the approximation factor. The square is the convex
hull of the main axes of R? scaled by the factor . The radius of the Euclidean
ball contained in this polytope is smaller than the radius of the ball contained
in the outer polytope, which is an octagon.

Of course, this mainly influences the number of arithmetic operations of our rounding
algorithm. We will obtain an algorithm where the number of arithmetic operations is
single exponential in the dimension. But in our context, this does not matter.

The question is, how can we construct the set A such that it contains a ball with large
radius compared with the length of the vectors in /7 The idea is to consider a net of
S"=1(6), the surface of the ball B (0,6). A 6-net of S*71(§) is a set N' C S"1(§), which
provides a covering of the sphere by Euclidean balls with radius 4.

Definition 7.1.3. (Net of a sphere)

Let 61,69 > 0. A §1-net of S 1(03) = {x € R | ||zl = 62} is a set N C S"1(82) such
that for every vector x € S"~1(83) there exists a vector v € N with Euclidean distance of
at most 91, i.e., |[v —x|2 < d1.

Kochol observed in [Koc94] that the convex hull of every 1-net of the unit sphere
S"=1 =S"~1(1) contains a Euclidean ball with radius 1/2.

In practice, we are often not able to construct a l-net of the sphere S"~! exactly,
since we are not able to perform all computations exactly over IR. This leads to the
approximation of 1-nets. By the e-approximation of a 1-net A/, we understand a set N
such that for all z € A there exists a vector # € N with distance of at most e, i.e.,
|l — Z||]2 < e. Using the approximation of a 1-net instead of the 1-net itself enables us
to use square roots in the construction of a 1-net. Hildebrand and Koppe generalized
Kochol’s result to e-approximation of 1-nets. The next lemma presents a modified variant
of their result, see Lemma 3.2 in [HK10].
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Figure 7.4.: Illustration of the proof of Lemma 7.1.4. The affine hyperplane H

separates the vector z from conv(N'). The intersection of H with the unit-
ball defines a cap with top t.

Lemma 7.1.4. Let N be a 1-net of S* ! and let 0 < € < 1~/2. Suppose that N is an
e-approzimation of N, i.e., for all v € N there exists © € N such that ||v — 9|2 < e.
Then, we have

Proof. The proof of this lemma is illustrated in Figure 7.4. We assume that there exists

a vector z € ~B,(L2)(0, 1/2—¢€) which is not contained in the convex hull of N, z & conv(N).
Since conv(N) is convex, there exists an affine hyperplane that strictly separates z from

conv(N), i.e., there exists a vector p, € R™ such that

(pz,z) < (ps,2) for all x € conv(N).

Thus, conv(N) is completely contained in the halfspace {z € R"|(p.,z) < (ps,2)}.
Now, we consider the cap Bﬁf)(o, 1) Nn{x € R"[(p.,z) > (p:, 2)}, which is disjoint from

conv(N). Let t € S"~! be the top of this cap, i.e., t is perpendicular to the affine
hyperplane

H :={z € R"|(p.,z) = (pz, 2)}.

Since N is a 1-net of S"~1, there exists a vector v € N with [Jv — || < 1. We will show
that the distance between v and the affine hyperplane H is at least e, which yields a
contradiction to the fact that A approximates N

Let t, be the orthogonal projection of v on span(t). Since the distance between t and v
is at most 1, we have

[t — to|2+ [Ito — v||2 < 1. (7.1)
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Since v € S"!, we have
2113 + [Ito — 0]l = 1. (7.2)
Combining (7.1) and (7.2), we obtain
[t — tv”% <1— |ty — U”% = Hthg

Since [[ty|l2 = 1 — ||t —ty||2, we obtain ||t —ty]|2 = 1 —||ty]]2 < 1 —||t —ty||2 or equivalently

1
||t - th2 < §

Let ¢ty be the orthogonal projection of ¢t onto H. Since t is perpendicular to H, the vector
tyr is also perpendicular to H and it is the point on the affine hyperplane H with minimal
distance to the origin. Since z € H and ||z||2 < 1/2 — ¢, this shows that |[tg]2 < 1/2—e.
The distance between v and the hyperplane H is ||t, — tg]|2, which is at least

1 1
Htv—tHHz:l—||t—thz—HtHH221—§—§+€=€'

Combining this with the fact that (p.,v) > (p., ) and that conv(N) C {z € R"|(p,z) <
(ps,2)}, this shows that the distance from v to conv(N) is greater than e. This is a
contradiction to the fact that A approximates . O

Using this result, we can refine the result of Lemma 7.1.1. Given an e-approximation
N of a 1-net of S"~! the scaled ellipsoid (1/2 — €)y x E(D, c) is contained in the convex
set C if the convex hull of v x N under the transformation 7 is contained in the convex
set C.

Corollary 7.1.5. Let E(D,c) C R"™ be an ellipsoid given by a symmetric positive definite
matric D = QTQ € R™" and a vector ¢ € R™. Let C C R"™ be a convex set. We
consider the bijective affine transformation 7 : R* — R™, 2 +— QTx +c¢. Let v > 0 and
0<e<1/2. Let N C Q" be an e-approzimation of a 1-net of S"~ 1 with N C 37(12)(07 1).
If

T(y-z)€C forallz e N,

the ellipsoid E(D,c) scaled by the factor (1/2 — €)v is contained in C,

(;—e>y*E(D,c) cc.

Proof. The set {y - x|z € N} is a finite set in the ball BY (0,7). As we have seen in
Lemma 7.1.4 the convex hull of N contains the Euclidean ball B (0,1/2 —€). Thus,
B (0, (1/2—€)y) C conv(y-N) and the statement follows directly from Lemma 7.1.1. [
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If we want to use this result to compute an approximate Lowner-John ellipsoid, we
need an explicit construction of a 1-net of the sphere $"~!. Unfortunately, this is not
possible with a set whose cardinality is polynomial in the dimension. The size of a 1-net
of the unit sphere is at least single exponential in the dimension. In the next lemma,
we present an explicit construction of a 1-net of the sphere S”~!. This construction is a
slight modification of a construction of Kochol presented in [Koc94]. The size of this net
is at most 247

Lemma 7.1.6. For n € N, the set

N, -:{ .
" Ul

is a 1-net on S"~1 with |N,| < 2%,

x € 7" N B (0,2/n) \{0}}

Of course, we are not able to compute this 1-net exactly. But, since we have seen in
Lemma 7.1.4 that it is also possible to work with the approximation of a 1-net, we will
neglect this aspect in the following and we will assume that we are able to compute the
1-net N, according to this construction exactly and efficiently!. The set of all integer
vectors in the Euclidean ball B’,(?)(O, 2y/n) can be computed using a graph-traversal ap-
proach like in [MV10a| (see also Proposition 4.2 in [DPV10]|). The number of arithmetic

operations to do this is 20(%).

Proof. First we show that A, is a l-net of the sphere S”~!, that means that for every
vector & € S™! there exists a vector v € N, whose distance to z is at most 1. For a
vector € S"1, we consider the vector u € Z" whose coordinates u;, 1 < i < n, are
integers which satisfy

2v/n|z;| — 1 < |u;| < 2¢/n|z;| and sign(u;) = sign(z;). (7.3)

For every z; € R such an integer exists since the interval (2/n|z;| — 1, 2v/n|x;|] is a half
open interval of length 1, which contains exactly one positive integer. The vector u € Z"™
constructed in this way is unequal to 0. If v = 0, we would have 2y/n|z;| < 1 for all
1 <i < n, which yields the contradiction that ||z||3 = Y |z:? < D0, 1/(4n) = 1/4,
i.e, ||z|l2 < 1/2. Hence, we have u # 0.

Since w is defined such that we have |u;| < 2y/n|z;| for all 1 < i <n, see (7.3), we have

n n
ull3 = Zuf < Z4nx22 = 4n. (7.4)
i=1 i=1

This shows that u € Bff)(o, 2y/n). Hence, the vector

vi=u/|lulls € N,

LOf course, efficiently means in time single exponential in the dimension n
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Now, we show that the distance between x and v is at most 1. The squared Euclidean
distance between these two vectors is

n

n n n n
lz —oll3 =D (2 —v)? =D af =2 wi-vi+ ) of = |all3 -2 zi-vi +||vl3.
i=1 i=1 i=1 i=1

=1

Since z,v € S*~!, this is

n
|z —v||2 =2 (1 =) v) .
=1

Thus, to show that ||z — v||3 < 1, it suffices to show that 1 — Y " 2; - v; < 1/2 or
respectively that Y " | z; - v; > 1/2. By definition of v, we have

n 1 n
DT b= Zﬂfz ui WZWWW
i=1 2=

since sign(x;) = sign(u;) for all 1 < i < n. The coefficients |u;| are greater than 2\/n|z;|—
1, see (7.3). Hence, we obtain

1 < 1 <
> gl Jugl > —— > x| - (2v/n]z] — 1)
IUIlziz; R HUII2}Z ! ‘

HUIlz

rulu > (s — )
- V- Sl

where the last equality is due to the fact that 2 € S"~!. Furthermore, we have Y 1 | |z;] <
v/n and it follows that

sz v > (\F \f) H\/L

We have seen that ||u|l2 < 24/n or respectively that 1/||ull2 > 1/(2-/n), that means

f 1
sz v; > Q\f =5

This shows that A, is a 1-net on the sphere S?~1.

Finally, we show that the net contains at most 2% elements. Since |N,| < |Z" N

B® (0,24/n)|, we need an upper bound on the number of integer vectors in the ball
B,(f) (0,2y/n). We could use the standard volume argumentation for lattices here of
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7. Computation of approximate Lowner-John ellipsoids

course, which we presented in Lemma 4.2.11 in Chapter 4. By this, we would obtain an
upper bound of (4y/n + 1) but this is too imprecise. We obtain a better result if we
consider the special structure of the lattice Z". We observe that if we put around each

integer vector x € B (0,24/n) an open {-ball with radius 1/2, these balls are disjoint,
) (. 1) n e () 1
Bn I7§ rW‘Bn y:i :@forx7y€Z,$7éy.

Now we show that B (2,1/2) € B{2(0,(5/2) - /) for all z € BP(0,2yn). It
follows from Holder’s inequality that Béoo)(x,l/Q) C Bg)(x,\/ﬁ/2) for all x € R™
For z € Bff)(o, 2y/n), we have

B(>) (x ;) c B? (o, 2/n + ?) = B? (o, ;\/ﬁ) .

Hence, the number of integer vectors in the ball Bff)(o, 24/n) is upper bounded by

volo (B0, 3v) _ (5 \" s
vol, (Bﬁf’o)(o’%)) - (2\/ﬁ> vol,(B,7(0,1)),

using that vol,(BY®(0,1/2)) = 1. We have vol,(BY(0,1)) = #2(D(1 +n/2)) ",
where T'(+) denotes the Gamma function, i.e.,

5 " _
NL| = (2\/ﬁ> 72 (T(1+n/2)"". (7.5)
Due to Stirling’s formula, see Section A.0.3 in the Appendix, we obtain

n n n n n\ (n—1)/2
S WL Y W i —n/2+v(n/2)
1+ ) F(Q) 2\/27T<2> e :

where v is a function that satisfies 1 < v(n/2) < 6/n. Obviously, it follows that

P14+ 2) > %ﬁﬁ“*\/ﬁ*”e—n/z“ = V2 a2,

Combining this with (7.5), we obtain
5 " n/2 -n -1 1-n/2 -1
N,| < 5\/5 T (ﬁ\@ n-v/n" e )
<5> = La(n=D/2gn/2=1

V2
< (\%m)n < 16" = 247,
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7.1.2. Construction of a circumscribed ellipsoid

In this section we are given an ellipsoid E = E(D, c¢) C R" together with a halfspace H ™.
The halfspace H™ := {z € R"|(a,z) < ¢} is given by a vector a € R™ and a parameter
0 € R. We consider the intersection

ET:=EnNnH =En{zeR"{a,zx) <0}

of the ellipsoid and the halfspace. Our goal is to construct a new ellipsoid E’ which
satisfies two properties: For one thing, the ellipsoid E’ contains the intersection E—,
E~ C FE’. Furthermore, the volume of the ellipsoid E’ is smaller than the volume of the
ellipsoid F by a single exponential factor.

Before we describe the concrete construction, we consider the halfspace H~ and deter-
mine the interval for the parameter § such that the intersection £~ of the ellipsoid with
the halfspace is non-trivial, i.e., neither E= = E nor E~ = (). The affine hyperplane

H :={z € R"|{a,z) = §}
has a non-empty intersection with the ellipsoid if and only if
min{(a,z)|x € £} < § < max{(a,z)|x € E}.
As we have seen in Lemma 6.4.4 in Chapter 6,
max{(a,z)|z € E} = (a,c) + VaT Da and
min{(a, z)|x € E} = (a,c) — VaT Da,

which shows that the affine hyperplane H and the ellipsoid F have a non-empty inter-
section if and only if

{a,c) —VaTDa < 6§ < {a,c) + VaT Da.

This condition can be reformulated using an additional parameter (. If we consider the
following representation of § as

d = (a,c) + (VaTDa, where ¢ € R,

then the affine hyperplane H and the ellipsoid E have a nontrivial intersection if and
only if —1 < ¢ < 1. With regard to the intersection E~ of the halfspace H~ with the
ellipsoid F, this means that E~ is non-empty if the parameter  is at least —1. If this
intersection is not too large, i.e., if —1 < ¢ < 1/n, we call it a shallow cut.

Definition 7.1.7. (Shallow Cut)
Let E(D,c) C R™ be an ellipsoid, a € R™"\{0}, and ¢ € R. If -1 < ( < 1, the
intersection

E(D,c)n{z € R"|{a,z) < (a,¢) + (VaTDa}

15 called a shallow cut.
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7. Computation of approximate Lowner-John ellipsoids

Figure 7.5.: Construction of an enclosing ellipsoid. This figure is based on Figure
1.9 in [Smel0].

Given a shallow cut we are able to construct an ellipsoid £’ which contains the inter-
section of the ellipsoid E with the halfspace H~ and whose volume is single exponentially
smaller than the volume of F.

To illustrate the main idea behind the construction we assume that we have a central
cut, i.e., ¢ = 0, see Figure 7.5. Since we consider a central cut, the affine hyperplane
H contains the center ¢ of the ellipsoid E and intersects the ellipsoid through its center.
The halfspace H~ contains one half of E. Thus there exists an affine hyperplane in H~
parallel to H which supports E, that means the intersection of this affine hyperplane
with the ellipsoid consists of a single vector. Let y be this vector. Then, the center ¢’ of
the new ellipsoid lies on the segment between ¢ and y and divides this segment into two
parts in ratio 1 : n. Now, the ellipsoid E’ is the (unique) ellipsoid with minimal volume
centered at ¢ whose boundary contains y and the intersection E N H of the original
ellipsoid with the hyperplane H, see [GLS81].

Theorem 7.1.8. Let E = E(D,c) be an ellipsoid in R" and a € R™"\{0}. Let -1 < ( <
1/n. Consider E= := EN{xz € R"|[{a,z) < &}, where 6 := (a,c) + (Va'Da. Then the
ellipsoid E' = E(D', ) with

, <1—n§ 1 )D
ci=c— . a
n+1 +aTDa

p o =) <D - < 2 lome 1 ) Da(Da)T>

and

n+1 1-¢ a’Da
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satisfies the following properties
1. E- CFE and

g, YO(E) _ -Gy,
vol,, (E)

We will prove this result in two steps. First, we will consider the special case where
the ellipsoid is the Fuclidean unit ball BT(LQ) (0,1) and the halfspace is given by the first
unit vector e; € R™. Then we will use the observation that each ellipsoid is the image of
the Euclidean unit ball under an affine transformation to show the corresponding result
for general ellipsoids. The main part of the proof consists of pure recalculation.

But first of all, we prove a technical statement, where showing how the inverse of the
matrix D’ defined in Theorem 7.1.8 can be computed.

Lemma 7.1.9. Let D € R™ " be a symmetric positive definite matriz, a € R"\{0} and
—1<¢<1/n. Set

;L n2(1*<2) 2(1 —n()
b= n? —1 <D_ (n+1)(1 —¢)a’Da

Da(Da)T> .

The inverse matriz is

21 2(1 — n()
p-l—_" D1 T\

n?(1 - ¢?) < * (n—1)(1+ C)aTDaaa
Proof. We show that D’ - D'~ = I,,. We have

D .p-!
2(1—n 2(1—n
- (D Tt 1)((1 - (C))CLTDaDa(Da)T> ' (D o (n— 1)((1 + CC))aTDa““T)
_p.Dl4 2(1 =n¢) Daa”  2(1-n{) Da(Da)" D!
(n—1)(1+4+¢)a"Da (n+1)(1-) a’Da
2(1 —nQ) 2(1 —n¢) Da(Da)Taa”
(n+D(1-C) (n-1D{1+¢) (a7 Da)?
Hence, it is sufficient to show that the sum of the last three summands is zero,

2(1 -n¢) Daa” 2(1 -n¢) Da(Da)'D™!
(n—11+¢a"Da (n+1)(1—=) a”Da
2(1 — n() 2(1 —n¢) Da(Da)Taa®
n+ D10 (-D(1+0) (T Dap
1 2(1 —nq) T 2(1 —nq) TryH-1
a"Da ((n—1><1+<>D°m Tmrna-glr PP
4(1 — n¢)? . a® Da ' aT>
n+1)(n—1)1-0+¢) a”Da
_ 2(1 —n() <n—|—1_n—1_ 2(1 —n() )DaaT
a’Da-(n+1)(n—1)\14+¢ 1-¢ (1-¢1+¢) '
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It is easy to see that (n+ 1)(1 —¢) — (n — 1)(1 + ¢) = 2(1 — n¢). From this, it follows
that

n+l n—-1  2(1-n()
1+¢ 1-¢ (1-001+9)

which shows that the statement is correct. O

=0,

Now we prove Theorem 7.1.8 in the special case where the ellipsoid is the Euclidean
unit ball Bﬁ?’(o, 1) and the affine hyperplane is given by the vector a = e;.

Lemma 7.1.10. Let —1 < ¢ < 1/n. Consider the intersection B~ := Bﬁf)(o, 1)n{z €
R™xz1 < (}. Then the ellipsoid Ep :== E(Dp,cp) with
1 n¢

Cp ‘= (&
B n+1 1

and

n?(1- % 2 1-n¢ 4
DB'_n2—1'<I"n+1'1—g'6161>’

satisfies the following properties
1. B- C Eg and
Cne)?
. VO]?(2EB) < 67%,
vol, (B{?(0,1))

Proof. The proof is achieved by technical calculation.

To prove the first statement, we need to show that every vector from the intersection
B~ satisfies (z — cB)TDE;l(:L' — cp) < 1. For this, we observe that the ellipsoid Ep is
characterized by the matrix Dp, which is a diagonal matrix of the form

Da= -0 (- 2 A )
_ n;li -(1—¢?) diag <1 _ nil . 11__’?,1,...,1) .
Obviously, Dy is symmetric positive definite. Since
nQnil(l - (1 - (nisll)_(?c—) C)) N n2ni p (1= &) (?n_;l))'(gljgg))
- (nf)l)z(l +0)2

the inverse matrix of the matrix Dp is

1 (n+1)2 n® -1 w1
DB _d1ag <n2(1+<)27n2(1_C2)a~-.,n2(1_42)>.
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7.1. The shallow cut ellipsoid method as a method to compute approximate Lowner-John ellipsoids

We can show that for all z € R", we have

(x —ep) Dy’ (z — cp)
21 +1)(1 -
T (el 1) 42 et D 2
n?(1—¢?) n?(14+¢)*(1 - ¢)
The proof of this statement is very technical and can be found at the end of this section,
see Claim 7.1.12. To show that the term (7.6) is at most 1, we consider the first two
summands and show that they are not positive if z € B®)(0,1) N {z € R"|z; < ¢}.

(x1 —Q)(z1 + 1)+ 1. (7.6)

e Since [¢| < 1, we get that (n? —1)/n%(1 —¢?) > 0. As x is contained in the f-unit
ball, we have ||z|2 — 1 < 0. Combining these two observations, we obtain
n?—1

712(17:@)(”37”% —1)<o0.

e Since ¢ < 1/n, we have 1 —¢n > 0 and (n + 1)(1 — ¢(n)/(n?(1 + ¢)?(1 —¢)) > 0.
From —1 < z1 < (, it follows that x1 — ( <0 and z; + 1 > 0. Hence, we get that

(n+1)(1—-<¢n)

A1 0@ Q@+ <0

This shows that the first two summands in (7.6) are at most 0 and we obtain (x —
)T'D'1(x — ¢/) < 1. It remains to show that the volume of the ellipsoid Ep is smaller
than the volume of the unit ball by a single exponential factor. Since

vol, (Ep) = +/det(Djp) - vol, (BP) (0, 1)),

see Lemma 2.2.8 in Chapter 2, the ratio of the volume of the ellipsoid Ep and the volume
of the ball B2 (0,1) is

n2(1+<)2 n—an(l_CQ) 1/2_n(1+0 n2(1—C2) (n—1)/2
e 5 ) =t (et

i=1
o 2.2y (n=1)/2
:<1_1”<>.<1+1n<> ,
n+1 n?—1

Using that 1 + 2z < ¢e” for all z € R, we get

2.2
volulBa) -t e
vol, (BT(L )(0, 1))
_(1-n0)?
= e 2(n+1) .
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To prove Theorem 7.1.8 we need to transfer this result to arbitrary ellipsoids. Thereby
it is not enough to consider any bijective affine transformation which maps the Euclidean
unit ball to the ellipsoid E(D, c). We need a transformation with the additional property
that it maps the constructed ellipsoid Eg to the ellipsoid E’ and B~ to E~. The existence
of such a transformation is proven in the following lemma.

Lemma 7.1.11. Let E = E(D,c) C R"™ be an ellipsoid and a € R™"\{0}. Let —1 < { <
1/n. We consider the ellipsoid E' and the set E~ defined as in Theorem 7.1.8 and the
ellipsoid Ep and the set E~ defined as in Lemma 7.1.10. Then there exists a bijective
affine transformation 7 : R™ — R"™ which maps the Fuclidean unit ball to the ellipsoid
E(D,c) and satisfies the following properties:

e The transformation maps the intersection from the unit ball with the halfspace
{z € R"|[{e1,z) < (} to the intersection of the ellipsoid with the halfspace {z €
R™[(a,x) < &}, with 6 = (a,z) + (Va'Da, i.e., 7(B~) = E~, and

e the transformation maps the circumscribed ellipsoid Ep to the ellipsoid E’', that
means T(Ep) = F'.

Proof. The transformation is characterized such that it maps the center of the ellipsoid
Ep to the center of the ellipsoid E’. The center of the ellipsoid Ep is the vector

1—n(
— er.
n+1 !

Cp =

Since —1 < ¢ < 1/n, we have |(1 —n()/(n+1)] < 1 and ¢ € Bff)(o, 1). The center of
the ellipsoid E’ is defined as
/. 1=nC Da
n+1 vaTDa
In Lemma 2.2.9 in Chapter 2, we have seen that there exists a bijective affine transfor-

mation from the Euclidean unit ball to the ellipsoid E which maps cg to ¢ if cch =
(d —c)'D71(d —¢). Since

1—n¢ Da T o1 1—n( Da
_ _ D _ _
(c n+1 vaT Da 2 (c n+1 +v/aTDa 2
1-nC.o 1 T -1
(n—i-l) aTDa( @) “
1-— 1 1-—
:( nC)Q TDa:( n<)2<1’

n+1" a’Da n+1
the vector ¢ is contained in the ellipsoid F(D,¢) and it holds that

(d —e)I'D7 Y —¢) =k - ep.

Hence, we are able to define a bijective affine transformation 7 :  — Q”x + ¢ where
D = QT'Q such that %(37(12)(0, 1)) = E(D,c) and

7(eg) =C. (7.7)
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It remains to show that this transformation satisfies the stated properties. To do this,
we observe that the property (7.7) can be rewritten as follows

1—n( 1—-n( Da
T/ .
A T B/ )
or equivalently that
a=Val'Da-D'QTe; = VaTDa-Q le;. (7.8)

With this observation, the rest of the proof are merely technical computations.

e To prove that 7(B~) = E~, we consider an arbitrary vector z € B~ = B 0,1)N
{z € R"|x; < (}. Since T maps the Euclidean unit ball to the ellipsoid E, it follows

from z € 13_37(12)(07 1) that 7(z) € E(D,c). To show that 7(z) € {x € R"|(a,z) < §},
we observe that it follows from (7.8) that

(7(x),a) = (QTz + c,a) = (¢,a) + VaTDa - (QTz,Q  ey)
= (c,a) + VaTDa - (z,e1).
Since x € {y € R"|(y,e1) < (}, this is at most
(7(x),a) < (¢,a) + VaT Dalz,e1) < {c,a) + (VaT Da
which means that
7(z) € E- = E(D,c) N {z € R"|{a,z) < 6}
with 8 = (a, z) + ¢(VaT Da.

e To show that 7(Ep) = E’, we consider a vector x € Ep. Our goal is to show that
f(x) e B ie., (QTz+c—)'D1QTz+c— ) < 1.
Since the transformation 7 is defined such that 7(cg) = QT cp + ¢ = ¢/, we obtain
that

d—c=Q%cp. (7.9)
If we can show that QD'~1QT = Dgl, then we obtain that
(QTw +e— C/)Tlel(QTw +eo— C’) — (QT.Z . QTCB)TD/71<QT:£ . QTCB)
= (z—cp)TQD' QT (x — ¢p)
= (z—cp)'Dg'(xz —cp) <1,

where the last inequality follows from the assumption that x € F(Dp,cp). Hence,
it remains to show that Dgl = QD' 'QT. According to Lemma 7.1.9, we have

-1 AT __ n?—1 1 AT 2(1 —nq) 1 T AT
QDT = (QD @t LoD+ aTDa %™ Q)
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and
n?—1 2(1 —n()
I, + erel
21— " -+
So, we need to show that QD'~1QT = I,, and that (1/a” Da)-Qaa” Q" = e1ef. The
first statement is obvious since @) is a decomposition of D. The second statement
follows from Qa/Va™ Da = ey, see Equation (7.8).

Dyl =

O

Using this result, the proof of Theorem 7.1.8 follows directly from Lemma 7.1.11,
together with the fact that the relation between the volumes of two ellipsoids is invariant
under affine bijective transformation see Equation (2.2) on page 27 in Chapter 2.

The only thing that remains to be proven is the following statement.

Claim 7.1.12. For —1 < (< 1/n, let

_ . n+1)32 n%—1 n?—1
Dy’ :dlag<n(2<1+2>2’n?(l—@)""’n%l—@))
and
~_1—-n¢
cB = — ] e1.

For all x € R™ we have that
( — ) Dp'(x — cp)

n%—1 9 (n+1)(1—<¢n)
n2(1 — (2) (H1‘||2 - ) + 2n2(1 +0)2(1-90)

Proof. For x € R™ we have

(z1 =z +1) + 1.

1—n( -
1 ) e1 + leez
=2

r—cgp=|x
B < 1+ "
Since Dgl is a diagonal matrix, it follows that

- 1— 2 (n+1)2 2_q
($—CB)TDBI(1‘—CB): (1'1“‘ nC) n(n ) . +Z$12n7

nt1) n2(1+¢) n2(1 - C%)
with
<x1 * 1n_+n1f> 2 n(zyfﬂlg?
= n(QT1++12§2 2 1n+n1< ' n(27(L1++122)2 " ((1n+n1€;)22 ' n(ﬁffgz
- e A (e o) T e T o

_ 2 ol o (24 (1 —n() L A=nQn+1)  (1-n()
N 1( 2(1+¢)2(1 C))+21 n?(1+¢)? n?(1+¢)*
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This shows that

(z —cp) ' Dg'(x — cp)
_ n’-1 2(n+1)(1 — nQ) (1-n)n+1) (1-n()?
= =gyl <n2<1+c>2<1—<>> TATRar0r TR+ or

Furthermore, we have

(1-n¢)? n? —1 (1 —n()? n? —1
n(1+02  n(1-)  n2(1+0?  n2(1-0)
. n?—1 n —2nC +n2C% —2C +2n¢?% — N2 + n? +n’¢
- nA(1-¢?) n?(1+¢)(1 = ¢?) ’
that means

(¢ = en)" D3 (x — cp)
_ont-1 9 9 2(n+1)(1—-nQ) (I -nl)(n+1)
= s =0+ (g )+ e i o
. —2nC +n?C% —2C +2n¢? — n?C +n? +n?¢
n?(1+¢)(1-¢?) '

It holds that
—2nC +n2C% —2C +2n¢? — n?C +n? +n?¢
n?(1+¢)(1-¢?)
—2n¢ +n2¢? —2¢ +2n¢% — n?C +n? +n?C—n2(1+ (1 - ¢?)

- 21+ 01— ) !

+1

—n+n2C—1+n¢
n?(1+¢)(1-¢?)
Y (n+1)(1 —nQ)
n?(1+)(1-¢?)

Combing all this, we obtain

= 2(

+ 1.

(x — cB)TDgl(x —¢B)
n? — n —n —nl)(n
St ST %<2( +1)(1 O) oy (L=nO)(n+1)

n(1 = ¢?) n2(1+ ¢)2(1— () 201 + O
g
(el 2OV (g
ey =)+ 2 - 41
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7.1.3. Description and analysis of the rounding procedure for bounded
convex sets

Using the previous results, we are able to present a method that computes approximate
Léwner-John ellipsoids for full-dimensional bounded convex sets given by a separation
oracle. We call this procedure a rounding algorithm for convex sets.

The input of the algorithm is a full-dimensional bounded convex set C C R given
by a separation oracle SEPc. Additionally, we get a vector ¢,y € R™ and a parameter
Ryt > 0 such that C C Bg)(cout, Rout). This ball is used as the initial ellipsoid. Fur-
thermore, the input is a parameter r;, > 0, which provides a lower bound on the volume
of the convex set C, vol,,(C) > r}, Voln(BT(?)(O7 1)).

After the initialization, the algorithm works iteratively. Given an ellipsoid E(Dy, cx),
it computes a decomposition Dy = Q;{Qk of the matrix Dj. This decomposition defines a
bijective affine transformation 74, from the Euclidean unit ball to the ellipsoid E(Dy, ck),
Tk:xHQ£x+ck.

Then, we consider a I1-net N of the sphere S*~!. We construct this net A according
to the construction presented in Lemma 7.1.6. For each element - x with z € N, we
consider its image under the transformation 7. That means, the algorithm checks if the
vectors 7x(y - x), * € N, are contained in the convex body C. If all these vectors are
contained in C then the ellipsoid (v/2) x E(Dg, ¢x) is contained in C, as we have seen in
Lemma 7.1.5 and the algorithm outputs the ellipsoid (v/2) x E(Dx, cx)-

Otherwise, there exists an element x € A such that 7(-z) is not contained in the convex
set C. In this case, the separation oracle queried with input of the vector 74 (v - x) gives
a separating hyperplane. That means, it outputs a vector a € Q" such that

(a, K(x)) > (a,x) for all x € C.

Now, the algorithm considers the intersection of the ellipsoid Ej with the halfspace
{z € R"[{a,z) < (a,7x(x))} and constructs an ellipsoid Ej;1 which contains this inter-
section. Since we have scaled the unit ball by a factor 7 < 1/n, we have a shallow cut and
are able to construct the ellipsoid Ej1; according to the construction in Section 7.1.2.
The algorithm terminates after at most NV iterations, the parameter N will be defined
later. Of course, we use the same net A in each iteration-step but we need to compute
it explicitly in each step if we want to guarantee that the algorithm runs in polynomial

space. A complete description of the algorithm is given in Algorithm 19.

Now, we will analyze the algorithm. During its execution, the algorithm computes a
number of ellipsoids Ey = F(Dj, c¢x). The number of computed ellipsoids depends on the
moment of termination of the algorithm, but it is upper bounded by N. In the follow-
ing, if we speak of a constructed ellipsoid Fj, we assume that the algorithm is running
through at least k iterations and Step 2(b)ii is executed at least k-times.
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7.1. The shallow cut ellipsoid method as a method to compute approximate Lowner-John ellipsoids

Algorithm 19 Rounding algorithm for convex sets
Input:

e A full-dimensional bounded convex set C C R™ given by a separation oracle
SEP¢,

e parameters 7, Ry > 0, a vector cyoy € R™, and

e a parameter v with 0 <y < 1/n.

Output: an ellipsoid £ C R" given by a symmetric positive definite matrix D and a
center c.

1. (Initialization)

Set
n+1)n
o N {2 ((1:13)2 (logy(Ro) — logz(rm))—‘,
e Dy« Rgut - Iy, and cg < coyt-

2. For 0 < k < N,

a) compute a decomposition of the matrix Dy = Q;{Qk.

b) Check if there exists an element x € {z/||z|]2|z € Z™ N Bﬁf)(o, 2y/n)\{0}}
such that

ca+vQFz ¢ C.

i. If no such element exists, output E((y?/4) - Dy, ).
ii. Otherwise, query SEP¢ with input of the vector ¢ + ’yQZm. The
result is a vector a € R™\{0}. Set

1—ny Dya

n+1 \/m
M < _ 2(1 — ny) ‘ Dka(Dka)T>
n? -1 P D)1 =) a®”Dya )

Cht1 ¢ Ck — and

Dk+1 <
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7. Computation of approximate Lowner-John ellipsoids

In the next lemma, we state the main properties of the rounding method for convex sets.
We will show that each ellipsoid constructed by the algorithm satisfies the property that
it contains the convex set. Additionally, we will show that the output of the algorithm
is an approximate Léwner-John ellipsoid.

Lemma 7.1.13. Let C C R” be a full-dimensional bounded convex set given by a sep-
aration oracle SEPc. Let Royy > 0 and cour € R™ such that C C Bg)(couhRout) and
0 <7 < 1/n. Then the rounding algorithm for convex sets, Algorithm 19, salisfies the
following properties:

o FHach ellipsoid Ejy, constructed by the algorithm contains the convez set, C C Ey for
all k > 0.

e The output of the algorithm is a 2 /~-approximate Lowner-John ellipsoid, that means
an ellipsoid E satisfying

EQCQE*E.
Y

Proof. First, we show inductively that the convex body is contained in every constructed
ellipsoid. By assumption, we have C C BT(LQ)(CO,R(M) = E(Dg,cp). Now, we assume
that £ > 0 is an index such that C C Ey = E(Dy,ck). The algorithm constructs the
ellipsoid Fjyq only if there exists an element € N such that ¢ + nykpx ¢ C. Since
C is convex, there exists an affine hyperplane that separates ¢ + ’yQZm from C. Such a
hyperplane is given by the separation oracle, which provides a vector a € R™\{0} such
that (a,c, +vQLz) > (a,) for all x € C. Hence, the convex set C lies in the halfspace

{z € R"|(a,z) < {(a,cx) + (a,7QFz)}, that means
C C B {z € R"|(a,2) < (a,c&) + (0,1QF 7). (7.10)

Using the generalized Cauchy-Schwarz inequality, see Lemma 2.2.5 in Chapter 2, we
obtain that

(a,7Qf ) < yWaTDya - 1/ (QT2)" D (QF )
= VT Dya /e Qu(QL Q) QL
=vvValDya - ||z|2.

Since x € N C S" ! and v < 1/n, we have

1
(a,vQFx) < SV a’ Dya.

Hence, the affine hyperplane defined by the vector a provides a shallow cut of the ellipsoid
Ey, see Definition 7.1.7. According to the conditions of Theorem 7.1.8 with parameter
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7.1. The shallow cut ellipsoid method as a method to compute approximate Lowner-John ellipsoids

¢ = 7, the ellipsoid Ejy; is defined such that it contains the intersection Ej N {z €
R"[{a,z) < {a,ck) + (VaT Da} and it follows together with (7.10) that

CC Ejpir.

The algorithm terminates after k iterations if all vectors ¢y, +7QZ:¢, x € N, are contained
in the convex set C. Since the set N is a 1-net of S"~!, it is guaranteed that the set C
contains the ellipsoid Fj, scaled by the factor /2,

~y
—xE, CC
2 * L &0,
see Corollary 7.1.5. Altogether, the ellipsoid Ej satisfies
i

The algorithm outputs the symmetric positive definite matrix D = (y2/4)Dy and the
vector ¢;. The ellipsoid defined by this matrix D and this vector ¢ satisfies

05 2 0& 2
E(D,C) =F (4D/€,Ck> - C - E(Dk,ck) =—xF <4Dkack> = — *E(D,C),
Y v
which shows that the ellipsoid E(D, ¢) is a 2/~-approximate Lowner-John ellipsoid of the
convex set C. O

It remains to show that the algorithm really terminates and outputs an ellipsoid.
This can be guaranteed since in each iteration the volume of the constructed ellipsoid
decreases by a single exponential factor. In the next lemma, we show that the volume of
the ellipsoid which would be constructed in the N-th iteration is smaller than the volume
of the convex set C.

Lemma 7.1.14. Let C C R" be a full-dimensional bounded convex set with vol,(C) >
re Voln(By(f) (0,1)) for some ry, > 0. If the ellipsoid Ey = B,(f) (Cout, Rout) defined in the
inttialization step of the rounding algorithm for convex sets, Algorithm 19, contains the
convez set C and Step 2(b)ii of the algorithm is executed at least N-times, where

N = 2%(10;2;2(3%0 - 10g2 (T’m)),

then
vol, (Exn) < vol,(C).

Proof. According to Theorem 7.1.8 with ( = =, in each iteration of step 2 in the algo-
rithm, the volume of the constructed ellipsoid decreases by the factor

_ (1—ny?
e 2(nt+l) |
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7. Computation of approximate Lowner-John ellipsoids

Hence, the volume of the ellipsoid Ey is bounded by

(1-ny)?

N
vol,(En) < <e_ 2(n+1) > -voly, (Ep)

N(1-ny)?

<2 2% . vol, (Ep).

Since Eg = B;LQ) (Cout, Rout), the volume of the initial ellipsoid is

vol,(Eg) = R, - vol,(BP)(0,1)) = 2nlos2(feut) . yo, (B2)(0,1))

U

and we obtain by our definition of N that the volume of the ellipsoid E is smaller than
the volume of C,

N(l—n

1 )
voln(EN) <27 2(n+1; +nlogy (Rout) 'V01n(B7g2)(0, 1))
— gmlosa(rin) . yol, (B)(0,1))
< vol,(C).
O

Combining Lemma 7.1.13 and Lemma 7.1.14, we are able to prove the correctness of
the algorithm.

Theorem 7.1.15. Given a full-dimensional bounded convex set C C R™ by a separation
oracle SEP¢ together with parameters r;,, Rour > 0 and a vector coyy € R™ such that

C C B (Cout, Rowt) and vol(C) > 77 - vol,(B?(0,1)),

and a parameter v with 0 < v < 1/n, the rounding algorithm for convex sets, Algorithm
19, computes a 2/v-approzimate Lowner-John ellipsoid, i.e., a positive definite matriz
D € R™"™ and a vector ¢ € R™. The ellipsoid E(D,c) satisfies

E(D,c) CCC =+ E(D,c).

=N

If we assume that we are able to perform all computations exactly over R, then the number
of arithmetic operations and the number of calls to the oracle are at most

(1_1717)2(10g2(R0ut) - IOgQ(Tin))zo(n)~
Proof. Each ellipsoid E, which is output by the algorithm satisfies E C C C (2/7)x E, as
we have seen in Lemma 7.1.13. Thus, we need to guarantee that the algorithm outputs
something. Hence, we assume that the algorithm constructs all N ellipsoids, which is the
only case, for which the algorithm does not output anything. The parameter N defined
in the initialization step of the algorithm is at most

(n+1)n
(1—mny)?

(n+1)n

V=12 (1 —nv)?

(loga(Ro) —loga(rin))] > 2 (loga(Ro) — loga(7in))-
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7.1. The shallow cut ellipsoid method as a method to compute approximate Lowner-John ellipsoids

Using Lemma 7.1.14 together with the assumption that vol,(C) > rP - voln(B,(f) (0,1)),
we see that after IV iterations, the volume of the ellipsoid constructed in the N-th iter-
ation is smaller than the volume of the convex body C, vol,(Ex) < vol,(C). This is a
contradiction to the fact that each ellipsoid constructed by the algorithm contains the
convex body as we have proven in Lemma 7.1.13.

Hence, there exists an iteration-step k < N where the algorithm does not construct a
new ellipsoid. In this step, the algorithm outputs an approximate Lowner-John ellipsoid.

The number of iteration-steps is at most N < 2(n+1)n/(1—nv)? (logy(Ro) — logy(1in))+
1. Since the set A can be constructed using at most 20(n) arithmetic operations, it is
easy to see that the number of arithmetic operations is at most

(s (10gs (Rout) — logy (rin)) 20

O]

It is easy to see that the rounding method runs in polynomial space if we can guarantee
that the representation size of each constructed ellipsoid is polynomial in the dimension
and in logy (Rout ~ri_n1). Thus we need to take care of the size of the constructed ellipsoids.
First, we prove that the coefficients of the matrices Dy and the vectors ¢ do not become

too large.

Lemma 7.1.16. Let C C R”™ be o full-dimensional bounded convex set, n > 2. Let
Rout > 0 and coyr € R™ such that C C B,(LQ)(cout, Rout). If the parameter v satisfies —1 <
v < 1/n, the rounding algorithm for convex sets, Algorithm 19, satisfies the following
properties: For each ellipsoid Ex, = E(Dy,ci), k > 0, constructed by the algorithm we
have

1. |leklla < Rout - 2%,
2. ||Dyll2 < R2,; - 2%, and

3. |D M2 < R,Z -9,

out

where ||Dg||2 denotes the spectral norm of the matriz Dy.

Proof. We will prove this by induction.

For k = 0, all statements are true since ¢ = 0 and Dy = Rgutln, with Rout # 0. For
k > 0, we start with the proof of the second statement. By definition, the spectral norm
of the matrix Dy, is

n*(1 —~?)

1Diaslls = 2 1-ny Dya(Dra)”
k12 -

n+1l 1-—+ aTDya

b, -

2

for some vector a € R"™.
It is easy to see that for symmetric positive definite matrices A, B € R™*™ we have
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7. Computation of approximate Lowner-John ellipsoids

|All2 < ||A+ Bl|2, see [MN99]. Since the matrices Dy 1 and —Dya(Dya)” are symmetric
positive definite, it follows that
2 2
n (1 —~7)
D < ————2||Dgll2.
1Dr+1llz < — 5——11Dxll2
Now, using the induction hypothesis, we obtain the following upper bound for the spectral
norm of D1,

b < IR2 b < B2, oM

out 3 out ’ out

n*(1—9%)
1Drtillz < —5——R

where the second inequality is due to the fact that 1 — 42 < 1. To prove the third
statement, we observe that the inverse of the matrix Dy is

D1;11:7n2_1 Dt + 2 .1+n’ya'aT ;
1 n2(1—42) n—1 1—+v a’Dia

see Lemma 7.1.9. Using the triangle inequality, the spectral norm of this matrix is at
most

2 T
_ n?—1 _ 2 1+ny [aa’|2
Dl < —— [ ID; ! : : :
Since the spectral norm of the matrix aa’ is a”a, we have
llaa™ || a’a Tz

= < max
aT'Dra  aTDpa — z#£0

i

2T Dy

which is exactly the spectral norm of D', ||D; *||2. Hence, we obtain that

n?—1 2 14+ ny
Dbl € ——— (1D ]2 + —— - D!
DA < gty (DR + g - T Iy
n?—1 2 1+ ny
=——|(1 . D1
T (R L
(n+1)? -1
=————"-=|D .
n2(1 I 7)2 ” k H2
Now, it follows by the induction hypothesis that
-1 (n+1)? —2 gk
HDk+1H2 < ’)7,2(1 — 7)2 : Rout -9
9 —2 gk
< 4 4 Rout -9

§9‘9k'R72_9k‘+1‘R72

out — out*
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7.1. The shallow cut ellipsoid method as a method to compute approximate Lowner-John ellipsoids

To prove the corresponding statement for the vector cpi1, we consider the difference
between this vector and the vector ¢;. The Euclidean norm of this difference vector is at
most

Dy.al|2
]

n+1 valDya

1 \/aTDnga
= 1—ny)Yt——
n 4+ 1( ) vaT Dra

ekt — ckll2

1 a’Dia

n+4 1( -m) alDya

I . (D,*a)7(D,*)T D, (D}/*a)
n+1 (D;/QG,)T(Di/Qa)

1/2
< 1-— D .
< —=(1-m)ID}”;

Since the eigenvalues of the square root of a positive definite matrix are the square root
of the eigenvalues of the matrix, we are able to apply the induction hypothesis and we
get

1 1
_ < — (1= Dills < ———(1 — ny) Ry 2872,
ka1 — crll2 < -y 1( nY)V || Dill2 < s 1( n7y) Rout

Hence, we obtain the following upper bound for the norm of the vector cgy1:

A

lekrillz < [lexsr — crlla + llexll2

< n+1 (1 - n'Y)Rout : 2k/2 + Rout - 2k
1
= Rout . <n+1(1 — n7)2k/2 + Qk)

1
— 2% R [ —— (1 —ny)2k2 41
Rout <n+1( ny) +

S 2k+1 : Rout-
O]

Now, it follows directly that the coordinates of each ellipsoid constructed by the algo-
rithm do not grow too fast.

Corollary 7.1.17. Let C C R" be a full-dimensional conver body. Let Ry > 0 and
Cout € R™ such that C C B,SQ)(cout, Rout). If the parameter v satisfies 0 < v < 1/n, then
each ellipsoid Ey = E(Dy,ci), k > 0, constructed by the rounding algorithm for convex
sets, Algorithm 19, satisfies the following properties:
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7. Computation of approximate Lowner-John ellipsoids

e Each coefficient d of the matriz Dy, satisfies |d| < R2,, - 2% and |d| > R%,97F if
d# 0.

e Each cocfficient c of the vector cy satisfies |c| < Rout - 2F and |c| > (1 —nvy)/(n +
DR-97% ifc#£0.

Obviously, this statement does not guarantee that the size of each instance constructed

by the algorithm does not grow too fast. The other problem is that we are not able to
compute the centers ¢ of the ellipsoids Fj exactly, since we are not able to compute the
square root over Q. Thus, rounding is unavoidable. It is done as follows: We consider
the binary representation of each coefficient and cut it after d digits behind the binary
point for some parameter d € N. So we approximate each coeflicient with a rational
number whose denominator is at most 2%. If we round the coefficients of the matrix Dy,
we need to be careful, since we need to guarantee that we obtain a symmetric positive
definite matrix.
For the constructed ellipsoids, rounding has the following effect on the algorithm: The
rounding of the center cj leads to a transformation of the ellipsoid, whereas rounding of
the matrix Dy, changes the shape of the ellipsoid. For the correctness of the algorithm,
we need to guarantee that C is contained in the rounded ellipsoid which can be done
using a careful scaling. In Chapter 3 of [GLS93] it is shown that it is enough to round
to at most 8 - N digits in the shallow cut ellipsoid method, where N is the number
of iterations, and that the algorithm nevertheless outputs an approximate Léwner-John
ellipsoid. Considering this together with Corollary 7.1.17 leads to the following upper
bound on the size of the ellipsoids Fj,

size(Fy,) < 2V R?

out?

where N is the number of iterations. Since
N < (1 —n7)"20(n?) (1ogs(Rout) — l0gy(rin)) ,
the size of the ellipsoid Fj is upper bounded by

p(l-m) 200 B3 1,

In the following, we will ignore this difficulty and we will assume that all instances
have polynomial encoding length and that all arithmetic operations can be carried out
in polynomial time. We summarize this in the following.

Theorem 7.1.18. Given a full-dimensional bounded convex set C C R"™ by a separation
oracle together with parameters v, Row > 0 and a vector coue € R™ such that

C C BP (cout, Rout) and vol,(C) > i Voln(B,(LQ)(O, 1)),

the rounding algorithm for conver sets, Algorithm 19, satisfies the following properties:
The number of arithmetic operations of the algorithm and the number of calls to the
oracle is at most

1 11 0() 0 0(n
Ty (loga(Fout ri 1)) O 900,
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7.2. A rounding method for {,-bodies

In each iteration, it computes an instance (Dy,cy), where Dy € Q™ " is a symmetric
positive definite matriz and ¢, € Q™. The rounding algorithm runs in polynomial space
and the size of each instance is at most

2O(n4)(Rout . r;?ll)O(l)'

The output of the algorithm is a 2/~v-approximate Lowner-John ellipsoid, i.e., an ellipsoid
ECR" with ECCC2/y*E.

7.2. A rounding method for /,-bodies

In this section, we use the algorithmic framework presented in Section 7.1 to obtain an
algorithm that computes an approximate Lowner-John ellipsoid for £,-bodies B;ﬁj){ ) (t, @)
with 1 < p < oo, which we defined in Section 6.4.3 in Chapter 6. If the corresponding
¢p-body contains an integer vector, we can guarantee that the algorithm outputs an
approximate Lowner-John ellipsoid. Otherwise, there are two possibilities: Either the
algorithm outputs an approximate Lowner-John ellipsoid or it outputs that the £,-body
does not contain an integer vector. We call this algorithm the rounding method for £,-
bodies.

To apply the rounding method for bounded convex sets to the class of £,-bodies, we
need to realize a separation oracle for £,-bodies. Given an £,-body Bﬁg,’,‘{) (t, ) together
with a vector y € R we need to decide whether y is contained in the £,-body. If this is
not the case, we need to be able to compute an affine hyperplane that separates the vector
y € R™ from the /,-body Bff;jx) (t,). Additionally, we need to determine parameters
Rout, min > 0 and a vector cyyy € R™ such that

B,(ﬁf:,‘l/) (t,a) C B,ﬁ) (Couts Rout) and Volm(Bﬁﬁ,’X) (t,a)) >rin- Volm(B,(,%)(O7 1)).
The assumption that the £,-body contains an integer vector is only needed for the com-
putation of a corresponding parameter r;,. In the next section, we will consider these

aspects in detail, see Section 7.2.1. Then we will present a detailed description of the
rounding algorithm for £,-bodies. This is done in Section 7.2.2.

7.2.1. Properties of /,-bodies

Computation of a circumscribed Euclidean ball

We have already seen in Lemma 6.3.3 in Chapter 6 that a general £,-ball B (t, )
is contained in an m-dimensional Fuclidean ball with radius a/n||V]|2, where |[V]|2
denotes the spectral norm of the matrix V. By intersecting this ball with the sub-
space ()i_,, 41 Hoe, we can construct a circumscribed Euclidean ball for the £,-body

BEY (¢, ).
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7. Computation of approximate Lowner-John ellipsoids

Lemma 7.2.1. Let Bf(ffjr‘b/) (t,a) be an Ly-body given by V € R™"™ nonsingular, t € R,

a>0,and 1l <p<oo. Then Bﬁg,’,‘{) (t, ) is contained in an m-dimensional Euclidean
ball with radius a+/n||V||2. The center of this ball is given by the orthogonal projection
of t onto span(ey,...,en).

Proof. The general £,-ball B (t, @) is contained in a Euclidean ball with radius a/n||V |2
centered at the vector ¢, see Lemma 6.3.3 in Chapter 6. Obviously, it follows that the /£,-

body B;ﬁjx) (t, @) is contained in the intersection of the Euclidean ball B (t, a/n||V]|2)
with the subspace ();_,, | Hoe;, which is the m-dimensional Euclidean ball with ra-
dius ay/n||V]|2. The center of this ball is given by the orthogonal projection of ¢ onto
span(eg, ..., em). O

Next, we will prove a lower bound on the volume of an £,-body provided that it contains
an integer vector.
Computation of a lower bound for the volume of an /,-body

The lower bound on the volume of an £,-body depends on the shape of the convex set,
that means on the parameters defining it, and on the radius of a circumscribed Euclidean
ball. For the proof of the lower bound, we consider a special representation of the £,-
body. If we use that o = ay,/ag with ay,,aq € N and consider the following convex
function,

F:R™ =R, 2o o[V (2", 0" —t)||2 — ok, (7.11)
then BEY)(t,a) = {z € R™|F(z) < 0}.

To illustrate the main idea of the proof which is due to Heinz [Hei05], we imagine
that the function F' is in addition differentiable and that we know an upper bound M
on the length of its gradients VF(z), z € R™, i. e, |[VF(2)|2 < M for all z € R™.
Furthermore, we assume that we know some parameter ¢ > 0 such that there exists a
vector £ € R™ with F(2) < —e < 0.

Since for every convex function the first-order Taylor approximation is a global under-
estimator of the function (first-order convexity condition), see Lemma 2.1.8 in Chapter
2, we obtain for all z € R™ that

F(i) > F(z) + VF(2)T (& — 2).
Using the Cauchy-Schwarz inequality, this yields the upper bound
F(z) < F(2)+ VF(z) (z — ) < —e + M||z — Z||2.

Hence, if a vector x € R™ satisfies ||x — Z|2 < ¢/M, then F(xz) < 0 and it is con-
tained in the set B%’X ) (t,«). This shows that B%’X ) (t,a) contains a Euclidean ball
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with radius €/M centered around Z and that the volume of Bﬁf;’x ) (t,a) is at least

(e/M)™ vol,, (B2 (0,1)).

For the function F' defined in (7.11) we can compute such a parameter e since we
can show that F' is enumerable. Revisiting Definition 4.3.14 in Chapter 4 we see that
a function f : R™ — R is enumerable if there exists an integer K € N such that
K -F(x) € Z for all x € Z™. So, F(x) is a rational number with denominator at most K
for every integer vector x € Z". Hence, if BT%”’,‘L/) (t, ) contains an integer vector & € Z™,
then F(z) < —1/K < 0. In the following claim, we give an upper bound on the number
K.

Claim 7.2.2. Let F : R™ — R be a function defined as in (7.11) given by a nonsingular
matriz V € Q™" a vector t € Q" and oy, aq € N. Let S be an upper bound on the size
of V71 t, ay, and ay.

Then, there exists an integer K < S27°P such that K - F(x) € Z for all x € ™.

Proof. Since oy, g € N, we observe that F(z) € 7Z if all coefficients of the matrix V!
and the vector t are integers. If V=1 = (v;;) € Q™" and t = (t;) € Q" the coefficients
of the vector V~!¢ are rationals of the form Z?Zl v;jtj. That means, each coefficient is
the sum of n rational numbers whose denominators are at most S2.

Hence, the multiplication of this vector with the product of these denominators yields an
integer vector. The multiplication of V' ~! with the same number yields an integer matrix.
Hence, there exists a number which is at most ($2)”* = 5§27 such that V~1((27, 0"~™)T—
t) becomes an integer if multiplied with this number. Since F' consists of the p-th power
of an ¢,-norm, there exists a number which is at most (§2n*) = §27°P guch that F(x)
becomes an integer if multiplied with this number. O

Now, the main remaining problem is that the function F' is not differentiable. Hence,
we need to modify the idea described above and work with the subgradient instead of
the gradient. We start with a short overview about subgradients.

Definition 7.2.3. Let f : R™ — R be a convez function and x € R™. A vector g € R"™
is called a subgradient of f at x if the following holds,

f(z) > f(x) + (9,2 — x) for all z € R". (7.12)

The inequality (7.12) is called subgradient inequality. Geometrically, this inequality
means that the graph of the affine function z — f(z)+(g, z—z) is a supporting hyperplane
of the epigraph of f at (z, f(x)) as it is shown in Figure 7.6. The subgradient inequality
is the corresponding equivalent to the first-order convexity condition for differentiable
convex functions. If f is differentiable, then the subgradient is unique and it is simply
the gradient of f at x. For a more detailed introduction into subgradients see [Roc70]
and [Pol87].

Now we can prove a lower bound on the volume of the set Bq(ffq‘{ ) (t,«) under the as-

sumption that for all R > 0and y € B (0, R) the length of a corresponding subgradient
is bounded.
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f(z)

(@, £ (2)
/

Figure 7.6.: Subgradient of a convex function. The subgradient g defines a support-
ing hyperplane of the epigraph of the function f at the point (z, f(z)).

Lemma 7.2.4. Let By(,fjx) (t, ) be an Ly-body given by V € Q™ ™ nonsingular, t € Q",
a = apfag > 0and 1 < p < oco. Let F : R™ — R be a function defined as in

(7.11). Let S be an upper bound on the size of B%’,’X)(t,a), Let R > 0 such that
B%’j:{) (t, ) is contained in a Euclidean ball with radius R centered at the origin. Assume
that there exists M € R, such that the following holds: For all y € Bﬁf)(o, R) there exists
a subgradient g € R™ of F at y which satisfies ||glla < M. If Bq(ffjx)(t, a) contains an
integer vector £ € Z™, then

Vol (BLY (8, ) > (SPVPM) ™™ - vol,, (B2(0,1)).

m

Proof. Let g € R™ be a subgradient of F' at the vector y € Bfﬁ) (0, R) which satisfies
llgll2 < M. Then it follows from the subgradient inequality (7.12) for & € Z™ that

F(z) > F(y) + (9,2 — y).

As we have seen in Claim 7.2.2, F(Z) is a rational number with denominator at most
S2n°p Since F (z) < 0 and using the Cauchy-Schwarz inequality, we obtain

~ N _ 2 N _ 2 N
F(y) <F@)+(g,y—2) < =S P+ |lglla - [ly — &)l < =572 P + M|y — &|2

which shows that every vector y € B (0, R) with ||[y—2||2 < S~27°P /M satisfies F(y) < 0
and is contained in Bq(ffjx)(t, a).

Hence, the £,-body Bfﬁjy‘{) (t,c) contains a ball with radius (S2"*?M)~! centered at 2
and the claimed lower bound for the volume follows directly. O
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This result shows that we need to compute for every vector y € B,(TZL)(O7 R) an upper
bound on the length of a corresponding subgradient of F' depends only on the parameter
R if we want to obtain a lower bound on the volume of the £,-body Bﬁfjp (t,a). To do
this, we develop an explicit expression of a subgradient of F' in the following. We start
with the computation of a subgradient of the following simple function.

Lemma 7.2.5. Let y € R" and 1 < p < co. Then a subgradient g € R™ of the function

n

F,:R" — R, x+—>2|xi\p
i=1

)T

at the vector y is given by g = (g1,-..,9n)" , where

g; = sign(y;) - |yilP .

Proof. The proof consists of showing that the vector g satisfies the subgradient inequality
(7.12). Since F), is a nonnegative combination of the functions = — |z;|P, 1 < i < mn, it is
enough to consider the case where n = 1.

For all z € R and 0 < A <1 it follows from the convexity of the function F), that

Fp(y+ Az —y)) < (1= NF(y) + AFp(2)

or equivalently that

Fy(2) 2 5 (Fly + Az — ) — (1= NE) = Fp(0) + 5 (Fp(y+ A= — ) — Fy(0)).

Hence, the vector g € R satisfies F},(z) > F,(y) + g - (2 — y) if we can show that

Fp(y +A(z =) = Fply) = A g- (= —y) = Asign(y) - [y[" ' (z — y).
By definition of F},, we have Fj,(y + A(z —y)) — Fp(y) = |y + A(z — y)|P — |y/|P. Since for
all a,b € R, m € N, it holds that b —a™ = (b —a) - Z;’;Bl b ~1=ial ) we see that

p—1

y+ Az =P =P =y + Az == 1y)- D> _ly+Az—y)P "yl
=0

> (ly + Az = )| = ly]) [y~
Since for all a,b € R, |a|—|b| > sign(b)-(a—b), this is at least \-sign(y)(z—y)-|y|P~L. O

To compute a subgradient of the function F' defined as in (7.11), we combine this
result with the following lemma, which shows how a subgradient changes if we consider
an affine transformation of the variables or the function.

Lemma 7.2.6. Let f: R"™ — R be a convex function.

e Let hy : R™ — R be defined by hi(x) := f(Ax + ), where A € R™™ is a nonsin-
gular matriz and € R™. Let g1 € R" be a subgradient of f at the vector Ay + (3.
Then, the vector AT gy is a subgradient of hi at the vector y.
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7. Computation of approximate Lowner-John ellipsoids

e Let hg : R™ — R be defined by ha(x) :=a- f(x) + b, where a € R\{0} and b € R.
Let go € R™ be a subgradient of f at the vector y € R™. Then a- g9 is a subgradient
of ho at the vector y.

Proof. Let g1 € R™ be a subgradient of f at the vector Ay+ 3, i.e., f(z) > f(Ay+5) +
(9,2 — (Ay + B)) for all z € R™. Thus, for all z € R™ it holds that

hi(z) = f(Az + B)
> f(Ay+ B) + (g1, Az + B — (Ay + B))
=f(Ay+ﬁ) (91, A(z — y))
= h(y) + (ATg1,2 —y),

which shows that ATg; € R™ is a subgradient of hy at the vector y.
Let g2 € R™ be a subgradient of f at the vector y € R", i.e., f(2) > f(y) + (92,2 — y)
for all z € R™. Thus, for all z € R" it holds that

O]

If we apply this result with A = V!, 3 = =Vt and a = of}, b = of, and restrict
the subgradient to its first m coordinates we are able to give an explicit expression of a
subgradient of the function F.

Lemma 7.2.7. Form,n € N, m <n, a subgradient at the vector y € R™ of the function
F:R™ =R, v |V (" 07T - Hlp —ab,

where V. € R™™ s nonsingular, t € R", an,aq € N and 1 < p < oo, is given by the
vector abg € R™ defined by

9= (V") D, mys
where g € R™ is defined by
gi =sign([V"'(y = 0)) - [V "y — ).
Using this explicit expression of the subgradient, we are able to give an upper bound

on its length. In the following we denote by (i  ,,; € R™ the vector in R™ which
consists of the first m coordinates of the vector z € R™.
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7.2. A rounding method for {,-bodies

Lemma 7.2.8. Let y € Bg)(O,R) C R™. Let V € Q™" be nonsingular, t € Q", ay,
ag €N, 1 <p<oo. Let g€ R™ defined by g = [(V—l)Tg]{L__M} where g € R™ is given
as g; = sign([V ="y —)])|[V -y —t)|P, 1 <i<n. Then

+1
HongHg <m- (adnS2R)p
where S is an upper bound on the size of V' and t.

Proof. Since ||g]|l2 < m - max{|g;||1 < i < m}, it is enough to compute an upper bound
on the coefficient of the vector g.

Ifv-1 = (vij)i; € Q™™ and t = (t;); € Q", the k-th coefficient, 1 < k < n, of the
vector V~1(y —t) is given by

n
IV y = Bl < ok - (yy — 5)I-
j=1
Since the coefficients of V! and t are at most S and since each coefficient of y is at most
R (in absolute values), we obtain
IV y -tk <n-S(R+S) <nRS%
Hence, each coefficient of the vector g is at most
lgil < (nRS?)P.
With the same argumentation, we obtain that each coefficient of the vector g is at most
lgi| <n-S(nRS*)P < (nS*R)PTL.
O

Using this upper bound together with Lemma 7.2.4 and the upper bound of a radius
of a circumscribed Euclidean ball, we get the following lower bound on the volume of
Bl (t, ).

Lemma 7.2.9. Let B,(ff:,‘{) (t,a) be an Ly-body where t € R", V € Q™" is nonsingular,
ac€Qt and 1 < p< oco.
If B,(ffj,‘{) (t, ) contains an integral vector, its volume is at least

—m(p+1)
volu(BEY(t,0)) > (S22 V) " vol (B (0,1),

m

where S is an upper bound on the size of V1 and t.

Proof. Tt follows from Lemma 7.2.1 that the convex body Bq(ffj,‘@/ ) (t, ) is contained in a
Euclidean ball centered at the origin, whose radius is at most ay/n||V|j2 + mS. Hence,

if we choose R := ay/nm||V||2 - S, the Euclidean ball B (0, R) contains BT(,%X) (t, ).

223



7. Computation of approximate Lowner-John ellipsoids

Combining this with the result from Lemma 7.2.8, we obtain from Lemma 7.2.4 that
the volume of B,(,fj,‘l/ ) (t,) is at least the volume of the Euclidean unit ball B,(,%)(O, 1)
multiplied with the factor

. (1)
<52”2p -m(agnS?ay/nm||V||2 - S)pH) = (52”2mn83ada\/ﬁm\|VH2) o

Since ag - @ = ap < S, the statement follows. ]

Realization of a separation oracle

Now we show that we are able to realize a separation oracle for ¢,-bodies. Again, we
use here that B,(ﬁfjp (t,c) can be characterized as {x € R™|F(x) < 0} if the function
F is defined as in (7.11). Since we are able to compute a subgradient of this function

efficiently, we are able to compute a separating hyperplane efficiently.

Lemma 7.2.10. Let f : R — R be a convez function and Co, := {x € R"|f(z) < a}
be the corresponding convex set for some o« > 0. Let y € R™ with y & Co. Then, any
subgradient g € R™ of f at y defines a hyperplane that strictly separates y from Cq, i.e.,

(g,2) < (g,y) for all x € Cq.

The proof of this lemma follows directly from the subgradient inequality (7.12).

Proof. Let g € R™ be a subgradient of f at y. Then for all x € R™ we have

f(@) > fy) + {9,z —y)

or equivalently

(9,7) < f(x) = f(y) + (9, 9)-

If z € Cy we have f(z) < a and since y & C,, we have f(y) > «. Hence, f(z) — f(y) <
0. O

Thus, Lemma 7.2.7 leads to an efficient realization of a separation oracle for an /-
body.
Together with the results from Lemma 7.2.1 and Lemma 7.2.9, this shows how we can
realize the general rounding method for convex sets presented in Section 7.1 to obtain
an algorithm that computes an approximate Lowner-John ellipsoid for £,-bodies.

7.2.2. Description and analysis of the algorithm

Using the results from Section 7.2.1, we are able to present a concrete realization of
the rounding method for bounded convex sets presented in Section 7.1.3 that computes
approximate Lowner-John ellipsoids for £,-bodies B,(fff,’;/ ) (t, &) which contain an integer
vector. Essentially, the rounding algorithm for f,-bodies is a strict realization of the

rounding algorithm for bounded convex sets presented in Algorithm 19.
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7.2. A rounding method for {,-bodies

The input of the algorithm is an £,-body B,(ﬁj,‘f ) (t,a) € R™ given by a nonsingular

matrix V € Q™" a vector t € Q" and parameters o > 0 and 1 < p < oco. In the initial-
ization, the algorithm computes a vector ¢y € R" and a parameter Ry, > 0 such that
Bfﬁjr‘{) (t,a) C B,(g)(cout, Royt). This is done according to Lemma 7.2.1. The parameter
Ryt together with a parameter r;,, which is determined according to Lemma 7.2.9, are
used to determine an upper bound for the number of iterations.

After the initialization, the algorithm continues iteratively in the same way as the round-
ing method for bounded convex sets. The only difference is in step 3(b)ii), where the
algorithm computes a separating hyperplane directly according to Lemma 7.2.10 instead
of using a separation oracle. A detailed description of the algorithm is presented in
Algorithm 20.

The correctness of the algorithm follows directly from the previous statements.

Theorem 7.2.11. (Theorem 6.4.14 restated.)

Let Bq(fqu‘{)(t, a) CR™ be an €y-body given by V- € Q™™ nonsingular, t € Q", a > 0 and
1 < p < oo. Given such a conver set together with a parameter vy with 0 < v < 1/m, the
rounding method for (,-bodies, Algorithm 20, satisfies the following properties:

o The output of the algorithm is one of the following:
— Fither it outputs that B,(S”X) (t,«) does not contain an integer vector, or

— it outputs a 2/vy-approzimate Lowner-John ellipsoid, i.e., a positive definite
matriz D € Q™™ and a vector ¢ € Q™ defining the ellipsoid E(D,c) such
that

E(D,¢) C BEY)(t,0) C 2 % E(D,c).
’ v

In this case, the size of the ellipsoid is at most 20(n)0(n?p)

e The algorithm runs in polynomial space and the number of arithmetic operations is
at most

T (- Toga(r) P20

Here, r 1s an upper bound on the size of the £,-body.

Proof. The correctness of the algorithm follows directly from Theorem 7.1.15 in combi-
nation with Lemma 7.2.1 and Lemma 7.2.9.

The number of arithmetic operations of the rounding method is mainly determined
by the size of the set N and the number of iterations. The number of iterations is
mainly influenced by the radius Rg,; of the circumscribed Euclidean ball and the lower
bound on the volume of the polytope r;,. The circumscribed Euclidean ball has radius

225



7. Computation of approximate Lowner-John ellipsoids

Algorithm 20 Rounding method for /,-bodies
Input:

e An {,-body B,%;X) (t,a) given by V € Q™*™ nonsingular, a vector t € Q™ and a
parameter a € Q, @ = a,,/ag > 0, and
e a parameter v with 0 <y < 1/m.

Output: An ellipsoid £ C R” given by a symmetric positive definite matrix D and a
center ¢, or the statement that B%):X) (t, ) does not contain an integer vector.
1. Set
a) 7+ max{size(V 1), size(t)},
b) Rout < a/n||V]2, and

c) T (TQ(n2+2)m2n2Hv‘b)—m(p—&-l)_

2. Set
(m+1)m )
a) N « (2(1—m7)2 (IOgQ(Rout) - 10g2 (rmﬂy
b) Do + R2,, - I, and co < > (L, e;)e;.

3. For0<Ek <N,

a) compute a decomposition of the matrix Dy, Dy = QEQ;C.

b) Check if there exists z € {z/||z||2| z € Z™ N B2 (0,2y/m)\{0}} such that
& + e +7Qir & BEY)(t,a).
i. If no such element exists, output E((y2/4) - Dy, cx).
ii. Otherwise, compute

a+ (V)9 q,.my €R™,

where g; < sign([V (0™, &[)T = t);) - | V(0™ &))" — 1)
for 1 <4 <n and set

1—my Dya

m+1  \/aTDia

m2(1 —~?) 2 1-my Dya(Dya)T
m?—1 T m1l 1—~ a® Dra ’

Cht1 ¢ Ck — and

Dyy1

4. Output that B%’X) (t, ) does not contain an integer vector.
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7.2. A rounding method for {,-bodies

Rout = ay/n||V||2. Since the spectral norm of a matrix is smaller than ||[Vjs < n -
max{|v;;||1 <i,j < n} and we obtain

R < an?/? size(V).
The size of the matrix V is at most
nn/2 Size(v—l)n(n—l) < ,’,Ln/Q,r_n(n—l)7

since 7 is an upper bound on the size of V™. Since r is also an upper bound on the
parameter o, we obtain

2

Rou < n(m+3)/2pnn=1)+1 < p4n® (7.13)
The lower bound on the volume of the £,-body is given by the parameter
ri—n1 _ (7‘2(n2+2)m2n2HV||2)(p+1)m,
With the same argumentation as above, we obtain
7“;11 < (7“2("2+2)m2n2n"/2 . rn("_1)>(p+1)m (7.14)

< (742(712 +2)+4+n+n2 ) (p+1)m
< (r10”2> (p+1)m '

This shows that the number of iterations is at most

m(m+ 1) 1
N<2—=1 Royt - 7; 1
= (1 _ m7>2 OgQ( t " Tin ) +
m(m + 1) a2 10n2m(
<2——— 2] nt L plontmp L)y 4 g
S ogy(r r )+
m(m+ 1) 11n2
P IV | n*m(p+1)y 4 q
S ogy(r )+
<(p+ 1)7”0(1) log, ()
=W (1 —mry)? B21):

In each iteration we need to check for each element x from the set A, whether the
vector ¢, + QL z v - x is contained in the £,-body Bfff:p (t, ). Since |N| < 2™ as we
have shown in Lemma 7.1.6, this can be done using n®M2°0™) arithmetic operations.
The other operations are standard matrix operations. Hence, we obtain the following
upper bound for the number of arithmetic operations used by the algorithm

p+1 m
T—myr ™ logy(r))?290m),
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7. Computation of approximate Lowner-John ellipsoids

According to Theorem 7.1.18 we can assume that the algorithm runs in polynomial space
and that the size of each computed instance Fj is at most 20("4)(Rout . r;ll)o(l). Using
(7.13) and (7.14), we obtain

1)

_ 90(n*), O(np)

200) (yin’ .r10”2m(P+1)>O( r

7.3. A rounding method for polytopes

The general rounding method for bounded convex sets can also be used to compute a
2 /~-approximate Lowner-John ellipsoid for full-dimensional polytopes for some param-
eter 0 < v < 1/n. As polytopes can be characterized as the intersection of finitely
many halfspaces, we are even able to improve the general rounding method in this spe-
cial case. This leads to an algorithm originally developed from Goffin and Lenstra,
see |Gof84], [Len83|. In this section, we will describe this algorithm that computes a
1/~y-approximate Lowner-John ellipsoid and whose number of arithmetic operations is
polynomial in the dimension, in the number of constraints and logarithmic in the size of
the polytope. In contrast to the class of £,-bodies, we can guarantee that the algorithm
computes an approximate Léwner-John ellipsoid.

We observe that it is important that the number of arithmetic operations is poly-
nomial in the number of constraints defining the polytope. For example, if we con-
sider the unit ball of the fi-norm, then this ball can be described as the polytope
{r € R"|{z,e) <1 and (z,e) > —1 for all e € {1,—-1}"} using 2"™! constraints. Hence,
in this case we obtain an algorithm which is single exponential in the dimension.

Before we describe how we modify the rounding method, we first describe how we
realize a separation oracle for polytopes. Furthermore we show how for a given polytope
we can compute a circumscribed Euclidean ball and a lower bound on its volume.

7.3.1. Properties of polytopes

In the following we always assume that we are given a full-dimensional polytope P C R"
given by a set of integral constraints a; € R"™, 1 < ¢ < s, together with a set of parameters

{Blu"'aﬁs}gﬂ\L
P = {z € R"|{(a;,z) < B; for 1 <i < s}.

Separating hyperplanes for polytopes

Since we assume that the polytope is given by a set of constraints described as above,
the computation of separating hyperplanes is trivial. Every vector y € R™ which is not
contained in the polytope violates at least one constraint, i.e., there exists an index ig,
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7.3. A rounding method for polytopes

1 <y < s, such that (a;,,y) > Bi,- This constraint defines a hyperplane that separates
y from the polytope P.

In Section 2.2.3 of Chapter 2, we considered some properties of polytopes. We can use
these results obtained there to determine the corresponding parameters for the rounding
method.

Properties of polytopes

In Lemma 2.2.20 in Chapter 2, we have seen that a full-dimensional polytope given by
integral constraints is contained in a Fuclidean ball with radius Rey: = n+1/2pn con_
tered at the origin, where r is an upper bound on the size of the polytope.

Furthermore, we have shown in Chapter 2 a lower bound for the volume of symmetric
full-dimensional polyhedra, see Lemma 2.2.17. Since we want to construct an algo-
rithm that computes an approximate Léwner-John ellipsoid also for a non-symmetric
full-dimensional polytope, we need to generalize this result. To compute a lower bound
for the volume of a non-symmetric full-dimensional polytope, the idea is to construct
a simplex which is fully contained in the polytope. Then, the volume of this simplex
provides a lower bound on the volume of the polytope.

Lemma 7.3.1. Let P C R™ be a full-dimensional polytope given by s integral inequalities
(aj,z) < B;, where a; € Z™, B; € Z for 1 <i < s, i.e.,

P ={z e R"|{a;,z) < B for1 <i<s}={xeR"ATz <b},
where A is the matriz which consists of the columns a; and B := (B1,...,Bs)" € Z*.

Then the volume of the polytope P is at least

Vol (P) > 27" = nn4 /2 p=n(ntD)

where r is the size of the polytope.

Proof. Since P is a full-dimensional polytope, it contains n+1 affine independent vertices
{vo,...,vn}. The convex hull of these vertices is a simplex, which is completely contained
in P, that means

vol,, (P) > voly,(conv(vg, v1, ..., v,)).

The volume of this simplex is given by

1
1 det( I | )'
vo ... Up

n!
For each vertex v;, 0 < i < n, there exists a submatrix A; of AT such that A;v; = d;,
where d; is the vector which consists of the corresponding coefficients of the vector b.
Using Cramer’s Rule, the j-th coefficient of v; is of the form
det(Aij)
Vis — 7
Y det(Ai)
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where A;; is the matrix A; where the j-th column is replaced by d;. Using this, we get
1 ... 1 _ 1 det(Ap) det(A,)
vo ... Un ) [T, det(A;) \ det(Ag)-vo ... det(Ap)-v, /°

The matrix on the right has integral coefficients. Hence, the determinant of this matrix
is at least 1,

det( det(4g) ...  det(4y) )‘

det 1 ... 1 . 1
v9 ... Up - H?:l | det(A1)| det(Ao) “vg .- det(An) < Up,

1
P —
[y [det(As)]

Using the upper bound for the determinant from Claim 2.2.18 in Chapter 2, we get

| det(A;)| < n™2size(A;)" < n™ 2"

and
1 1 1 1 ( -
= S 5 n/2,mn
o det(vo vn)‘_n! (H)n 7“)
—(n+1
Zi<n”/2r") ( ).
n!

Using n! < 2”2, see Section A.0.3 in the Appendix, we get the following lower bound for
the volume of the polytope

vol, (P) > 9—n? ,—n(n+1)/2 . —n(n+1)

7.3.2. Description and analysis of the algorithm

Obviously, it is possible to perform the algorithm that computes approximate Léwner-
John ellipsoids for polytopes in the same way as the algorithm that computes approximate
Léwner-John ellipsoids for £,-bodies. For polytopes, it is even possible to improve the
approximation factor of the computed approximate Lowner-John ellipsoid. With these
improvements, we are able to compute an approximate Lowner-John ellipsoid with ap-
proximation factor 1/ in polynomial time instead of computing an approximate Lowner-
John ellipsoid with approximation factor 2/ in single exponential time.

Since a polytope is the intersection of finitely many halfspaces, we are able to check
efficiently whether the shrinked ellipsoid v x F is contained in the polytope P. Suppose
the polytope P is given by s integral inequalities (a;,z) < B;, where a; € Z", B; € Z
for 1 < ¢ < s. Then, the ellipsoid v x F is contained in P if it is contained in all the
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halfspaces {x € R"|(xz,a;) < 5;}. That means, for all 1 < ¢ < s, it is sufficient and
necessary that max{(a;, x)|z € yx E} < f3;, that means
v* E C P if and only if max{(a;,z)|x € y*E} < f; forall 1 <i<s.

The linear function (a;,z) has the maximum value (a;, z) + vy/al Da; over v * E, as we
have seen in Lemma 6.4.4 in Chapter 6. Hence, the ellipsoid v * E' is contained in the

polytope E if and only if (a;,z) + vy/al Da; < f3; for all 1 <14 <'s, or equivalently if

(ai,z) < B;i —yy/al Da; for all 1 <i < s.

Geometrically, this condition can be interpreted as follows: The ellipsoid y*xF is contained
in the polytope if and only if the vector ¢ is contained in the shrinked polytope

(a;,x) Sﬂi—’ymforalllgigs}.

We will prove this result formally in the following lemma.

P’:{xG]R"

Lemma 7.3.2. Let P C R™ be a full-dimensional polytope given by s integral inequalities
(aj, ) < Bi, where a; € Z", B; € Z for 1 < i < s, ie., P = {x € R"{(a;,z) <
Bi for all 1 <i < s}. Let 0 <y < 1/n. Let E = E(D,c) be an ellipsoid in R™. If the
center of this ellipsoid is contained in the shrinked polytope

P':={x € R"{a;,z) < Bi —vy\/al Da; for all 1 <i < s} (7.15)
the ellipsoid v x E is contained in the polytope, vy x E C P.

To prove the lemma, we can obviously argument as above, but we can also prove it
directly using the generalized Cauchy-Schwarz inequality.

Proof. We consider a vector x € v« E = E(y?D, ¢), i.e.,
(x—c)T(v*D) Nz —c)<1or (z—c)'DHa—c) <AH2 (7.16)

We will show that such a vector z satisfies all s constraints defining the polytope P.
Let 1 <4 < s. Using the generalized Cauchy-Schwarz-inequality for symmetric positive
definite matrices, see Lemma 2.2.5 in Chapter 2, we obtain

(z,a;) = (x — c,a;) + {c,a;) < \/(l‘ —c)'D 1z —c¢)- \/aiTDai + (¢, a;).

Since x is an element from the ellipsoid v+ E, (7.16), and since the vector ¢ is contained
in the polytope P’ defined in (7.15), this is at most

(z,a;) < /7?2 -1\/al Da; + B — yy/al Da; = B;.
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Now, we are able to present a detailed description of the algorithm that computes
an approximate Lowner-John ellipsoid for full-dimensional polytopes. As in the general
rounding method for convex sets, the algorithm computes in the initialization step a
radius Ry, such that P C BSLQ)(O, Rout) according to Lemma 2.2.20 in Chapter 2. This
ball is chosen as the initial ellipsoid. After this, the algorithm works iteratively. Given
an ellipsoid E(Dy, ck), the algorithm considers a shrinked polytope

P ={z e R"{(z,a;) < B; — 'yy/a;prkai forall 1 <i < s}

and it checks if the center ¢ of the ellipsoid is contained in this polytope. If this is the
case the ellipsoid v * E(Dy, c) is contained in the polytope as we have seen in Lemma
7.3.2.

Otherwise, there exists an index iy such that the condition is violated, i.e., {ck, a;,) >

Bio — YA /a%Dk, ai,. For such an index, the algorithm considers the intersection of the

ellipsoid Ey and the halfspace {x € R"|(a,, x) < (ck, aiy) +74/ak Dya;,} and constructs
an ellipsoid Ej4; which contains this intersection according to the construction in Sec-
tion 7.1.2. A detailed description of the algorithm is given in Algorithm 21.

The rounding method for polytopes is a variant of the rounding method for bounded

convex sets, but we are not able to transfer the results directly since we use another
criterion to decide whether we have already found an approximate Lowner-John ellipsoid.
Especially, we need to show that we can construct a shallow cut if we have not found an
approximate Lowner-John ellipsoid.
In the next lemma, we state the main properties of the algorithm. We show that each
ellipsoid constructed by the algorithm satisfies the property that it contains the polytope.
Additionally, we show that the output of the algorithm is an approximate Léwner-John
ellipsoid.

Lemma 7.3.3. Let 0 < v < 1/n. Let P C R" be a full-dimensional polytope given
by s integral inequalities (a;,x) < B;, where a; € Z", B; € Z for 1 < i < s, i.e.,
P ={x e R"{a;,z) < B; for all 1 <i < s}. Then, the rounding algorithm for polytopes,
Algorithm 21, satisfies the following properties:

e FEach ellipsoid Ey, constructed by the algorithm contains the polytope, P C E(Dy, cx)
for all k> 0.

e The outpul of the algorithm is a 1/v-approzimate Lowner-John ellipsoid E of P,
that means

ECPC(1/y)+E.

Proof. First, we show that every ellipsoid which is constructed by the algorithm contains
the polytope P. We do this by induction in the same way as in the proof of Lemma
7.1.13 in Section 7.1.
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7.3. A rounding method for polytopes

Algorithm 21 Rounding method for polytopes
Input:

e A full-dimensional polytope defined by s constraints (a;,z) < f;, where a; €
7", B, € %4, 1 <i<s,and
e a parameter v with 0 <y < 1/n.

Output: An ellipsoid £ C R" given by a symmetric positive definite matrix D and a
center c.

1. Set r < max{size(a;), size(3;)|1 < i < s}.

2. (Initialization)
Set
a) Rout < n(n+1)/27m’
b) N < [2(n + 1)3n (logy(Rout) + (n + 1) logy(2n7))] and
¢) Do+ R?-1I, and ¢y < 0.

3. For 0 < k < N, check if there exists an index ig, 1 < ig < s such that

<ck,ai0> > 51‘0 — ’}’\/G%Dkaio.

a) If no such inequality exists, output E(y2Dyg, cy).
b) Otherwise, set

Chtl — Cl; — L=ny  Draiy and
+ n+1 /G%Dkaz‘o

Doy n2(1 —~2) Dy - 2(1 —n7y)  Dgai,(Drai,)”
AR i+ 00-7)  d D, )

In the initialization, the algorithm computes the parameter R, as a radius of a circum-
scribed Euclidean ball, P C B,(LQ)(O, Rowt) = BE(R2,,1,,0), see Lemma 2.2.20.

out

If we consider an index k > 0 such that P C E(Dy,ck), the algorithm constructs the
ellipsoid Eyy1 = E(Dg41,ck+1) only if there exists an index iy, 1 < ig < m, such that

<Ck‘7aio> > B’L'Q - ’Ym

In this case, every element x € P satisfies

(aig, ) < Big < (Ck» i) + 71/ 0l Drig.-
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That means P is contained in the halfspace

{J; € R"(a;y, x) < (cg,aiy) + ’y\/a%’;DkaiO} )

Since we assume that P is also contained in the ellipsoid E(Dy, c), we have

P C E(Dg,c) N {SE S R”](aio,x> < (ck,ai()) +7\/Q%Dkaio} .

According to Theorem 7.1.8 with the parameter { = =, the ellipsoid E(Dgy1, 1) is
defined such that it contains the intersection of the ellipsoid E} with the halfspace,

Ep 0 {z € R"({aiy, z) < (ck, aig) + 71/ @} Draig} € Egy,

which shows that P C Ej1. The algorithm terminates after k iterations if the center cy,
of the ellipsoid E}, is contained in the shrinked polytope P’, that means if

(ckyai) < B — Vy/azTDka,— foralll <i<s. (7.17)

As we have seen in Lemma 7.3.2, this guarantees that v x Ei, C P. Altogether, the
ellipsoid F, satisfies

Y x Ek - P - Ek.
The algorithm outputs the symmetric positive definite matrix D = 42D, and the vector
¢ = ¢g. The ellipsoid F (D, c¢) defined by this matrix D and this vector ¢ satisfies
1 1
E(D,c) = E(y*Dy,cx) C P C E(Dy,c) = — x E(v?Dy, cx) = — % E(D, c).
8l B

Hence, the ellipsoid E(D,c) is a 1/~-approximate Léwner-John ellipsoid. O

It remains to show that the algorithm really outputs an ellipsoid. This can be done
analogously to the general rounding method for bounded convex sets using that the
volume of each constructed ellipsoid decreases by a single exponential factor. In Lemma
7.3.1, we have seen that the volume of the polytope P is at least

Vol (P) > 277 p~nnt1)/2p.—n(n+1) (7.18)
2

> zannfn(nJrl)/QTfn(nJrl) VOIH(BT(“L )(07 1))

- vol, (BS™ (0, 1))

2—n(n+1)n—n(n+1)/2r—n(n+1) VOln(BﬁLQ) (0’ 1))

> (2nr) 7" vol,, (B?)(0, 1)).

Hence, 73, = (2nr)~ (1) provides a lower bound on the volume of the polytope P.
Consequently, in the initialization step of the algorithm, the upper bound for the number
of iterations is chosen as

N = 2(n +1)*n (logy(Rout) + (n + 1) logy(2nr))
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7.3. A rounding method for polytopes

where Ry is the radius of the circumscribed Euclidean ball, which defines the initial
ellipsoid.
Combining these results, we obtain the following theorem.

Theorem 7.3.4. (Theorem 6.4.12 restated.)

Given a full-dimensional, bounded polytope P = {x € R"|{a;,z) < B; for all 1 <1i < s}
with a; € Z",B; € Z, and a parameter vy with 0 < v < 1/n, the rounding method
for polytopes, Algorithm 21, computes a 1/v-approximate Lowner-John ellipsoid, i.e., a
positive definite matrizc D € Q™™ and a vector ¢ € Q" defining the ellipsoid E(D,c)
such that

The algorithm runs in polynomial space and the number of arithmetic operations of the
algorithm is

(ns - logy(r)) ™)

where 1 is the size of the polytope. The size of the approzimate Léwner-John ellipsoid is
at most

2(9(n4)r(9(n).

Proof. As we have seen in Lemma 7.3.3, if the algorithm outputs an ellipsoid E(D,c)
then this ellipsoid satisfies

1
E(D,c) CPC —xE(D,c).
Y

So far, we have not shown that it is guaranteed that the algorithm outputs something.
Hence, we assume that the algorithm constructs all N ellipsoids En. In this case the
algorithm would not output anything. The number of iterations of the algorithm is N,
where

N > 2n(n + 1)3(logy(Rout) + (n + 1) logy(2n7)).
We have seen in (7.18) that
vol, (P) > (2nr) """V vol,, (B2)(0,1)).

Hence, it follows from Lemma 7.1.14 that after NV iterations the volume of the ellipsoid
constructed in the N-th iteration is less than the volume of the polytope,

vol, (En) < vol,(P).

This is a contradiction to the fact that each ellipsoid constructed by the algorithm con-
tains the polytope as we have proven in Lemma 7.3.3.
The number of arithmetic operations of the algorithm is dominated by the number of
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iterations, which is at most IN. In each iteration, we need to check s constraints. This
can be done using at most n®1) arithmetic operations. Also the rest of the computa-
tions can be done using at most (n - s)°() arithmetic operations. Hence, we obtain the
following upper bound for the number of arithmetic operations of the rounding method
for polytopes

(2n(n + 1)?(logs(Rout) + (n + 1) log,(2nr))) (sn)o(l)
= (2n(n+ 1) Qogy(Vain"/r") + (n + 1) logy(2nr) ) - (sm)°)
< (ns 10g2(7“))0(1).

As we have seen in Theorem 7.1.18; we can assume that the algorithm runs in polynomial
space and that the size of each constructed instance Ey = E(Dy,c) is at most

2(’)(n4) (Routri:})(g(l)‘
Since Ry = n(®TD/2¢ and r;ll = (2nr)"*1 this is upper bounded by

2(9(714) (n(n+1)/2rn(2nr)n+1)(’)(1) _ 2O(n4)r(9(n) )

7.4. Discussion of the results

In this chapter, we have described algorithms that compute approximate Léwner-John
ellipsoids for the class of /,-bodies with 1 < p < oo and for polytopes. Hence, our as-
sumptions made in Chapter 6 are satisfied and there exists a deterministic polynomially
space bounded algorithm that solves the lattice membership problem for /,-balls and
polytopes. As we have seen in Theorem 4.3.13 in Chapter 4 this leads to a deterministic
polynomially space bounded algorithm that solves the closest vector problem with re-
spect to an £,-norm, 1 < p < oo, or a polyhedral norm, e.g. the {;-norm or the {,-norm.

We presented the algorithms by using a general framework which computes for a
bounded convex set given by a separation oracle a 2/v-approximate Lowner-John el-
lipsoid for some parameter 0 < v < 1/n. The number of arithmetic operations and the
number of calls to the oracle are polynomial in 1/7, but single exponential in the di-
mension n. This general framework could be adapted to the class of £,-bodies such that
we obtain an algorithm which computes a 2/~-approximate Lowner-John ellipsoid for a
given £,-body, where the number of arithmetic operations of the algorithm is polynomial
in 1/7, logarithmic in the size of the £,-body, and single exponential in the dimension.

With regard to the approximation factor, this result is almost optimal, since for every
full-dimensional bounded convex set, there exists a n-approximate Lowner-John ellipsoid
as it is proven in John’s lemma. On the other hand, an improvement of the running time
would be desirable but seems to be impossible using the techniques presented in Section
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7.1. For our applications, the single exponential running time is negligible, since the run-
ning time of the lattice membership algorithm is mainly influenced by the approximation
factor of the computed Léwner-John ellipsoid.

That it is possible to improve our result for concrete classes of bounded convex sets
show the results of Goffin and Lenstra, which we presented in Section 7.3. They showed
that for the class of polytopes, there exists a polynomial time algorithm that computes
for a given polytope in R™ an approximate Léwner-John ellipsoid with approximation
factor O(n).
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A. Appendix

A.0.1. Hadamard’s inequality

Let B = [b1,...,by] € R™" with by, ..., by, linearly independent. Then we have
VBT - B < [ IIbill2
i=1

where equality holds if and only if the vectors by,..., by, are orthogonal. In particular,
if B € R™™™ then

[det(B)] < T lIbill2-
i=1

A.0.2. Chebyshev’s inequality

Theorem A.0.1. (Chebyshev’s inequality)
Let X be a random variable of finite expectation and § > 0 fized. Then
Var(X)

62

Pr{[X — B(X)| 2 4] <
For a proof of this inequality see for example [CA06].

A.0.3. The Gamma function and Stirling’s formula

For z € R, = > 0, the Gamma Function is defined as

[(z) = / et dt.
0

For n € N, we have y(n) = (n — 1)! and one can show that for all x € R we have
MNe+1) =z -T'(x).
Using Stirling’s formula, we obtain that

o) = (5)

where v is a function satisfying 0 < v(z) < 1/(12z) for all x € R.

2mn (ﬁ)n < nl < /020 /omy <E>n.
e e
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