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Preface

These notes have been written for the class Integer Points in Polyhedra at TU Darmstadt
in summer 2022. They are based on previous notes on a similar course at TU Berlin
in 2019, and on the notes of a course on Lattice Polytopes at FU Berlin in 2007, that I
prepared together with Benjamin Nill and Christian Haase.'

Sections marked with an asterix (*) in front have not been covered in the course.

Please contact me if you find errors or typos in the script, or if you have suggestions
for improvements or additions.

Darmstadt, summer 2022 Andreas Paffenholz

'Haase, Nill, and Paffenholz, Lattice Polytopes.
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1. Introduction

In its most common form the basic problem in Discrete or Integer Optimization is the
task to find integral solutions for a linear programming problem

max (ctx D Ax < b) , (LP)

for a system of linear inequalities Ax < b with a rational right hand side b € Q@™ and a
rational matrix A € Q?*™, that is to solve the problem

max (ctx : Ax < bandx ¢ Zd> , (IP)
The set of feasible points of (LP) is a polyhedron
P = P(Ab) := {x : Ax<b},

where A is a (rational) matrix in Q™% and b € Q™ is a (rational) vector. The feasible
points of (IP) is the intersection of P with the set of integer points, i.e. PNZ?. One may
also consider programs where only some of the variables are required to be integral, so
called mixed-integer programs

max (ctx . Ax < band x € ZF x ]Rd*k) , (MIP)

for some 1 < k < d. We will restrict to pure integer programs of the form (IP), but
with some, often mostly technical, effort, corresponding results can also be obtained for
these mixed-integer programs. See Figure 1.1 for an illustration of the sets of feasible
points in each case.

O O O O O O O O O O O O
O O
O O O O @) O O
o O
O O O O @ o O
O
O O O O O O O O O O O O
(@) The feasible region of a lin- (b) The set of feasible points (c) The set of feasible points
ear program of a mixed integer program of an integer program

where z1 € Z

Figure 1.1.: Feasible regions
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(a) A triangle in the standard basis (b) The same triangle normalized,

with the transformed lattice

Figure 1.2.: An example

Sets of feasible points for integer programs, or their convex hull, the integer hull of
the polyhedron P, are not yet well understood. In this notes we will discuss various
geometric and algorithmic topics connected to such sets of integer points in polyhedra.

Despite the apparent similarity between (LP) and (IP), these two problems differ
vastly in various respects. Solutions to (LP) may be arbitrarily far away from solutions
to (IP), even in small dimensions. For a simple example, we can consider the triangle
given by

P = conv ([8], 181, 3 [*'])

See Figure 1.2(a) for k = 5. If we set ¢’ := (1, 1), then the solution to (LP) is 2k — %,

realized by the point £ [ ¥, ]. However, the solution to (IP) is 1, realized by [?].

While solving linear programs it is often useful to normalize the problem in some way,
i.e. to apply an affine transformation ¢(x) := 7x + t for some (non-singular) matrix 7’
and a translation t to the polyhedron P of feasible points in such a way that P has a
nice representation, e.g. in the sense that the sizes of the entries of the constraint matrix
don’t differ too much. We can solve the transformed problem and apply the inverse map
¢~ ! to the solution to obtain a solution of the original problem.

We cannot necessarily do the same with integer linear programs, as a bijective affine
transformation ¢ need not preserve integrality. Hence, we either have to restrict to
affine maps that map Z¢ into Z¢ or we have to generalize our notion of integrality to
solutions in 7'(Z?) instead of Z?. Such images A := T(Z%) of Z¢ are called lattices. See
Figure 1.2(b) for the triangle of Figure 1.2(a) after an affine transformation that maps
the triangle into a standard triangle. Sets A := T'(Z%) can also be seen as the set of all
linear combinations of the vectors T'e; for the standard basis ey, . .., e; with integral

[e))



coefficients,
d
A = {Z:/\leZ : )\Z'EZfOI'lSiSd} .
i=1
The set { Teq,...,Te, } is called a basis of A in analogy with the bases in linear algebra.

More generally, we may face the optimization problem to find solutions in some
discrete subset A that satisfy linear constraints Ax < b defining a polyhedron P. If A is
a subgroup of R? (i.e. it is closed under taking sums and inverses), then we say that A is
a lattice. For example, we may require that some or all of the coordinates of the solution
should be even, i.e. feasible solutions should be in A := (27Z)* x Z?~* for some k. We

will see that such sets are always of the form ¢(Z¢) for some linear map ¢(x) := Tx.

Thus, in principle we can reduce to the problem of finding integer solutions. Yet, as this
also transforms the polyhedron P, which may vary its shape, its volume, or the size of
the coordinates, this may not always be desirable.

Sometimes we are given the discrete structure of the feasible solutions not with the
standard basis of Z?, but with some other basis B, and a solution is feasible if it can
be written as an integer linear combination in this basis (and satisfies some linear
constraints). We then face the problem to find a suitable simple basis for the discrete set
of solutions, or the problem to decide if our basis actually generates Z¢ or only some
proper subset. For example, consider the two bases in Figure 1.3. Both in fact generate
72, but you may feel that this is easier to check for the basis in Figure 1.3(a).

There are two tasks connected with this. The first is to decide if both bases generate
the same lattice, which, as we will see, can be solved efficiently with the computation
of the Hermite normal form.

The second task turns out to be harder. Comparing the two bases in Figure 1.3 we
see that the first has shorter vectors and they are orthogonal. In the linear setting we
can easily achieve this, e.g., with Gram-Schmidt-Orthogonalization. For lattices, such
a basis need not exist, and finding at least some approximation with short and almost
orthogonal vectors is surprisingly difficult. We will discuss the celebrated LLL-algorithm
of A.K. Lenstra, H.W. Lentra Jr., and L. Lovész,' that computes such a basis and is the
foundation of many other algorithms in this field.

If we want to have short vectors in our basis we may; as a first step, ask for one shortest
nontrivial vector (say, in the Euclidean norm) the is in the integral span of our basis.
This is the Shortest Vector Problem. Already this problem turns out to be difficult to
solve, and we can efficiently only produce approximations, based on the LLL-algorithm.

Given some point x € RY we may also ask for the closest point in the integral span,
which leads to the Closest Vector Problem. Although seemingly similar to the shortest
vector problem it is not quite, as we cannot just translate x into the origin. We would
need to translate A as well, but then 0 is not contained in the lattice anymore, unless
x € A.

The problem (IP) may not have a solution at all, even if the first is feasible. Strips of
the form P := [1/3,2/3] x [a, b] for a < b show that this can happen for arbitrarily large
polyhedra. Note, however, that P appears to be thin in some direction. We will see that

!A. K. Lenstra, H. W. Lenstra Jr., and L. Lovasz, “Factoring polynomials with rational coefficients”.

~
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(b) Another basis of Z2.

Figure 1.3.: Bases of Z?>

this is, in some sense, true for any such example.

More precisely, we will consider polyhedra P := {x : Ax < b} such that PN A is
empty. The Flatness Theorem of Khinchine then tells us that there is a universal bound
¢(d) only depending on the dimension, such that the lattice width width,(P) of P
satisfies

widthya(P) = ctg(lizg)* (max (ctx : XGP) — min (ctx : XEP)) < ¢(d) (1.1)

We will see that the currently best bound for the width is O(d"/? log ®d) for some integer
a > 0,2 but it is conjectured to be O(d). There is much research activity around this
question. Also, people are interested in precise bounds for certain families of lattice
polytopes, and for examples of polytopes of large width.

The Flatness Theorem follows from results in Geometry of Numbers, an area of mathe-
matics that connects results from number theory with lattice points and convex sets. The
initial result in this area by Minkowski from 1898 shows that any centrally symmetric
convex body contains a non-zero integral point (it always contains 0 if it is not empty)
if the volume is large enough.

A convex body is a closed convex set K in R?, and it is centrally symmetric if —x € K
for all x € K. The result of Minkowski states that there is a € (K N Z9) \ {a} if
vol K > 24, Equivalently, \; - K contains a non-zero integral point if \; > ﬁ. This

is the first successive minimum of K. One can further extend this and ask for t}:g smallest
scaling factor A\ such that \; - K contains & linearly independent integer points. These
are the successive minima of K, see Figure 1.4. We may extend this to general lattices.
Then the first successive minimum of the unit ball is the length of the shortest vector.

This leads to results on the packing radius of the lattice, which is the largest radius
such that balls with this radius around lattice points at most touch on the boundary,
and the covering radius, which is the smallest radius such that the corresponding balls
around all lattice points cover the space.

2Rudelson, “Distances between non-symmetric convex bodies and the M M *-estimate”, Cor. 2.
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Figure 1.4.: Successive Minima

Given any convex body P the task of actually computing a short lattice direction, i.e.

a direction which realizes the bound of (1.1), is difficult. If we want to compute such
a direction in polynomial time, then we currently only know algorithms that give an
approximate solution, and we have to be satisfied with the much weaker bound of O (2¢)
on the width in this direction. Nevertheless, we will discuss an algorithm for this, as it
turns out that this is a crucial ingredient to gain more insight into the complexity of
integer linear programming.

For this recall first that the problems (LP) and (IP) also differ algorithmically. While we
know that the first is algorithmically solvable in polynomial time®, the second problem
is only known to be in NP. It is even NP-complete,* so there is no hope to solve it
efficiently®, unless actually P = NP.

To learn more about what makes (IP) difficult to solve we may look at the contribution
of the various input parameters, e.g. the number of variables (the dimension), or the
size of the constraints. We will see that the problem can be solved in polynomial time if
we fix the number of variables, which is the dimension of the polyhedron. This has been
discovered by H.W. Lenstra Jr..° This is essentially based on the observation, that, given
a polyhedron P, we can, in polynomial time, either find a lattice point in P or we obtain
a direction in which P is flat in the sense that we can slice P with a polynomial number
of parallel hyperplanes containing all lattice points in P. We can then use recursion in
the dimension to solve the problem.

This result of Lenstra gave rise to the LLL-algorithm that we have already seen above,
and which is now part of the proof of Lenstra’s Theorem, but also found many other
applications in different branches of mathematics, in particular also for algorithmic
results in the geometry of numbers.

The Flatness Theorem considers lattice polyhedra without interior lattice points. It is
easy to see that in dimensions d > 2 there are infinitely many such lattice polyhedra,
even, if we, as is sensible to obtain a meaningful result, identify lattice polyhedra that
can be mapped into each other with a unimodular transformation.

3Although not via the commonly employed simplex algorithm, which is not known to be polynomial. Yet,
the ellipsoid method is, and we will reuse some of its ideas later.

*Alexander Schrijver, Theory of linear and integer programming. Thm. 18.1.

SEfficiently here means in terms of its theoretical worst case complexity. As (IP) is such an important
problem in applications, people developed many algorithms that run efficiently on certain instances that
appear in these applications. See, e.g., the book of Nemhauser and Wolsey (Nemhauser and L. Wolsey,
Integer and Combinatorial Optimization)

®Hendrik W. Lenstra, “Integer Programming with a fixed number of variables”.

o]
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Figure 1.5.: Multiples of a lattice polytope. The polytope P contains 6 integral points, 2P
contains 16, and 3P contains 31. These values are given by the polynomial
SK?2+ 2k +1.

The situation drastically changes once we consider the class of lattice polyhedra with
a fixed number £ > 0 of lattice points in the interior. For any given k there are only
finitely many such polyhedra (of course, we again have to identify polyhedra that can
be mapped into each other via a unimodular transformation).

This follows from volume bounds for the lattice polyhedron that depend on the
dimension and the number of interior lattice points. For d = 2 this is a result of Scott,”
and in the general case a result of Pikhurko.®

We can take a different approach to determine feasibility of (IP) and ask, whether
we can, given a polytope P, enumerate or count the number of lattice points inside P,
i.e. whether we can compute

PnA or [P N Al.

It turns out that instead of this question one should consider the function
f(k) == |k-P N Al for k € Z~o

that counts the lattice points in integer dilates of the polytope. The Theorem of Ehrhart
shows that this function is indeed given by a polynomial of degree d, the Ehrhart
Polynomial.

Its generating function

F(z) =1+ Y f(k)a"

k>1

7Scott, “On convex lattice polygons”.
8pikhurko, “Lattice points in lattice polytopes”.

—
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can be represented by a short rational function

1+ > f(k)a2 = hiz)

= 9(x)

that can be computed with the algorithm of Barvinok.? Evaluation at 1 gives the number

of lattice points inside P. This is an efficient algorithm that can be used in applications.

The polynomials f(z) and h(z) encode a lot of information about the polytope, with
applications in number theory, algebra, and algebraic geometry. Much of this is still a
topic of current research.

Barvinok and Woods'? have later extended the counting algorithm to integer points
in integer projections of polyhedra in fixed dimension, i.e. to sets of the form

{xez’f . Jy € 2 s.th. (x,y) eP} .

This is based on results of Kannan on parametric integer linear programming, which is
solvable in polynomial time in fixed dimension.!!

The Ehrhart polynomial and its generating function have many interesting properties,
with applications not only in optimization, but also in number theory and algebra. For
example, we can count lattice points in the relative interior of k& - P by evaluating the
polynomial of f at —k.

Polyhedra with no interior lattice points can be employed as a tool in algorithms to
solve (IP). This generalizes the notion of split cuts. The feasible region of the linear
relaxation of (IP) is the polyhedron

P :={x: Ax < b},
and the general idea of cutsis the approximation of the integer hull of P, i.e. the set
P o= {z c Ax < bXGZd}
with polyhedra @ that satisfy
PrcQcPp

using new inequalities c'x < ¢, called cuts,that separate some points in P \ P; from
Pj. You can find various ways to generate such cuts in the literature, e.g. the Chvatdl-
Gomory-Cuts, which where among the first to be considered.'?

Given an integer program as in (IP), a classical split cut is a cut derived from the
maximally lattice free set

S = {x sy < wix §7Tg—i—1}

°A. Barvinok and Pommersheim, “An algorithmic theory of lattice points in polyhedra”.
19A, Barvinok and Woods, “Short rational generating functions for lattice point problems.”
HRavi Kannan, “Lattice translates of a polytope and the Frobenius problem”; Ravi Kannan, “Test sets for
integer programs, V3 sentences”.
12Nemhauser and L. Wolsey, Integer and Combinatorial Optimization.

—_
—_
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Figure 1.6.: A split cut of width 1

for some 7 € Z¢ and 1y € Z. Here, we say that a set S is lattice free if the relative
interior of S does not contain any lattice points. We obtain an approximation of P; via

Q(P,S) := conv(P\S).

This is again a polyhedron, and if S contains a vertex of P in its interior, then also
Q(P,S) C P. See Figure 1.6 for an example.

This can be generalized to mixed integer programs with solutions in P N (Z? x R%~P)
by considering lattice free sets of the form S x R?~? for some lattice free set S C R”.
However, for simplicity, we only consider pure integer programs in the following.

The lattice free set S we have considered is of the form S = I x R4~! for some interval
I of length 1. We can generalize this idea and use sets of the form S := L x R%* for
a convex set I C R¥ that is lattice free, i.e. that does not contain lattice points in its
relative interior. We then consider the relaxation

Q(P,S) := conv(P\YS)

= conv ((Xl,XQ) e RF x R*F . (x1,%2) € P, x1 ¢ int L) .
Clearly, P; C Q(P,S) C P and for any lattice free convex sets S’ C S we have
Q(P,S) € Q(P,S').

Hence, we are interested in maximally lattice free sets, i.e. inclusion maximal convex
lattice free sets. Such sets are polyhedra,'® so we are looking for inclusion maximal
lattice free polyhedra.

131ovasz, “Geometry of numbers and integer programming”.

—_
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2. The Geometry of Lattices

The main player in these notes are polyhedra and lattices, which we can consider as
a generalization of the set of integer points in R%.! We will introduce lattices in this
chapter while we assume that the reader is familiar with the basics of polyhedral theory.?
We will briefly repeat some some of this, together with some additional material from
convex geometry, in Appendix A.

Although trivial to define, lattices have a surprisingly rich geometric structure and
many, even basic, theoretic and algorithmic questions are still unsolved. Here we discuss
basic properties, while the more interesting topics will be spread over the following
chapters.

2.1. Lattices

We can define lattices in two ways, either as the integral span of a finite set of vectors
in R¢, or, equivalently, as discrete additive subgroups of R¢. We start with the latter
version and introduce that second and prove equivalence in Theorem 2.12.

Recall that a subset A C R? is an additive subgroup of R¢ if

1) 0eA
(2) x+yeA for any x,y € A
3 —-x €A forany x € A.

A subset A C RY is discrete if for all x € A there is ¢ > 0 such that B.(x) N A = {x},
where we define the ball of radius ¢ in the given norm as

Be(x):={y eV : |x-yl <e}.

Definition 2.1. A lattice in R? is a discrete additive subgroup A C R¢.
The rank of a lattice A is the dimension of its linear span, that is,

rank A := dimlin A .

The lattice has full rank if it has rank d, i.e. the dimension of its ambient space.

10ne can define lattices in any finite dimensional vector space with a norm, but R¢ is sufficient for our
applications.

2e.g. from the courses Einfiihrung in die Optimierung and Discrete Optimization. If needed we may repeat
the relevant notions in the exercises.

—
w
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Problem 2.2
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(@) The lattice 7>

: Some lattices
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(b) The lattice A, (c¢) The lattice Do

You will show in Problem 2.1 that for lattices one can choose the same radius ¢ for
the ball for all lattice points.  Any discrete additive subgroup is closed in R? in the
usual topology induced by the scalar product (Problem 2.2), and the intersection of any
bounded subset with the lattice is a finite set (Problem 2.3).

@i
(iii)

(iv)

Example 2.2. (i) The set Z¢ of points with integral coordinates in R is a lattice of

full rank, the standard integer lattice. We can write this as the set of all linear
combinations of the d standard unit vectors ey, ..., e; with integral coefficients.
See Figure 2.1(a) for an example in dimension 2.

We will later see that any lattice has such a generating set, and thus essentially
any lattice looks like this integer lattice.

For any lattice A and linear subspace L C R¢ the set A N L is a lattice in L.
The set

Aoz = {x € Z?: x14+x2=0 mod3}

is a lattice and a subgroup of the lattice Z>. More generally, any subgroup of a
lattice is again a lattice.

We can identify R? with the linear subspace

d
L = {XERdH : Zmz = 0}.
i=0

See Figure 2.1(b) for d = 3 (note that the lattices lives in a 2-dimensional sub-
space). We claim that the set

Ay = LNzt

is a lattice in L. To check this we first observe that A, is clearly discrete, as it is a
subset of a discrete set. Further, the addition of any two elements in A stays in L,
as this is a linear subspace. The same is true for the multiplication by —1. Hence,
it is also an additive subgroup.

This lattice is the root lattice A;. We will discuss this again later.

—
SN



(v) Let D, be the set

d
Dy = {xe VAR sz is even} . 2.1
i=1

Again, this is a discrete set and addition and multiplication by —1 stay inside the
set. Hence, it is a lattice, the so called root lattice D,. See Figure 2.1(c) for the
case d = 2.

For computational purposes the abstract definition via discrete subgroups is not very
useful. As for linear spaces, where we express elements in terms of coordinate vectors
w.r.t. to a chosen basis, we would prefer to have some kind of generating set for a
lattice. Our examples suggest that this should be possible. For the lattice Z? of integer
points we have already seen in its definition, that we can obtain the lattice as the set of
linear combinations of the standard basis ey, . . ., e; with coefficients in Z (instead of R
when considering this basis as a basis of the linear space R%). We want to formalize this
approach. Let A = {ay,...,a,, } C R? be a finite set of vectors and define the additive
subgroup

AA = {i)\iai’)\iGZ,lgiSm} = éZai
=1

=1

We will show that any such set is in fact a lattice if the elements of A are linearly
independent. We make the following definition.

Definition 2.3. Any linearly independent subset B C R¢ that generates a lattice A, i.e.
A = Ap (as subsets of R%), is a lattice basis (or A-basis) of A.

We will also consider more general sets A, but you will see in Problem 2.4 that we
need some restriction on A.

Example 2.4. Before we prove that all sets of the form A 4 for a linearly independent
set A are a lattice we want to construct explicit sets for the examples in Example 2.2.

B OIR]

is a basis of the lattice Ag,3 that we have seen in Example 2.2.

(ii) The set B := {e; —e;41 : 1 <i <d} generates the lattice A4, and for D; we
may choose the roots of A; ; together with e; + e;_1. You will prove this in
Problem 2.5.

These sets of vectors are sets of simple roots of the root systems of type A, and Dy.
Generally, root systems are finite vector configurations ® C R¢ with the property
that

> their linear span is R¢,

Problem 2.4

—
(6]
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Problem 2.5
Problem 2.6

O

Figure 2.2.: A fundamental parallelepiped II. Note that the points u, v, u + v are not
contained in II.

> forany v € ® also —v € ®, and this is the only linear multiple of v contained
in ®,

> & is closed under reflection at any hyperplane {x : (x,v) = 0} for some
v e ®, and

> for any two u,v € ¢ the projection of u onto the line spanned by v is an
integer or half-integer multiple of v.

A root lattice is the lattice spanned by a root system. A root system is irreducible if
it cannot be decomposed into a direct sum of root systems. There is only a finite
set of families of irreducible root systems, which give rise to corresponding lattices
(You will consider them in Problem 2.6).

For the proof that any lattice has a basis we introduce the following notion of a
fundamental zonotope II(.A) of A via

k
H(.A) = {Z)\iViIOS)\¢<1fOI'1§Z'§k‘} .
=1

The (half-open) zonotope is a (half-open) parallelepiped if A is linearly independent.
See Figure 2.2 for an example.
Definition 2.5. Let A be a lattice generated by a basis B. The parallelepiped I1(B) is

the fundamental parallelepiped of A w.r.t. B.

Lemma 2.6. Let B = {by,..., by} C R? be a finite set of linearly independent vectors.
Any x € lin A has a unique representation x = a + y for some a € Ag and y € II(B).

Proof. There are unique \q,..., g € R such that x = Zle A;b;. Set

d d
a =Y |\]b; and y = > {\}bi.
=1

=1

—
()]



Figure 2.3.: A fundamental parallelepiped II. Note that the points u, v, u + v are not
contained in II.

See also Figure 2.3. Theny € II(B),a € Ag,and x = a+Yy.

Now assume that there is a second decomposition x = a’ + y’ with a # a’ and,
consequently, also y # y’. We can write y and y’ as

d d
y = Zaibi and y = Za;bi
i=1 i=1

for some 0 < o, < 1and 1 < i < d. Then

and a’ —a € Ap implies that o; — o) € Z for 1 <i < d.
Now |a; — | < 1 for all ¢, so o; — o = 0. This implies thaty =y’ anda =a’. [

Proposition 2.7. Let B = {by,... by} C R? be linearly independent. Then Ag is a
lattice.

Proof. Let z € II(B) N R¢ be any interior point of II(B). Then there is ¢ > 0 such that
B.(z) C II(B). We claim that B.(x) N A = {x} for all x € Ag.

Indeed, ify € B.(x)NAp andy # x, thenx' :=x—y € Ag\ {0} and x’' + z € II(B).
This is a contradiction to Lemma 2.6. O

So any linearly independent set of vectors generates a lattice. While Problem 2.4
shows that this is generally not true for linear dependent sets, we will see later that any
finite set of rational vectors generates a lattice.

It follows directly from Lemma 2.6 that the parallelepipeds of a lattice with basis B
tile the space. The full proof is left to the reader in Problem 2.7.

—_
~
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Problem 2.7

Figure 2.4.: A one-dimensional A-rational subspace U with lattice basis {b;} of AN U, the
projection R?/U with {c; + U} as lattice basis of 7(A) and the basis obtained by
the basis {b; } of U with the pull-back {¢;} of the basis in R?/U

Corollary 2.8. Let A be a lattice in R? with basis B. Then V is the disjoint union of all
translates of I1(B) by vectors in A. O

Thus, sets of the form Ap for a basis B of linearly independent vectors are indeed
lattices. We now aim for the opposite direction and want to show that any lattice can
be obtained from some basis.

We will do this by induction and construct a basis first in a subspace and then extend
it to a basis of the full lattice. Although we have already seen that for a k-dimensional
subspace U of R? the intersection A’ := A N U of a lattice A of rank d with U is again a
lattice, it is not true that the rank of A’ must coincide with the dimension of U. A simple
example is the integer lattice Z? C R? together with the subspace U spanned by the

vector [\%] Hence, we make the following definition.
Definition 2.9. A subspace U C R? is A-rational if it is generated by elements of A.

The following proposition then shows that this condition is sufficient to make our
inductive approach to construct a basis feasible.

Proposition 2.10. Let A C R¢ be a lattice with a A-rational subspace U C R and the
quotient map m: R — R?/U .
() w(A) c R?/U is a lattice.
(ii)) If ANU has a basis by, ...,b,, and 7(A) has a basis c4, . .., cs, then any choice of
preimages ¢; € A of the c; for 1 <i < syields a A-basis by,...,b;,€1,...,¢Cs.

In the situation of the proposition, one often writes A /U for 7(A).

Proof. (i) w(A) is the image of a group under a homomorphism. Hence, it is a
subgroup of R?/U. The hard part of the proposition is to prove that 7(A) is
discrete in RY/U.

-
[ee]



(ii)

The space U is A-rational. So we can choose a vector space basis
{vi,...,v,} €T ANU

of U. We can extend this basis to a vector space basis B = {vy,...,v4s} C A of
lin A. These bases yield maximum norms

d
>
=1

= max ({|N] : i=1,...,d})
A

on lin A and

d
‘ <Z )\ZVZ> + U
=1

on lin A/U. Denote the unit ball of lin A by W. By Problem 2.3, the set W N A is
finite. Set

= max ({|\| 1 i=7r+1,...,d})

AJU

e = min({l}U{||v+UHA/U : v€WﬂA\U}> .

This minimum over a finite set of positive numbers is positive. Now suppose

d
vV = Z)\ivi € A
=1

with [[v + Ul|, ; <e. Then

r d
V= (= vt Y [ilvi € A
=1 i=r+1

represents the same coset: v+ U = v/ + U, and v/ € W N A. We conclude v/ € U
and thus v/ + U = 0 € RY/U.

Let by,...,b,,¢1,...,¢s be as in the proposition, and let v € A. Because the c;
form a lattice basis of 7(A), there are integers A, ..., \s so that
S
(v) = Z AjCj .
j=1
Thus,

S
V—Z)\jéj € kerr=U.
i=1

—_
O
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Problem 2.8

Problem 2.9
Problem 2.10
Problem 2.11

Problem 2.12

Because the b; form a lattice basis of A N U, there are integers p1, ..., u, so that
S T
V—Z)\jéj = Z,uzbz
j=1 i=1
So by,...,b,,¢1,...,¢s generate A. They must be linearly independent for di-
mension reasons. O
Definition 2.11. Aset by, ..., by € A of linearly independent lattice vectors is primitive

if their integral span coincides with the intersection of of the lattice with their linear
span, i.e.

k
lin{bl,...,bk}ﬂA:{Z)\ibii)\iEZ}.
=1

In particular, a non-zero lattice vector v € A is primitive if it is not a positive multiple
of another lattice vector, i.e. conv(0,v) N A = {0, v}.

Any lattice basis is also a linear basis of its linear span, so it follows from linear
algebra, that any subset of a lattice basis is a primitive set.

Theorem 2.12. Every lattice has a basis.

Proof. We proceed by induction on r := rank A. For » = 0, the empty set is a basis for
A. For r = 1, a primitive vector yields a basis.

Assume r > 2. Let b € A be primitive, and set U := lin{b}. Then {b} is a basis
for U N A, and A/U is a lattice by the first statement of Proposition 2.10. Because
rank A /U = r—1, it has a basis by induction. By the second statement of Proposition 2.10,
we can lift to a basis of A. O

If B is a basis of a lattice, then no further lattice points except 0 and B can be inside
the simplex conv({0} U B), which is a subset of II(B) U B. However, with Problem 2.9
you will prove that this is not sufficient to characterize a basis, we need to consider the
full fundamental parallelepiped.

The proof of Proposition 2.10 shows that we can extend any primitive set of lattice
vectors to a lattice basis of the the whole lattice. The proof of the next proposition is
left as an exercise. Here we set gcd(0,0) := 0.

Proposition 2.13. Let by,...,by C A be a lattice basis of A, a := Zle A;b; for \; € Z,
and let 1 < j < d. Then the set A := {b; ...,b;_j,a} is primitive if and only if
ged(Nj, ..., Ag) = L. O

Proof. See Problem 2.12. O

N
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(@) The lattice Z2. (b) The lattice sheared with e; — e; and e —
e + eq.

Figure 2.5.: Shearings are unimodular transformations

2.2. The Hermite normal form

Definition 2.14. Let A and A’ be lattices. A linear map
T: linA — linA’

inducing a bijection A — A’ is called unimodular or a lattice transformation. T is a lattice
isomorphism if A = A’.

See Figure 2.5 for an example of a unimodular transformation.

Lemma 2.15. Let B and B’ be bases of lattices A and A’ of full rank respectively.

A linear map T: lin A — lin A’ is unimodular if and only if the matrix representation A
of T with respect to the bases B and B’ is integral and satisfies | det A| = 1.

Proof. Letdbe therank of A and A’, and A = (a;;)1<i j<q. If A has only integral entries,
then T(A) C A’. Conversely, let b; € B be the j-th basis vector. Then

d
X = T(bj) = Zaijb; e A
=1

As the vectors in B’ are linearly independent the representation of x in this basis is
unique, and thus all a;;, 1 < ¢ < d must be integral (here we have used that the lattices
have full rank).

Further, if T is unimodular, then the inverse transformation exists, and its matrix A~!
also has integral entries. Thus, det A and det A~! are integers with product 1.

Conversely, if A is integral with | det A| = 1, then, by Cramer’s rule A~! exists and is
integral. O

N
—_
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Problem 2.13
Problem 2.14

Corollary 2.16. An integral matrix A € Z%*¢ is the matrix representation of a unimodular
transformation of a lattice if and only if | det A| = 1. O

The set of matrices corresponding to unimodular transformations is denoted by Gl(d, Z.).

Corollary 2.17. Let A be a lattice with basis by,...,bg € A. Then cq,...,cq € A is
another basis of A if and only if there is a unimodular transformation T :€ A — lin A such
that T(b,) = ©; fOT‘ 1 <7<d. O

Let A = {ay,...,a,} be a generating set of a lattice A in R?. We do not require that
A is a basis. Recall, however, that not all sets of vectors generate a lattice (Problem 2.4).

Given any basis C in V' (not necessarily a lattice basis), we can represent the vectors
of A in this basis. Writing the vectors in .4 as coefficient vectors in C we obtain an
(d x m)-matrix A. We assume in the following that A € Q?*™, which also ensures that
A spans a lattice.

We want to find linear combinations of the vectors in A that yield a particularly nice
basis of A (in the representation as coordinate vectors of C).

For this, we introduce the Hermite normal form H of a matrix A and show that we
can find a unimodular transformation U € Gl(m, Z) that maps coefficient vectors w.r.t.
A into coefficient vectors w.r.t. H. Further, we will see that the Hermite normal form is
unique (while the transformation U is unique only if A was already a basis).

Definition 2.18. Let A = (a;;) € Q¥*™ with m > d be of full row-rank. The matrix A
is in Hermite normal form if

> az; = 0for j > i and
> ajj>aij20fori>j.

So a matrix in Hermite normal form is an lower triangular matrix, and the largest
entry in each row is on the diagonal.

We can view the columns of U as coefficients of linear combinations on the columns
of A that produce the new basis vectors (and possibly some representations of 0, if A
has more than d columns). Alternatively, if A\ € Z™ is the vector of coefficients of a
point x € A w.r:it. A, then U\ give the coefficients for x w.r.t. the columns of H.

Example 2.19. A matrix in Hermite normal form.

5 0 0
1 20
31 4

o O O

Depending on the context we sometimes use the transposed matrix, i.e. we claim that
a matrix is in Hermite normal form if it has at least as many rows as columns, it is upper

N
N



triangular, and the largest entry in each column is on the diagonal (and if the matrix is
square we can also consider lower triangular matrices).

Theorem 2.20. Let A € Q%™ of full row-rank. Then there is a unimodular matrix
U € Z™*™ such that AU is in Hermite normal form.

The matrix H is unique.

Proof. This was proved in the class Discrete Optimization. Alternatively you can find a
proof Schrijver’s book.?

You can prove this yourself with Problem 2.15. O

Example 2.21. The matrix of Example 2.19 is the Hermite normal form of

5000 10 =5 0 15 _éf:;f
1200 =2 -1 -2 1 1 0 o 1
3140 10 -7 -1 12 L1 0 1

The transformation U € Z™>™ is unimodular, so U~ € Z™*™ is also integral. So any
integral linear combination x := A\ of the columns of A for some A € Z" corresponds
to an integral linear combination x = H for integral coefficients p := U~' ) and vice
versa. This implies that the columns of A and H span the same lattice. The non-zero
columns of H are linearly independent, as H is a lower triangular matrix. Thus, if we
delete the zero columns from H we obtain a basis of the lattice spanned by the columns
of H.

If the columns of A are linearly independent, then we obtain a new basis of the
same lattice. The linear map between the two lattices as in Corollary 2.17 is given in
coordinates by the matrix U~!.

Example 2.22.
5 0 0
A = 6 3 7 and H ;= 1 2 0
31 4

H is the Hermite normal form of A with unimodular transformation

-2 2 -1 2 1 3
U = 0 —1 2 and Ult:= 121 2
1 -1 0 111

3Alexander Schrijver, Theory of linear and integer programming. Thm. 4.1 and 4.2.

Problem 2.15

N
w
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Problem 2.16

Problem 2.17

The columns of A and H span the same lattice, and the coefficient vectors

S
A= | =2 w.r.t. the basis given by A and
3
- o1
po= U = 6 w.r.t. the basis given by H
2

both correspond to the lattice vector

We want to use the Hermite normal form later in algorithms, so we want to compute
it in polynomial time. The next proposition shows that this is indeed possible. Bounding
the number of steps with a polynomial in the input size relies on the fact that we can run
the extended Euclidean algorithm on two integers a and b in time O(log(a) - log(b)). This
algorithm computes the greatest common divisor g of a and b together with integers x
and y that linearly combine ¢ in a and b, i.e.

g = ged(a,b) = z-a + y-b

via a succession of divisions with remainder. A bound on the size of the entries of H
follows from the observation that the product hq1 - hos - - - hggq of the diagonal entries of
H is the greatest common divisor D of (d x d)-subdeterminants of A. Finally, we can
bound the size of all intermediate matrices with the observation, that adding integer
multiples of D to entries of the matrix does not change the final result. The full proof is
left as Problem 2.16. It can also be found in the book of Schrijver.*

Proposition 2.23. The Hermite normal form of a rational matrix A can be computed in
polynomial time in the size of the input matrix A. In particular, the size of H is polynomially
bounded in the size of A. O]

We can interpret the fact that we can add multiples of D to entries of intermediate
results also geometrically. We will explain this in the next section, once we have
introduced sublattices.

Problem 2.17 shows a nice application of Hermite normal forms to linear Diophantine
equations.

While the Hermite normal form certainly is of high theoretical and computational
value in the theory of lattices, the Hermite normal form can have very bad geometric
properties. For example, there are bases by, ..., by of a lattice, such that b; € {0, +1 }d

“Alexander Schrijver, Theory of linear and integer programming. Sec. 5.2 and 5.3.

N
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Figure 2.6.: The root lattice D5 is a sublattice of index 2 in Z?2.

for 1 < i < d, but all basis vectors in the Hermite normal form H = (h;);<;<4 have
length

Ihy|| > 299D > Vd > ||uby]|

for all 1 <, j < d. You will construct such a basis in

2.3. Sublattices

Implicitly we have met already sublattices, which are subsets of lattices respecting the

group structure, when we considered lattices A generated by a basis of integral vectors.

Such vectors are contained in the integer lattice Z<. With the following definition we
want to formalize this and explore relations between a lattice and its sublattices.

Definition 2.24. Let A C R? be a lattice. Any lattice ' C A is a sublattice of A.

Sets of the forma+T':= {a+x | x € I'} for some a € A are the cosets of I in A, and
the set of all cosets is A/T".

The size [I' : A] := |A/T| is the index of I in A.

See Figure 2.6 for an example of a sublattice of index 2 in Z2.

Definition 2.25. Let A C RY be a lattice of full rank with basis B. Then
det A := |det B|
is the determinant of A.
This definition assumes that we have chosen a basis of R and written the basis of the

lattice in these coordinates to obtain a matrix of column vectors. We choose the usual
basis of unit vectors in R? in all of the following. With another choice some results

N
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below may need an additional factor det T for a transformation mapping the standard
basis into the chosen one.

Problem 2.19
Problem 2.20 Observe, that the fundamental parallelepiped of A depends on the chosen lattice basis.
However, by Lemma 2.15 and Corollary 2.17 the determinant is independent of the
particular choice. The determinant det A also coincides with the usual Euclidean volume
of the fundamental parallelepiped. Hence, also the volume of II(B) is also independent
of the chosen basis B.
Problem 2.21
The following proposition connects the index and the determinant with the number
of lattice points in the fundamental parallelepiped of the lattice in some basis.
Proposition 2.26. Let A C Z% be a sublattice of rank d, and let B := {by,..., by } be a
basis of A with fundamental parallelepiped I1(B). Then
|Z3/A| = |TI(B)NZ% = det A.
See Figure 2.7 for an illustration.
Proof. Let v,w € II(B) N Z¢ with v # w. Then v ¢ w + A by Lemma 2.6, so cosets for
different points in T1(B) N Z? are disjoint, and we have at least |TI(B) N Z¢| cosets. On
the other hand, the union of the cosets for points in II(B) N Z¢ covers Z¢. This implies
the first equality.
For the second we note that the k-th scaling of II(B) is the disjoint union of translates
of the fundamental parallelepiped I1(B),
E-TI(B) = |J (mibi+--+mgbg) +I(B).
0<m; <k
1<i<d
This follows with the same arguments as for Corollary 2.8. Further, we clearly have
|(v+T(B))NZ%Y = [I(B)NZ9
for any v € Z. Hence,
| (k-TI(B))NZ% = k4II(B) N 2Z9
We compute the volume of the fundamental parallelepiped by covering it with a collec-
tion of small cubes as in Proposition A.4. This implies
. 1 1 d
vol(II(B)) := klggo E!H(B) N(32)"|
1
= lim —|k-II(B) N Z¢
dn, b B N 27
1
= lim —k%II(B)NZ¢ = |I(B)NZ9.
k—o0 k’d
Finally, by definition, vol II(B) = det(B) = det A. This proves the result. O]
26
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Figure 2.7.: The lattice spanned by [ 3?] and [}] has index 4 in Z2, determinant 4, 4 points in
the fundamental parallelepiped and 4 cosets (drawn in different colors). Each
coset has a unique representative in the fundamental parallelepiped.

More generally we can prove the following with the same arguments as in the proof
of Proposition 2.26.

Corollary 2.27. Let I' C A be a sublattice of rank d in a lattice A, and let the columns of
B be a basis of I with fundamental parallelepiped I1(B). Then

det T’
det A~

[A/T] = [IB)NA] =

Proof. Let By be a basis of A. We can apply the transformation 7' given in matrix
form by B, ' to both lattices. Then T'(T') is still a sublattice with the same index, and
x € II(B) N A if and only if T'x € II(T'B) N T'A. Further,

det TT det TB det T -det B det B

det TA  det TBy  det T-det By  det By

T maps A into the standard lattice, so the claim follows from the previous Proposi-
tion 2.26. O

A useful fact about a sublattice I" of a lattice A is the observation that a suitable scaling
of the A is in turn a sublattice of I'. You will prove the following fact in Problem 2.22.
In the next section we will see that we can even find bases of both lattices in such a way
that the i-th basis vector of I is an integral multiple of the i-th basis vector of A. This
much stronger observation will of course also imply the next proposition.

Proposition 2.28. Let I" be a sublattice of A of index D := |T'/A|. Then
DA CT C A,

i.e. DA is a sublattice of T.

This gives a geometric interpretation of the fact used in the previous section in the proof
that the entries of all intermediate matrices in the computation of the Hermite normal

Problem 2.22

N
~
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form can be bounded by the greatest common divisor D of all maximal subdeterminants
of A. Namely, D is the index of the lattice A 4 spanned by the columns of A as a sublattice
of Z%, and so DZ is a sublattice of A. Hence, adding the columns De; for 1 < i < d of
A does not change the lattice A 4, and we can use these lattice generators to reduce the
entries of intermediate results.

2.4. The Smith normal form

While the Hermite normal form is computationally important, the geometrically more
important canonical form is a variation of this, the Smith normal form.

Theorem 2.29. Let I' C A be lattices with lin A = linT.

Then there is a basis by, ..., b, of A and integers ki1, ...,k € Zso with k;|k;11 for
1 <i<d-—1such that kiby,...,k.b, is a basis of T.

Proof. We proceed by induction on r := rank A = rankI'. For » = 1, a A-primitive
vector has a positive integral multiple which is I"-primitive.

Assume r > 2. By assumption, A and I' span the same linear spaces, so for every
v € A there is a positive integer k so that kv € I'. Among all A-primitive vectors we
choose b; € A and k1 € Z~( with k1by € T so that k; is minimal with this property.

Set U := linb;. Then by is a basis for U N A, and kb, is a basis for U N T". By
Proposition 2.10, I'/U C A/U are lattices of rank  — 1. By induction, there is a basis
bo, ..., b, of A/U together with positive integers ko, ..., k, so that kabo, ..., kb, isa
basis for I'/U, and k;|k;11 for 2 <i <r —1.

Let b; € A be representatives of b; and c¢; € T of k;b; for i = 2,...,r. By Proposi-
tion 2.10,

by,...,b, is a basis for A, and
kibi,co, ..., ¢, is a basis for I".

By adding a suitable multiple of k1b; € I' to the c¢; we may assume that
ci = kibi +liby

for 0 <1l; < ky and for all i = 2,...,r. We can write c; similarly as a positive integral
multiple of some A-primitive vector in the form

C; = mya;.

The two expressions for c; together imply either /; = 0 or m; < [; < k,. However, the
latter is in contradiction to the minimality of k,., so I; = 0.

Now assume that there is ¢ such that k; [k;, and let g be the greatest common divisor

N
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with factors p1, p; such that k; = gp; and k; = gp;. Then
1
c = §(k1b1 + kibi) = pib1 + pib;

is a primitive lattice vector in A and gc € I'. But 0 < g < kj, which contradicts the
choice of k. O

The theorem can also be proved using coordinates in a similar way as for the Hermite
normal form. You may try this with Problem 2.23. We give the resulting matrix form
with the following theorem.

Theorem 2.30 (Smith normal form). Let A € Z%™ be a matrix of full row rank.

Then there are unimodular matrices L € 7% and R € Z™ ™ such that S =
(8ij)1<i<d,1<j<m = LAR satisfies
(D) sij =0 fori+#j,
@ii) s;; > 0for1l <i<d, and
(lll) Si—1,i—1 divides Sii fOT‘ 2 < 7 < d.
The matrix S is unique, the companion matrices L and R are not.

The last statement about the non-uniqueness of L and R follows from the observation
that there are unimodular matrices that commute with .S. When actually computing
smith normal forms with their companions, this fact can be used for an attempt to keep
entries in L and R small. This is in fact crucial if we want to compute the Smith normal
form in polynomial time. The proof of this is essentially the same as for the Hermite
normal form.

The standard form of an integral matrix obtained with the Smith normal form implies
Theorem 2.29, as you will prove in Problem 2.24.

2.5. The Dual

Definition 2.31. Let A C R be a lattice of full rank. The set
A = {ae (RY | a(a) € Zforall a € A}

is the dual lattice to A.
In the usual identification of (R%)" with R? via the scalar product we can write

aa) = (a,a).

Given a basis by, ..., by of A we can define a corresponding dual basis aq, ..., g via

(b)) 1 ifi=j,and
(673 i) =
/ 0 otherwise.

Problem 2.23

Problem 2.24

N
O
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Problem 2.25

Problem 2.26

Problem 2.27

Problem 2.29

This is a linear basis of the dual vector space (R%)" by Problem 2.25.

These vectors also span A* as a lattice, which you prove in Problem 2.26. Hence, the
dual lattice is indeed a lattice. Further, dualizing twice gives us back the original lattice,
A = A, as by,...,byis a dual basis to aq, ..., aqg.

The following proposition shows that determinant of the dual lattice A* is determined
by that of A.

Proposition 2.32. det(A)det(A*) =1.

Proof. See Problem 2.27. O

For a A-rational subspace L we can define the quotient space M := R?/L with
projection 7 : R? — M and the orthogonal complement My C R? of L w.r.t. the
standard scalar product. We can naturally identify M and M), as any element of M
has a unique representative in M. This defines a volume on M, so we may define the
determinant of the lattice 7(A) as the volume of a fundamental parallelepiped in M.

Further, let L+ C (R%)" be the annihilator, i.e. the space of all functionals that vanish
on L. We obtain a lattice in L+ as A* N L*. You will prove the following relations with
Problem 2.29.

Proposition 2.33. (i) The projection I" := w(A) of A onto M is a lattice in M of rank
d — k with
det I' -det (ANL) = det A.
(ii) For the dual lattice we have
I'* = A* n L.
and

det (ANL) = det A-det I'.

Proof. See Problem 2.29. O

2.6. Problems

2.1. By definition, a subset A C R is discrete if for all x € A there is ¢ > 0 such that B.(x) N A = {x}.
Show that if A is a lattice, then we can choose the same ¢ for all x € A.

2.2.  Show that a discrete additive subgroup in R¢ is closed (as a subset in the usual topology induced
by some norm |.|)).

2.3.  Let A be a discrete closed subset of R? (for instance, a discrete additive subgroup as in Problem 2.2)
and B a bounded subset of R®.

w
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2.4.
2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

2.11.

2.12.

Show that A N B is a finite set. Give an example that shows that this is not correct for arbitrary
discrete subsets.

Find an example of a finite, but linearly dependent, set .A of vectors such that A 4 is not a lattice.

Show that the collection A of the vectors e; — e;+1 for 1 < i < d — 1 is a basis of the lattice A and
that AU {eq_1 + eq } is a basis of D.

In Example 2.2 we have shown that the root systems A and D are lattices. Here we want to consider
the remaining root systems.

The root system B spans the lattice Z¢, and that of the root system C coincides with the one of D.
The root system E; spans the set

d
{xeR"}2x € Z" and Zm’ is even.

i=1

Show that this is a lattice. For even d we define

DY? := Da+ (él+Dd)

Show that this is a lattice. For d = 8 this is the root system Eg. E7 is the sublattice of Es of all
vectors perpendicular to one of the generators of Es.

There are 3 more root systems Eg, F and G.

Let A C R? be a lattice with fundamental parallelepiped II. Show that the lattice translates of II
cover R? without overlap, i.e.

Ux+m = Rr?

xXEA
and (x+A)N(y+A)=aforz,y € A,z #y.
Show that any full-dimensional A-rational cone contains a lattice basis.
Hint: Use induction over the dimension.

Let A C R? be a 2-dimensional lattice. Show that a pair of vectors by, b is a basis of A if and only
if

COﬂV(O,bl,bz) NnA= {O,bl,bz} .

Can you extend this to higher dimensions?

A lattice triangle is a triangle A C R? whose vertices are in Z>.
Prove that any lattice triangle with only three lattice points has area 1/2.
This is the Theorem of Pick.

Let P be a lattice polygon, i.e. a convex polygon in R? whose vertices are in Z*. Let a be its
volume, : the number of integral points in the interior of P and b the number of integral points on
the boundary (including the vertices). Prove that

This is Pick’s Formula.
() Conclude that the number |k - P N Z?| of integral points in the k-th multiple of P is given by
a quadratic polynomial in k.
(ii) Show that the same is true for the number of interior integral points in k - P.
(iii) Is there a similar formula for polytopes in dimension 3?

Prove Proposition 2.13.

w
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2.13.

2.14.

2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

2.21.

Hint: For one direction consider Z?: ; Aibi and use that you can divide the coefficients by
the greatest common divisor to obtain a point in the linear span of A.

For the other direction use the fact that lattice points in the linear span of .A have two
representations and compare coefficients.

Let A = Z2 be the standard lattice.

Can you construct an equilateral lattice triangle, i.e. an equilateral triangle whose vertices are
points in Z2? Can you do it, if you are allowed to choose a different lattice?

Let A be a lattice triangle, i.e. a triangle whose vertices are lattice points, with one lattice point in
the interior and no other lattice points on the boundary except the vertices.

Show that the interior lattice point is the centroid of the triangle.

Is a similar statement also true in higher dimensions?

Let A € Q¥*™ of full row-rank.
> Show that there is a unimodular matrix U € Z™*™ such that AU is in Hermite normal form.
> Show that H is unique.

Show that the Hermite normal form can be computed in polynomial time.

Let A € Z%*™ and b € Z® and consider the system Ax = b of linear Diophantine equations.

> Show that the system Ax = b has an integral solution if and only if y‘b is an integer for all
y*' such that y*A is integral.

> Show that, if the system Ax = b has an integral solution x¢, then there are linearly

independent x1, . ..,x; € Z¢ for k = m — rank A such that
k
{xEZd:Ax:b}:{xo—f—Z)\ixi:)\ierorlgigk}A 2.2)
i=1

> Show that the representation of (2.2) can be found in polynomial time.

Show that there exist lattices bases b, . .., bg of a lattice A, such that b; € {0,+1 }d forl1 <i<d,
but but all basis vectors in the Hermite normal form H = (h;)1<i<q have length

[hi]| > 279 > Vd > |vby]|

Additionally, you may think about the following two questions.
> Can you make the Hermite normal form even longer?

> Can you also find a basis with b; € {0, 1 }* with this property?

Hint: You may start by finding a basis b; such that at least one of the h; has norm at least
292(d),

Let A be a lattice of full rank and B linearly independent lattice vectors that minimize det B. Then
B is a lattice basis.

Letal,...,ake(Zd)* and m1,..., my € Z for some k > 0. We define
A= {zeZd : ai(z) =0 (modmi)forlgigk}.

Show that A is a lattice and that det A < [T}, m.

Let A be a lattice with basis B. Show that for any ¢ > 0 there is a radius r depending on ¢, d, and
B, so that

(1— &) -vol(B,(0)) < |B,(0)NA|det A < (1+e)-vol(B,(0))

w
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2.22.

2.23.
2.24.

2.25.

2.26.

2.27.
2.28.

2.29.

Let I" be a sublattice of A of index D := |I'/A|. Then
DA C T CA,
i.e. DA is a sublattice of I.
Prove Theorem 2.30
Prove Theorem 2.29 using the Smith normal form from Theorem 2.30.

Let by, ..., bg be a basis of R?. For z = 3% \;b; € R? we define functionals b} (x) = \; for
1<i<d.

Show that b}, ..., b} is a basis of (R%)*.

Let by, ..., by be a lattice basis of the lattice A in R?. Then bj,..., b} is a lattice basis of the
lattice A* in (R%)*.

Prove Proposition 2.32.

Show that for arbitrary subspaces L C R? the projection of a lattice in R? onto L need not be a
lattice.

Hint: d = 2 suffices for an example.

Prove Proposition 2.33

w
w

Version of September 2, 2022



T20T ‘T 13quaidag Jo UOISIDA



3. Geometry of Numbers

Geometry of numbers deals with the relation between convex bodies and lattices. The
basic question of this area asks for connections between the number of lattice points of
a convex body and its area.

Research on this started with the work of Hermann Minkowski, who used convex
geometric methods, in particular his fundamental theorem, which is now known as
Minkowski’s Theorem (see Corollary 3.3), in order to bound class numbers in algebraic
number theory. In the 20th century this new research field, the Geometry of Numbers,
has grown into an established field of research with connections into many branches of
mathematics.

The theory deals with general convex bodies. Our applications in later chapters for
the results that we discuss in this chapter are mostly to polyhedra. So we will narrow
our focus to polyhedra in the the presentation whenever it makes the statements or
proofs easier.

3.1. Minkowski's Theorems

Minkowski’s two theorems are the basis of this whole branch of discrete mathematics.
Both essentially tell us something about generators of the lattice and prove that we
can find such generators with a bounded Euclidean length. Constructing such bases,
or at least finding one short direction in a lattice is the key ingredient to solve integer
programming in polynomial time in fixed dimension.

With the theory developed in this chapter we will obtain quite powerful bounds on
the lengths of short lattice vectors. However, most of the proofs are not constructive.
Thus, we cannot immediately use them in the context of algorithms. We will have to
reconsider some of the results in later chapters to come up with a construction of short
vectors. This will come at the price of much weaker bounds, which, nevertheless, will
still be sufficient to prove polynomiality.

Throughout this chapter A ¢ R? is a lattice of rank d (the reader may think of Z?).

3.1.1. Minkowski’s First Theorem

Definition 3.1. A subset K C R? of R? is centrally symmetric if —x € K for all x € K.
K is a convex body if it is bounded and convex.

The set of convex bodies in R? is denoted by €, and the subset of centrally symmetric
convex bodies is Cy.

w
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Problem 3.1
Problem 3.2
Problem 3.3

Note that the definition of the term convex body slightly varies in the literature.

With the following theorem we state a first fundamental correspondence between
lattice points in a centrally symmetric convex body and its volume.

Theorem 3.2 (van der Corput, 1935). Let K C R? be a centrally symmetric convex set.
Then

vol(K) < 2% |K N A|det A.

The inequality is strict for compact K.

Minkowski’s First Theorem, that he proved almost forty years earlier, is now a direct
corollary of this. This result is the fundamental theorem in this area and it is considered
to be the starting point of the theory. We state it before we give a proof of van der
Corput’s Theorem (Theorem 3.2).

Corollary 3.3 (Minkowski’s First Theorem, 1898). Let K C R? be convex and centrally-
symmetric with vol K > 2% det A.

Then there exists a # 0 in K N A. If K is also compact, then it suffices to assume
vol K > 24 det A. O

Equivalently we can also state that any centrally symmetric convex body K such that
int (K) N A = {0} has volume bounded by 2¢det A. So, intuitively, if we have a convex
body of volume exactly 2¢ det A, then all nonzero lattice points in X must lie on the
boundary. You will make this and similar observations more precise with Problem 3.1,
Problem 3.2, and Problem 3.3.

For the proof of van der Corput’s Theorem (Theorem 3.2) we will use the following
lemma. Its proof uses a nice pigeonhole-style argument to show that the intersection of
a sufficiently large set with some affine translate of the lattice is large.

Lemma 3.4 (Generalized Blichfeldt’s Theorem, 1914). Let S C R® be a (Jordan measur-
able) set with vol(8) > mdet(A) for a positive integer m.

Then there exist m + 1 pairwise distinct points p1, ..., Pm+1 € 8 such that p; — p; € A
for all i, j.

Proof. By considering a sufficiently large subset, we may assume that 8 is bounded.

Choose a closed fundamental parallelepiped (see Definition 2.5) IT := II(A) of A. Note
that still det A = vol II. For any x € A let

Sx ={yell|x+ye8}=IInN(8—x)

Note that 8x # 0 if and only if x € (8§ — II) N A. For an illustration of this and the
following argument see also Figure 3.1.




o o o o o o
o) o)
4 ®x3 Xo ®
N o
o o o Y o o o
o o
o X1
o o o o o o
(@) The set Sﬁand the fundamental par- (b) And the shifted intersections with (c) Translating the point y gives the
allelepiped TI the fundamental parallelepiped desired points x;

Figure 3.1.: Illustrating the proof of Generalized Blichfeldt’s Theorem (Lemma 3.4)

As 8 — II is bounded, Problem 2.3 implies that there are only finitely many x € A
with 8x # (). This implies that the function

= j{:ian
TEA

where idy is the indicator function on 84 (i.e., it evaluates to 1 on 84 and 0 elsewhere),
is well-defined. Using that fundamental parallelepiped tile the space (Corollary 2.8) we
compute

/Hf dr = Z/Hidx dr = vol(S)

TzEA TEA

=) volIN(8—x)) = Y vol(8§N (x +1I)) = vol(8)

TEA z€EA

> mdet A = /mdm
I

Hence, there is y € II with f(y) > m. Since f only evaluates to integers, we get
f(y) > m+1. In particular, there exist x1, ..., X,+1 € Asuchthaty € 8, N---N§
Therefore, defining

Xm+1°
pi =y +x €3 for i =1,....m+1
yields m + 1 points with the desired properties. O

With this preparation we can prove van der Corput’s Theorem (Theorem 3.2) and
Minkowski’s First Theorem (Corollary 3.3).

Proof of van der Corput’s Theorem (Theorem 3.2). We will give an indirect proof. Let us
assume that

vol(K) > m2%det(A)

for a positive integer m. Our goal is to show that there exist m distinct non-zero lattice
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Problem 3.4

points x1, ..., X,, in K. Together with the origin this will give m + 1 lattice points in K.

Let T := ;K. Then vol T = VgldK > mdet A. Hence, by the Generalized Blichfeldt’s
Theorem (Lemma 3.4), there are m + 1 distinct points p1,...,pms+1 € T such that
pi — p; € Aforall 7, j. Choose x; := p; — pm+1 fori =1,...,m as the desired lattice
points. Note that x; = p; + (—pm+1) € T + T = K. This proves the main part of the
theorem.

For the second claim assume that K is compact and vol K = 2¢det A. Now, since
K is compact, we can find 0 < ex < 1 for each x € 2K\ K such that x € (1 + ex) K.
Boundedness of 2K implies that 2K N A is finite (Problem 2.3).

Let ¢ be the minimum over ey for all x € (2K\K) N A. This choice ensures that
(1+ €)K and K have the same set of lattice points (note that a K’ C o’ K for 0 < o < o
as K is centrally-symmetric and convex). Since vol((1 + €)K) > 2¢det A, the result
follows. O

Centrally-symmetric convex bodies with the origin as their only interior lattice point
which have maximal volume 2? det(A) are also called extremal bodies.

Minkowski’s theorem does not tell us how to find the integral point, it just tells us it
exists. However, finding a short lattice vector is a very important problem in integer
optimization and in cryptography. Good surveys are, e.g. in the book of Grotschel et.
al' and the two books of Schrijver.? There are in fact polynomial time algorithms to
explicitly find such a point (if the dimension is fixed), but only for a much larger volume
bound. We will address this problem in the next two chapters.

Although we cannot easily compute a shortest vector of a lattice, Minkowski’s Theorem
at least allows us to estimate the length of such a vector.

Proposition 3.5. Let A C R? be a lattice. Then there is a vector v € A\ {0} such that

vl < Vd(det A)7*.

Note that the right hand side clearly has the correct exponent. If we scale the lattice
A by a factor of «, then also the length of a shortest vector scales with «, but the volume
scales with o,

Proof. Let V4 be the volume of the d-dimensional unit ball B4 and choose

1/d
a = 2 (de“\> . (3.1)

Then

vol(aBg) = a?Vy > 2%det A.

1Grétschel, Laszl6 Lovész, and Alexander Schrijver, Geometric algorithms and combinatorial optimization.
2Alexander Schrijver, Combinatorial optimization. Polyhedra and efficiency (3 volumes). Alexander
Schrijver, Theory of linear and integer programming.
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Figure 3.2.: A triangle in the plane together with two scaled copies with scaling factors \; and
As.

By Minkowski’s First Theorem (Corollary 3.3) there is a non-zero lattice point v in « By,
hence, of length at most «. We need to estimate the size of .

The volume of the unit ball is

v ERIPEE (27T€>d/2 . <4>d/2
d = A = ;
H0§i<d/2(d — 2i) d d

see Problem 3.5. The first approximation follows from Stirling’s formula d! ~ v/ 27rdgd
and the second from 27e > 4. Inserting this into (3.1) proves the result. O

Using a more careful analysis one can improve the bound to

(1 + 0(1))\/2d/ex (det A)Y? .

On the other hand, we know that there are lattices which essentially realize this bound,
i.e. there are lattices with shortest vector of length Q(v/d(det A)"/%).

The bound given by Proposition 3.5 can be arbitrarily bad already in dimension 2.
This can already be seen from the simple basis e; and Me; for some M € Z-~q. The
lattice contains a vector of length 1, while the determinant is M.

3.1.2. Successive Minima

Definition 3.6. Let K € Cy. For 1 < k < d we define the k-th successive minimum of K
to be the number

Ak = M(K) = /'{n%{dimlin()\KﬂA) > k}.
>

For K = B4(0) we call Ay := Ax(Bq) the k-th successive minimum of the lattice A.

Figure 3.2 shows an example for \; and A\ in dimension 2. The successive minima
satisfy

0 <A < A <o <Ay,

Problem 3.5

w
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where the first inequality follows as A is discrete. If v € A \ {0} is a shortest non-zero
lattice vector in the norm defined by K, then

M(K) = (vl -
There is no similar simple relation for the higher successive minima. In the standard
Euclidean norm we obtain a bound for A\; = A\;(B4(0)) from Proposition 3.5.
Corollary 3.7. Let A C R be a lattice. Then

A1 < Vd(det A)Y?.
The following corollary is equivalent to Minkowski’s First Theorem (Corollary 3.3).

Corollary 3.8. Let K € Cy. Then

M(K)?vol K < 2%det A.

All theorems above deal with centrally symmetric convex bodies, and the results are
wrong for more general sets. One reason for this is the connection of compact centrally
symmetric convex sets 3to metric geometry, which allows us to obtain bounds on the
norm. More specifically, any compact centrally symmetric convex body defines a norm
.||z on R¥ via

Il = max (ix € K

and, conversely, any norm ||.|| is of this form, with

K = {x:|x[|<1}.

Proposition 3.9. Let K € €y be compact and A C R¢ be a lattice with successive minima
A1, ..., Ag with respect to K. Then there is a (vector space) basis v1,...,vg € A such that
“Vi”K = )\ifOI’ 1< < d.

Proof. Pick some index 1 < j < d. By definition of \; there is a sequence (w;);>1 C A of
lattice vectors such that lim;_, ||w;|| = A;. For sufficiently large ¢ we have w; € 2K. K
is compact, so we can find a convergent sub-sequence w;, , converging to some vector w.
We need to prove that w € A. By definition, limj_, ||[w — w;, || , = 0, so for sufficiently
large k

W —wi [l < M/2.
The triangle inequality then implies for sufficiently large &, [

Wi, = Wil < W =wi [+ W = wi [l <A

i
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Figure 3.3.: The lattice points determining the successive minima need not be a lattice basis.
In the polytope P := conv (t+ey, +e3, =(es + e3 + 2e;)) the vertices in the
positive orthant determine the first linearly independent set of lattice points, but
they do not span Z>.

But w;, — w;, is a lattice vector, so w;, = w;, for sufficiently large £, (. Hence, w;, = w
for sufficiently large k, and w is a lattice vector. O

The vectors found in the previous proposition need not be a basis of the lattice A. For
an example, the lattice polytope

P := conv (+ey, +esz, t(ex + e3 + 2e))

in the lattice Z? is centrally symmetric and its lattice points are the vertices and the
origin. See Figure 3.3.

Hence, the successive minima are \; = Ay = A3 = 1, but no subset of the vertices is
a lattice basis of Z3. You will see in Problem 3.6 that also a set of lattice vectors of
length A1, ..., \q is not a lattice basis in general. However, Problem 3.8 shows that this
is true in dimensions up to 4.

We can, however, achieve the following much weaker result on the connection of
successive minima and a lattice basis. You will prove this in Problem 3.9.

Proposition 3.10. There is a basis B = { by,...,bg } of A such that

AN\ int K Qlin(bl,...,bi,l)ﬂA.

The following result is a cornerstone of the theory of successive minima. We will not
prove this much stronger theorem here.

Theorem 3.11 (Minkowski’s Second Theorem, 1896). Let K € Cy. Then

1
E-2ddetA < A1 M\gvol K < 2%det A.

Problem 3.6

Problem 3.7
Problem 3.8

Problem 3.9

N
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The proof of the lower bound is simple, and you will do this in Problem 3.10, where
you also show that the bound is tight. A proof of the upper bound, which is much more
involved, can be found in the paper of Henk.?

Problem 3.10
Corollary 3.7 bounds the first successive minimum by d and the determinant. We can
use Minkowski’s Second Theorem (Theorem 3.11) to show that the same bound also
holds for the larger geometric average of all successive minima.
Corollary 3.12. Let A C R be a lattice. Then
d e
(H /\i> < Vd(det A)".
i=1
Proof. Recall that \; = \;(B4(0)), so we want to use Minkowski’s Second Theorem
(Theorem 3.11) for K = B4(0). We use the same lower bound for the volume of B4(0)
as in Proposition 3.5,
4\ 1
v () oot
d v
Thus,
a1 d
Al Ag-2 — < Ap-cAg Vg < 2%det A
d
Rearranging the inequality and taking the d-th root gives the claim. O]
Historically, the length of a shortest lattice vector in the Euclidean length was studied
first in the context of quadratic forms. Hermite* studied the quotient
nw Y
1
’Y(A) = 1/d )
(det A)
which is now known as the Hermite factor of the lattice. The Hermite constant is the
supremum
Ya = sup y(A).
A
It follows from Proposition 3.5 that
Yo < d.
The precise value is only known in a few cases for small d. See Table 3.1. v, = @ is
realized by the hexagonal lattice, or, as historically first descovered, by the lattice of
3Henk, “Successive minima and lattice points”.
*Hermite, “Extraits de lettres de M. Ch. Hermite a M. Jacobi sur différents objects de la théorie des
nombres”.
42



d|1 2 3 45 6 7 8 24
wl1 3 2 4 8 § 64 28 4%

Table 3.1.: Known values of the Hermite constant. Note that the table gives ¢ instead of ;.

Eisenstein integers.
Problem 3.11

* 3.1.3. The Lattice Point Enumerator

Betke, Henk, and Wills®> conjectured a similar result as Minkowski’s Second Theorem
also for the lattice point count. As far as we know this conjecture is still open.

Conjecture 3.13 (Betke, Henk, Wills, 1993). Let K € Cy. Then

d
2
IKNZ" < HL\'JrlJ .
=1

7

Some evidence for the correctness of the conjecture is given by the observation that
the corresponding analogue for Minkowski’s First Theorem is true.

Theorem 3.14 (Betke, Henk, Wills, 1993°). Let K € Q. Then

IKNZ| < |2 +1
A1

Proof. We follow the original proof. Let m := [/\2—1 + IJ . Suppose there are x,y € K,

x # y such that
x; = y; (mod m) for 1<i<d.

We consider the point

(3 () - e

By assumption, each entry of x — y is divisible by m, so z is a lattice point. By choice of
m we have % < A\, 80 z € )\ int K N Z% and non-zero. This contradicts the definition
of A1, so there are no two points in K whose difference is m times a lattice vector.

The pigeonhole principle implies that there can be at most m? different points in K
that are not congruent modulo m. This implies the theorem. O

SBetke, Henk, and Wills, “Successive-minima-type inequalities”.
®Betke, Henk, and Wills, “Successive-minima-type inequalities”.
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Later, Henk’ verified the conjecture with a weaker bound using Proposition 3.10

Theorem 3.15 (Henk 2007).

d
2
\Km%ﬂgzwﬂjkr+q.
_1

Proof. Set

Q; = )\i .

Then «; is the smallest integer such that

2
—_— > )\z‘;
Q;

and a3 > ag > -+ - > ay. Choose a basis by, ..., by as in Proposition 3.10 and choose
numbers k; > ... > kg1 < kq := 1 such that n; := 2¥ia, satisfies

Nd == oy and «; < n < 204
for 1 <i <d— 1. The n; satisfy
Nk|nj for k> 3.
Now consider the lattice
A = @Zmbi.

We want to show that A’ N 2K = {0}. Assume not, and let u € A’ with [jul|, < 2. We
can write u as

d
u = Zﬂmibi
i—1

for some integers p1, ..., uq. Let ¢ be the largest index with u; # 0. As 7 divides
m,...,n—1 we have %u € A/, and so

1 2 2
—ul| < — < — <\
i i Q;
Hence, #u € lin (by,...,b;_1), which is a contradiction to the choice of the basis.

Thus, the projection 7 : R — R?/A’ is injective on K, so

IKNZY = |n(KNZY|

"Henk, “Successive minima and lattice points”, Thm 1.5.

S
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p1

p1—qa; <€

p1 —qap = —¢€

Figure 3.4.: The centrally symmetric convex body K. This is a cut off tube of width 2e around
Pp—q-a=0.

But 7(K NZ4) C A/N\, so

KNz < |A/N| = []m < 277 ][] O

3.1.4. Dirichlet’s Theorem

We want to discuss one application of Minkowski’s First Theorem (Corollary 3.3) in this
section. You can find another one in Problem 3.13.

Assume we are given a vector a € [0, 1]¢ with entries a; € R. We want to approximate
a with a rational vector a € Q¢ with a denominator bounded by some given Q. This
is a common task in many applications, as computers cannot deal efficiently with non-
rational numbers (although we may represent some exactly using, e.g. field extensions).
On possible choice would be

[a1Q]
Q

o
I

lagQ)
Q
where [z ] denotes rounding to the nearest integer. The rounding error with this choice
is at most QL Can we do better? We may observe that we have not used the assumption
that the denominator should be at most (). This, together with Minkowski’s First
Theorem (Corollary 3.3) sometimes allows a better approximation.

Theorem 3.16 (Dirichlet). For any a € (0,1]¢ and Q € Z~q there are py,...,pq € Z>o
and q € {1,...,Q } such that

for 1<q3<d.

N
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Problem 3.12
Problem 3.13

Problem 3.14

Proof. Lete: *ﬁ and define

K = {(pl,---,pd,q)tGRd“ Cpi = qrail < 6f0r1§i§dand\QI§Q}-

This set is defined by a finite set of linear inequalities, so it is a polyhedron. It is also
bounded and centrally symmetric, so a centrally symmetric convex body. See Figure 3.4
for an example. The volume is

9 \ @
vol K = 2Q-(20)¢ = 2Q (Ql/d> ==
It follows from Minkowski’s First Theorem (Corollary 3.3) that K N Z4+!\ {0} is not
empty. Pick any integral point (p1, ..., pq, q) in this intersection. By symmetry, we may
assume that ¢ > 0. If ¢ = 0, then |p;| < ¢ < 1. This would imply p; = 0, which is not
possible. So ¢ > 0 and

lpi — q-ai| < €.

Dividing both sides by ¢ gives the desired approximation. O

3.2. Coverings and Packings

For r > 0 and z € R let

Bo(z) = {x €R!| |x—z| < r}
be the open ball of radius r around z. In this section we consider the configuration of all
translates of such a ball to all lattice points. We want to determine for which radii these
translates are pairwise disjoint or cover the whole space, and relations between these
two.

We start with the first and introduce the packing radius of a lattice, which, in plain
words, is the largest radius of a ball such that any two translates to a lattice point either
coincide or are disjoint.

Definition 3.17. Let A be a lattice in R?. The packing radius is

o(A) = sup(Bp(x)NBy(y) = @forallx,y € A),

r>0

i.e. the largest r > 0 such that the open balls of radius r around any two distinct lattice
points do not intersect.

See Figure 3.5 for some examples. You will prove the following connection between
the packing radius and the first successive minimum in Problem 3.14.

i
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(@) The standard lattice Z?> (b) The hexagonal lattice

Figure 3.5.: Examples of Packings in the square and hexagonal lattice

Proposition 3.18. Let A C R¢ be a lattice. Then o(A) = 3.

Recall that in Definition 2.31 we have defined the dual of a lattice A to be the set of all

linear functionals that map lattice points to integers. This is itself a lattice A* in (]Rd)*.

As with many other places where we have dual objects, transformations like scalings
induce the inverse operation on the dual, which connects invariants on the primal and

dual side. This is also true for the packing radius, as we prove with the next proposition.

Proposition 3.19. Let A be a lattice in R with dual lattice A*. Then

o(A) - o(AY) < da.

Proof. By Proposition 3.18 the packing radius is half the length of a shortest non-zero
lattice vector, and by Proposition 3.5 we can bound this length with

o(A) < %J&(det AV o(A%) < %\/&(det ARy
both for A and its dual. The proposition now follows as det A - det A* = 1. O

The following statement is immediate from the previous two propositions.
Corollary 3.20. For any A we have \; - \] < d. O

Banaszczyk has proved the much stronger result that we can replace one \; by \,,.%
It follows from this corollary that if \; is large, say A\; > N for some N > d, then the
corresponding value for the dual must be small, i.e. \} < d/n. However, the converse is
not necessarily true, i.e. both A\; and A} can be small, see Problem 3.18. Similarly, one
can show that \,, and \} cannot both be small at the same time, but they can both be
large, see Problem 3.19.

Problem 3.16

Problem 3.17

Problem 3.18

8W. Banaszczyk, “Inequalities for convex bodies and polar reciprocal lattices in R™. II. Application of ~Problem 3.19

K-convexity”.
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Figure 3.6.: The covering radius of the standard lattice is v2/2.

Now we switch the view and want to find out how large we need to make the radius
of our balls so that the translates cover the whole space. This is captured with the next
definition.

Definition 3.21 (Covering Radius). Let A be a lattice in R of full rank. The covering
radius is

w(A) == maxd(x,A),
x€RA

i.e. the largest possible distance between any point in R? and its nearest lattice point.
See Figure 3.6 for an example. You should convince yourself that the covering radius

is indeed well-defined and finite. In particular, the maximum is attained for some point
x € R? (by a standard compactness argument).

Problem 3.20
Problem 3.21
Lemma 3.22. Let A be a lattice with successive minima A1, . . . , \q and linearly independent
lattice vectors vy, ..., vq such that \; = ||v;|| for 1 <i < d. Then
1 .
p(d) 2 Sl fori<i<d.
Proof. Let u = 3v,. Assume there is w € A such that d(u, w) < % ||v4||. Then
[wil < flull + d(u,w) < [[vall ,
so w cannot be linearly independent of vy, ..., v,;_1 by the choice of v;. Hence, w is in
the span of vi,..., v, 1. But then 2w — v, is linearly independent, and
12w —va| = [2(w —ua)|| < [lval
again contradicting the choice of v4. Hence, d(u, A) = d(u,0) = 3 ||v4|. This implies
that
1 1
p(d) = Slval > 5 il
for 1 <i < d, where the latter follows from ||vg|| > ||v;|| for all .. O
48



Corollary 3.23. The covering radius is bounded from below by half the last successive
minimum,

1
p(A) > §>\d~

Lemma 3.24. Let A be a lattice in R? with dual lattice A*. Then

4p(A)-o(A") > 1

Proof. Let A be a lattice with successive minima Ay, ..., \; and linearly independent
vectors vy,...,vg € A such that \; = ||v4|| for 1 <i < d. Let u be a shortest non-zero
lattice vector in A*. Proposition 3.18 and Lemma 3.22 imply forany 1 <i < d

Ap(A) - o(A") = 2p(A) - [[ul] = [[vill - f[all . (3.2)
The vectors vy, ..., v, are a basis, so for at least one ¢ we have |v;(u)| > 1. Hence, for
that ¢
[vill - flafl =1,
which, together with (3.2) implies the claim. O

It follows from this lemma, that the product \; - A} > 1, see Problem 3.25. More
generally, one can also show that forany 1 < k£ < d

Ak Aoy > 1,

see Problem 3.26.

So if A4 (or the covering radius p > A4/2) is small, then the dual minimum length
A} > 1/x, must necessarily be large. Here, also the converse is true, as already noted
above, below Corollary 3.20. However, this result needs new methods for the proof.

The following theorem is the key ingredient for the flatness theorem that we will
prove in Section 3.3.

Theorem 3.25. Let A be a lattice in R® with dual lattice A*. Then

1 < 4p(A)-o(A%) < d°°.

Our proof of this theorem is based on an argument by Schnorr, Lagarias, and Lenstra.’

°J. C. Lagarias, H. W. Lenstra Jr., and C.-P. Schnort, “Korkin-Zolotarev bases and successive minima of a
lattice and its reciprocal lattice”.

Problem 3.22
Problem 3.23
Problem 3.24

Problem 3.25
Problem 3.26

N
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Proof. The left inequality is Lemma 3.24.

We have to prove the right inequality. This is done by induction over d. For d = 1 we
have, for some )\ > 0,

A= )\Z and A = Nz =2 Nz
Thus, x(A) = 3X and o(A*) = 1171, so that

-2

pA) o(A*) = § < §172

Now let d > 1. We choose a shortest non-zero lattice vector v € A. Then ||v|| = 2 o(A).
Let L be the orthogonal complement of v with projection 7 : R — L and I := 7 (A).
Then T is a lattice in L and I'* C A* by Problem 2.29. Hence

o(T*) > o(A¥). (3.3)

We now want to bound p(A). For this, let x € R?, y = 7(x) and u € I a closest point
to y in L. Then

lu—yl < wu).

Consider the line 7~!(u). Any two neighboring lattice points of A on this line have
distance ||v||. Hence, we can pick a point w € A N7~ !(u) such that

1
dex,w+(y—w) = x—(w+y-w)l < vl
Using the right angled triangle x, w, w + (y — u) we compute
2

2 2
[x=w[® < [x=(w+ (-l +y—ul

Now x was chosen arbitrary, so we can assume it is a point with maximum distance to
the lattice and we can estimate (note that w need not be a lattice point closest to x)

n(A)? < flx—wl* < M(F)2+i\\v\\2 = pu(I)? + (M)

Hence, we obtain

u(A)? - o(A*)? < pu(T)? - o(A%)? + o(A)? - o(A%)?
< (D)2 - o(T*)* + o(A)? - o(A%)?
< %(d— 1) + %d?
< %di“ :

where the second inequality follows from (3.3), the third from Proposition 3.19 and
induction. This proves the theorem. O

Remark 3.26. We can refine the notion of the covering minima similarly to the sequence

(&)
o



A, ..., Aq Of successive minima and define the covering minimal 4; of a convex body
K to be

pi(AK) = ir;% ((uK + A) NT # o for any j-dimensional subspace T') .
o

Then p(A) = py(A, Bg). For any convex body K we get a centrally symmetric convex
body Ky := K — K. let A\] be the first successive minimum of A* w.r.t. to the norm
defined by (K — K)*. Kannan and Lovasz'® show that

3.3. Flatness Theorem

Playing around with two-dimensional convex sets the reader may get the impression
that a convex body without interior lattice points cannot be arbitrarily wide. Indeed
this is a fundamental fact in the geometry of numbers. The following considerations
are based on an argument given in Barvinok’s book.!!

Definition 3.27. Let A C R? be a lattice with dual lattice A*. Let K ¢ R< be a full-
dimensional convex body. The width of K with respect to a non-gero lattice vector a € A*
is defined as

width(K;a) := max a(z) — min a(x).

We define the width of K with respect to A as

widthp (K) := inf(width(K;a) : a € A*\ {0}).

You will show in Problem 3.28 that for full-dimensional convex bodies the infimum
is actually a minimum, and in Problem 3.27 that the width of convex bodies with

dimension less than the ambient dimension is actually 0.
Problem 3.27

Recall that an ellipsoid is the image of a ball (in some norm) under an affine linear p,opjem 3.28
map. See Definition A.7 for a full definition and for some properties that we need in  proplem 3.29
the following. Our approach to bound the lattice width of empty convex bodies will
proceed in three steps. We first prove it for balls, then extend to ellipsoids and finally
use Lemma A.11 to approximate an arbitrary convex body with ellipsoids from the
interior and the exterior. The following lemma does the first two steps.

Lemma 3.28. Let A be a lattice, v € A* a shortest non-zero lattice vector and E an
ellipsoid such that E N A = @. Then width, (E) < d”>.

19Ravi Kannan and L4szl6 Lovasz, “Covering minima and lattice-point-free convex bodies”, Lemma 2.3.
HA. Barvinok, Integer points in polyhedra.
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Proof. We prove this first for the case that E is a ball. In this case we know by Proposi-
tion 3.18 that ||v|| = 2 o(A*). Let r be the radius of the ball. Then r < p(A). Now

Width(E;v) = rllv]| < 20(A%) p(A),

and the latter is at most d”2 by Theorem 3.25.

For the extension to ellipsoids we use that the bound d*? obtained is independent of
the lattice. Further, any ellipsoid is a linear image of a ball and the image of a lattice A
for a non-singular linear map 7 is a lattice.

More precisely, let © — T'x + t be the affine map such that 7'(E) = B is a ball, and let
A’ := T(A). Then A’ is a lattice in R and BNA’ = @. Hence, for a shortest non-zero
vector v/ € (A’)*, its preimage T'v is a shortest non-zero vector w € A* we have

width(E;w) < width(E;v') = width(B;v') < d”?. O

We can extend our bound for the width of a convex body from balls and ellipsoids to
general convex bodies with empty interior, albeit only with a weaker right hand side.
The key observation for this is Lemma A.11, which tells us the we can estimate any
convex body from the interior and exterior with a suitably chosen ellipsoid.

Theorem 3.29 (Flatness Theorem). Let K C R® be a convex body with K N A = (). Then

ot

widthp (K) < d2.

Note that also in this general theorem the upper bound only depends on the dimension
and not on the given lattice.

Proof. Let E be a maximum volume ellipsoid (see Definition A.9) in K with center
z. Then also E N A = &. Let v be a shortest non-zero lattice vector in A such that
width(E;v) < d”? by the previous Lemma 3.28.

Clearly, the width of K is translation invariant, so we can assume that z is the origin.
By Lemma A.11 we deduce K C dF, and thus

width(K;v) < dwidth(E;v) <d-d”* = d”. O

The bound from the previous theorem is not optimal. If we look for a function f(d)
such that

widthy(K) < f(d).

for all convex K with KN A = (), then we can ask how small we can make f(d). Consider
the polytope defined by the inequalities

rp > P 1 + -+ xg < d—p

for some small x> 0. This is the unit simplex scaled by d(1 — ) — 5 and then shifted
by p1. It is lattice free, and its width approaches d for u — 0. So f(d) > d.

52



On the other hand, it follows from Remark 3.26 and Problem 3.29 that f(d) = O(d?).

In fact, the bound of the previous theorem can be strengthened to be of order d*2, so
that

widthy (K) < O (d%> .

This is a result of Banaszczyk et al.'> The current best upper bound is O(d"/* log *d) for
some integer a > 0.!3 It is unknown and an active subject of current research, whether
the sharp bound is actually of the form O(d).

If K is centrally symmetric, then Banaszczyk proved that one can choose f(d) =
O(dlog d).'* We get the same bound for simplices.!® For ellipsoids we have f(d) =
O(d).1

From the algorithmic point of view we should also ask whether we can actually
compute such a vector c that realizes the lattice width of a given convex body K. It
turns out that computing c, though possible, cannot be done in polynomial time. We
can, however, compute an approximation in polynomial time, albeit with much weaker
bounds on the width they realize. Here, the currently known best bound O(2¢) that we
can achieve has been given by Grétschel et al.!”

3.4. Lower Bounds on Flatness

There has been less work on lower bounds so far. The unit simplex shows that
widthy (K) > d.

Sebé constructed empty simplices in dimension d of width d — 2.'® Here, a polytope P
is empty if the vertices are the only lattice points in P. For 3-dimensional empty lattice
polytopes (not just simplices) the width is 1. The maximal widths of empty simplices
and polytopes differ in higher dimensions.

The maximum width also differs for convex bodies and lattice polytopes (polytopes
whose vertices are lattice points) for dimensions d > 2 (In dimension 1 both are 1). In
dimension 2 we have a maximum width of 2 for a lattice polytope (obtained by twice
the unit simplex) and 2 + 2/v3 obtained by a slightly rotated simplex.

In dimension 3 the maximum on lattice polytopes is 3,'° while the precise value is

12Wojciech Banaszczyk, Litvak, Pajor, and Szarek, “The flatness theorem for nonsymmetric convex bodies
via the local theory of Banach spaces”, Thm. 2.4.

13Rudelson, “Distances between non-symmetric convex bodies and the M M *-estimate”, Cor. 2.

14W. Banaszczyk, “Inequalities for convex bodies and polar reciprocal lattices in R™. II. Application of
K -convexity”, Eq. (8).

1>Wojciech Banaszczyk, Litvak, Pajor, and Szarek, “The flatness theorem for nonsymmetric convex bodies
via the local theory of Banach spaces”.

16W. Banaszczyk, “Inequalities for convex bodies and polar reciprocal lattices in R". II. Application of
K -convexity”, Eq. (9).

7Grétschel, Laszl6 Lovasz, and Alexander Schrijver, Geometric algorithms and combinatorial optimization.

183ebs, “An introduction to empty lattice simplices”.

19 Averkov, Kriimpelmann, and Weltge, Notions of maximality for integral lattice-free polyhedra: the case of

Problem 3.30
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not known for general convex bodies. We have a lower bound of 2 + /2, which was
proved by Codenotti and Santos.? They conjecture that this is the true value. They also
show that the width of a lattice polytope without interior lattice points can be larger
than the dimension. More precisely, they construct a lattice polytope with no interior
lattice points of width 15 in dimension 14 and a simplex of with 408 in dimension 404.

3.5. Problems

3.1. Let K C R? be a centrally symmetric convex body with int (K) N Z% = {0}.

> Assume K is a polytope. Show that at most 2(2¢ — 1) facets contain a lattice point in their
relative interior.

> Assume that vol(K) = 2¢ det A. Show that K is a polytope and each facet of K contains at
least one lattice point in its relative interior.

Hint: For the second part: For Any lattice point x choose a half space Hx containing both x
and K. Let Sx := Hx N —Hx. Now consider the intersection of all Sx and prove that
this satisfies the assumptions of Minkowski’s First Theorem (Corollary 3.3).

3.2. Let K C R be a centrally symmetric polytope with int (K) N Z¢ = {0}. Show that K contains at
most 3¢ lattice points.

This is a result of Minkowski from 1910.
Hint: Choose lattice points in the interior of facets. Consider their coordinates module 3 (i.e.,

their image under Z¢ — (Z/37)%). Look at the difference of two points having the
same image and use the pigeon-hole principle.

3.3. Let K C R be a centrally symmetric polytope with int (K) N Z¢ = {0}. Assume that no lattice
point in the boundary is in the convex hull of some other lattice points in K.

Show that K has at most 247! — 1 lattice points

3.4. Let K be a centrally symmetric convex body with vol K > k - 2% det A
Show that K contains at least 2k + 1 lattice points.
Can you get k linearly independent points?

Hint: You may start with finding just k& + 1 points.

3.5.  Prove that the unit ball in dimension d has volume

L4/2] 9[d/2]
Vg = =12
H0§2i§d(d — 24)
3.6. Let A be a lattice with successive minima A; < ... < A4 and by, ..., by linearly independent

lattice vectors with A\; = ||b;|| for 1 < ¢ < d. Show that these vectors are a lattice basis for d < 2,
but not necessarily for d > 5.

Hint: Consider the lattice A :={x : z1 =z2 =--- =24 mod 2}.
3.7. Let A be a lattice generated by b1, ..., b, and u > 0 such that
Ibill < p foralll < i < d,

Then we have, for any v € R?

Vd

el < Vd
min v —ul| < S-u

dimension three.
20Godenotti and Santos, Hollow polytopes of large width.
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3.8.

3.9.

3.10.

3.11.

3.12.

3.13.

3.14.

3.15.

3.16.

with equality if and only if by, ..., by are pairwise orthogonal, ||b;|| = p for 1 < ¢ < d and

d
1
V:Z(ni+§>bi for somen; € 7,1 <i<d.

i=1

Show that for d < 4 any linearly independent set of lattice vectors b;, 1 < i < d with ||b;|| = A\; is
a lattice basis.

Hint: Use induction and Problem 3.7.
Prove Proposition 3.10

Let A be a lattice with successive minima A1, ..., Aq and vi, ..., vy linearly independent lattice
vectors such that ||v;|| = \; for 1 < ¢ < d (This is possible by Proposition 3.9).

Let I" be the lattice spanned by these vectors and consider the polyhedron

¢ = {x=Fuv s L[| < 1}

Compute the volume of this polyhedron. Use this to prove the lower bound in Minkowski’s Second
Theorem (Theorem 3.11) and show that it cannot be improved.

i

Ai

Let A C R? be a lattice such that v(A) = 4. Show that the successive minima are all equal, i.e.
A== = A4

Hint: Use Corollary 3.12.

Let p be a prime with p = 1 mod 4. Show that there are integers a, b € Z such that p = a? + b°.
Hint: You may want to use Euler’s criteron, which states that for a prime p and coprime a
—1
there is ¢ such that ¢> = ¢ mod pifa”> =1 mod p.

Show that every = € Z>( can be written as a sum of four squares, i.e. for any such z there are
a,b,c,d € Z>o such that

x=a® + b + & + d%.

This is the Theorem of Lagrange.

Hint: Reduce first to prime x by showing that the product of two sums of four squares can be
written as a sum of four squares.

Now show that you can find «, 8 € Z such that a®4 % = —1 mod z. For odd z consider
the sets S :={a® modz : 0<a < £}andSz:={-1—-8°> modc : 0< B < %}
and use the pigeon hole principle to show that their intersection is not empty.

Now consider

A = {a€Z4 ta1=a-a3+f-as modrzanda; =f-a3—a-as mod z}.

Show that this is a lattice of index z* in Z* and apply Minkowski’s Theorem to the open
ball of radius v/2z.

Show that the packing radius is finite and equals 31, which is half of the length of a shortest
non-zero lattice vector.

Show that for r > 0

d
AN 7r-Bg| < (2—r+1) .
A1

Let A be a lattice in R?. Show that there is a non-zero x € A such that

Ixll., < (det A

(&)
(&)
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3.17.

3.18.
3.19.
3.20.
3.21.

3.22.

3.23.
3.24.

3.25.
3.26.
3.27.
3.28.

3.29.

3.30.

Let Ag C A C R be lattices. Show that
o(A) < o(Ao) < [A/Ao|o(A).
Show that for d > 2 and any € > 0 there is a lattice A of rank d such that \; = A\ < e.

Show that for d > 2 and any ¢ > 0 there is a lattice A of rank d such that \,, = A}, > c.

Show that the covering radius x(A) is finite and attained for some x € R%.

Prove
@ p(z') = Vi
(i) pu(Ds) = 1

(i) 1(Da)

Let A C R? be a lattice. Show that

vn/a ford > 4

Show that this bound is tight.

Hint: Choose appropriate linearly independent vectors and modify the fundamental paral-
lelepiped to a cube of appropiate side lengths (i.e. choose an orthogonal basis).

Show that there is v € R? with |[v — u|| > 2\, for any u € A.

Show that there are lattices A such that ;(A) < 2X;(A). Deduce that the bound in Proposition 3.5
is essentially tight.

Hint: Assume you have a lattice with u(A) < 2X\1(A). Show that there is a lattice point
v € A so that v has distance at least A\, (A) from lattice. Consider the new lattice
AU (3v+A).
For the second claim note that the volume of a ball used in a covering must be at least
the volume of a parallelepiped.

Show that A\; - A\ > 1.
Show that A\g - Aj_x4q > 1.
Show that the lattice width of a low dimensional convex body is 0.

Show that in the definition of lattice width we can replace the infimum with a minimum for a
full-dimensional convex body K. Thus, the width is strictly positive.

Any centrally symmetric convex body C defines a norm on R? via ||x||, := r if 1x € 9C for any
x # 0.

Let K be a convex body. Then K — K := {x—y : x,y € K } is a centrally symmetric convex
body, and so is its polar (K — K)*. We can define the successive minima \;(A, K — K*) w.r:t. to
this norm.

Show that widtha (K) = A\ (A, K — K*).
Let C1,...,Cnm be convex bodies in R% with lattices A; containing the origin and A1, ..., Ay > 0.
Let

i=1

be the scaled free sum. Show that C is a lattice polytope if all C; are lattice polytopes and that

WidthA(C) = mjn ()\1 WidthAi (CZ)) .

Further, ifint C; N A = @ forall s and > A% > 1,thenalsointCNA = @.

n
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4. The Shortest Vector Problem

We have seen in the previous chapter that, as a consequence of Minkowski’s First
Theorem (Corollary 3.3), any lattice A of rank d contains a vector v € A with length
bounded by

Ivlly < Vi (det 4)7*,

see Proposition 3.5. Note that this bound is only true for the Euclidean norm, and in

this and the following chapter we will always use this norm and just write ||.|| for ||.||,.

We have also seen that the proof of Minkowski’s Theorem is not constructive and so
far we do not have an algorithm to construct a short vector. However, constructing such
a vector, or at least an approximation, is one of the fundamental algorithmic problems
not only in integer optimization, but also in cryptography, number theory and other
fields. It has therefore gained a lot of attraction over recent years.'

4.1. Motivation

Here is the precise formulation of the task to find a short vector in a lattice as an
optimization problem.

(SVP). Let A C R? be a lattice. The Shortest Vector Problem (SVP) is the task
to find a non-zero vector u € A \ {0} of shortest possible length.

Observe that a shortest non-zero lattice vector has length A;(A), the first successive
minimum introduced in Definition 3.6. An important relaxation of the shortest vector
problem is the approximate shortest Vector problem (SVP)..

(Svp),. Let v > 1 and A C R? be a lattice. The Approximate Shortest Vector
Problem (SVP), is the task to find a non-zero vector u € A \ {0} of
length bounded by

[ul] < yAr

Both the exact problem and its approximate version are NP-hard in general.? If we
want to compute something in polynomial time we need to relax the problem further,
fix some parameters, allow v to depend on the dimension, or restrict to special cases.

! Aardal, Lattice basis reduction and Integer programming; Hanrot, Pujol, and Stehlé, “Algorithms for the
shortest and closest lattice vector problems”; Nguyen and Vallée, The LLL Algorithm; Tateiwa, Shinano,
Yamamura, Yoshida, Kaji, Yasuda, and Fujisawa, CMAP-LAP: Configurable Massively Parallel Solverfor
Lattice Problems; Wiibben, Seethaler, Jaldén, and Matz, “Lattice Reduction”.

ZKhot, “Hardness of approximating the shortest vector problem in lattices”.
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The algorithm for (SVP) that we will discuss below is based on a solution for the
approximate problem using a reduced basis for the lattice. In such a basis the coefficients
of a shortest vector are bounded by a constant depending on the dimension only. Hence,
we can solve the shortest vector problem by enumerating over all possible coefficients,
at least in fixed dimension.

In this chapter we will introduce the LLL-reduced bases of Arjen Lenstra, Hendrik
Lenstra and Laszl6 Lovasz® and look at the consequences for (SVP). We will construct
such bases in the next chapter and show how to compute them in polynomial time, at
least for sublattices of Z.

Let us first discuss why the computation of a short vector, or a basis with short vectors is
more involved for lattice bases than for vector space bases. We know from Proposition 3.5
that there is a vector of length at most v/d (det A)l/ ¢, but the proof was non-constructive.
This is not just an artefact of the proof, as in an arbitrary lattice basis the coefficients of
a shortest vector in this basis can be arbitrarily large. To see this, consider e.g. the basis

w0

of 7?2 for any integer n € Z. Then
+e; = 4+nb; + by +e; = +(1 —n?)b; £+ nby.

are representations of the shortest vectors in the lattice Z?. Hence, brute force enumer-
ation of coefficients is not sufficient to solve the problem without more information on
the basis. Note that one of the basis vectors is much longer than the other, and they are
far from orthogonal. We will later see that this is necessarily so for bad bases.

On the other hand, assume that we have a lattice basis by, ..., by of pairwise orthog-
onal vectors, and assume ||b;|| < [|bj|| for 1 < j < d. Any non-zero shortest vector
x € A has a representation in this basis with integral coefficients \1,..., g € Z, and
not all can be 0. Let j be an index with A; > 0. Then

IxI* = ||>" b

Hence, the shortest of the lattice basis vectors is already a non-zero lattice vector of
shortest length.

2
= D il Ibill* > by* > by

So it might be desirable to find a lattice basis with orthogonal vectors. From plain lin-
ear algebra we know how to find such a basis using the Gram-Schmidt orthogonalization.
This is a simple and efficient algorithm that runs in polynomial time. However, already
simple examples in dimension 2 show that it does not respect the lattice structure.

Furthermore, the hexagonal lattice of Figure 4.1 shows in fact that, in general, a basis
with pairwise orthogonal vectors does not exist. We have also seen bases with vectors
of necessarily different lengths.

If we do not want to discard the idea of orthogonal bases completely we should check
whether we can at least get close to an orthogonal basis (in a sense we still have to
define), and whether such an almost orthogonal basis is still good enough to solve

3A. K. Lenstra, H. W. Lenstra Jr., and L. Lovész, “Factoring polynomials with rational coefficients”.
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Figure 4.1.: The hexagonal lattice

(SVP). We also want a polynomial time algorithm for this, so we may also have to
discuss the relation between a better approximation and one that we can still compute
efficiently.

4.2. Reduced Bases

So in the following we want to revisit the Gram-Schmidt orthogonalization and see
what we can learn from it for lattice bases. Let A C R¢ be a lattice with a basis
b1, bo, ..., by € R% The order of the basis vectors is relevant in the orthogonalization
process, and we will sometimes speak of ordered bases to emphasize this.

We consider the increasing chain of A-rational subspaces
Vo = {0} Vi :=lin(by, ..., bg) for1 <k<d. “4.1)

together with the induced lattices Ax := A NV} on these spaces. For 0 < k < d let
7, : RY — Vj, be the orthogonal projection onto the subspace Vj,. The Gram-Schmidt-

orthogonalization of the basis are the vectors w1, ..., wy defined via
wi = by — mx_1(bg)
k—1
- (bg, w; )
= b, — Z)\jkwj with Ajk = 2 4/ g
= Iw;

So in particular we have

(WZ‘,W]'> =0 forl1<i< 7 <d and d(bk,Vk_l) = ”WkH . (4.2)

Example 4.1. Let b, := ( ? > ,bg 1= < ; > This is a basis of R? with Gram-Schmidt-

orthogonalization

-3
wi = by and Wo = < 6;2) = —4/5b1—|-b2,

see Figure 4.2.

[6)]
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Figure 4.2.: The lattice basis of Example 4.1

We can write the original lattice basis in terms of the Gram-Schmidt basis as

k—1
bp =wi+ Y Apw; forl<k<d. (4.3)
j=1
The vectors wy, ..., w, are pairwise orthogonal, so
[will < [Iorll ,
d k
det A = ] llw;l - and det Ay, = ] lIw;ll - (4.4)
j=1 j=1

We can use these equations to measure how far our given lattice basis is from orthog-
onality. We introduce the following invariant for this.

Definition 4.2. The orthogonality defect of the lattice basis by, bs, ..., by is

d
1
M(by,...,bg) = mHHbJ‘H-
j=1

Observe that the basis vectors by, bs, ..., b, are pairwise orthogonal if and only if
M(bq,...,bg) = 1. In all other cases My, is strictly larger than 1.

It will follow from our considerations that there is in fact a universal bound M,
depending on the dimension only such that any lattice A has a basis by, ..., by with

M(b17"'7bd) < Md'

We say that a lattice basis is reduced if it satisfies this bound.

The Gram-Schmidt vectors give a lower bound for the length of a shortest vector of
the lattice.

Theorem 4.3. Let A be a d-dimensional lattice with basis by, bs, ..., b, and Gram-
Schmidt-orthogonalization w1, ws, ..., wg. Then
lafl = min(([w1l], ..., [lwal)

forallue A\ {0}.

[N
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Using the first successive minimum A\; we can rewrite this as

A1 = min([will,. .., [lwall)

Proof. We can write u as a linear combination

d
u = anwj.
Jj=1

Let k be the highest index such that 7, # 0. We can rewrite

k—1
u = Mmpwi + Z NjW;
j=1

By orthogonality, all lattice points lie in lattice hyperplanes parallel to Vj._; at distance
r||wyg|| apart, for some r € Z. Hence, |n,| > 1, as n;, # 0. So

[all = |k Iwell = ffwil - ]

In Corollary 3.12 we deduced that

d Ya
(H )\l) < Vd(det A)4.
=1

for the successive minima w.r.t. the Euclidean norm from Theorem 3.11 by specializing
the norm to the Euclidean norm. With Problem 4.5 you can use the Gram-Schmidt
orthogonalization and the inscribed ellipsoids that we already used for the Flatness
Theorem (Theorem 3.29) to give an independent proof of this bound.

The previous theorem suggests that a comparison of a lattice basis to its Gram-Schmidt
orthogonalization might be useful to obtain information on the length of short vectors.
We define a special version of a reduced bases.

In the following, let by, ..., by C R be any ordered lattice basis of our lattice A, with
Gram-Schmidt orthogonalization w1, ..., wy € R? and coefficients Aji for 1 < k < d,
1<j<k-—1asin (4.3).

Definition 4.4. The basis by, ..., by is LLL-reduced if

| Ajk]

2
7 Iwll

INA
D=

for all 1 <5<k <d (4.5)
Ak 1 W + Wea1 || for all 1< k<d-1. (4.6)

N

We say that a coefficient \j;, is weakly reduced if it satisfies condition (4.5) of the
definition. A lattice basis is weakly reduced if all coefficients are weakly reduced.

Problem 4.2
Problem 4.3

Problem 4.4

Problem 4.5

(o))
ity
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Figure 4.3.: The second condition for LLL

Using (4.2) we can rewrite the second condition equivalently form.

3
7400 Vi1)® < d(brga, Veer)*,

for the subspaces V; defined in (4.1). Geometrically, a basis is LLL-reduced if the vector
by 1 is not much closer to the subspace spanned by the first £ — 1 basis vectors than
the vector by, see Figure 4.3.

More generally, we can define o-reduced bases for some 1/4 < § < 1 by replacing the
second condition with

§wel? < I Messriwr + wea]?

The construction of the basis, that we will do below, works also for this more general
definition, but the application to shortest vectors requires the specialization to § = %, o}
we do this right from the beginning.

Example 4.5. Here is an example of an LLL-reduced basis and one that is not. Both are
illustrated in Figure 4.4. Consider the three vectors

2 0 1
vy = 1 vy = 1 vy = -1
0 1 3

2 —2/5
2
w1 = 1 Wy = 4/5 = Vg — —-W1
)
i 1
1 1
W3 = -2 = V3 — -W1 — W9
9 )

Then )13 violates condition (4.5) of the definition, and v; and v, violate condition
(4.6), as d(v1,Vp)? = 5 and d(vy, Vp)? = 9/5 but 3/4 -5 > 9/5.

(o]
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(a) Not a reduced basis (b) A reduced basis

Figure 4.4.: A lattice basis that is not 3/4-reduced and one for the same lattice that is reduced.

However, the basis

0 2 1
v = 1 vh = 1 vy = -2 |,
1 0 2

that spans the same lattice, is L L L-reduced. It has Gram-Schmidt-orthogonalization

0 2 1 1
wi o= | 1 Wy = o | =vh—-w) wh = | -2 | = vj.
1 ~1/y 2

Using ( wg, Wi11 ) = 0 we can expand the right hand side of (4.6) and rewrite this
condition as

3
il = (3= ues) il 47

This implies that *
[wel* < 2| wpa] for all 1 <k <d—1. (4.8)

So, while it is allowed in the definition that the length of the w; may decrease with
increasing k, it may not drop by too much.

Proposition 4.6. Let by, ..., by be an LLL-reduced basis of A with Gram-Schmidt orthog-
onalization w, ..., wg. Then

Iby|| < 2972\ (4.9)
Iby|| < 2“7Y/% (det A)Y4 (4.10)

Proof. By (4.8) we know |\w,||* < 2|lw;1]|, so by induction

[wjl[> < 2577 [|wy® forl<j<k<d. 4.11)

*We could also use this as the defining condition. It implies §-reduced for for § = 1.

[
w
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Hence, we obtain forall 1 < j <d

bu] = flwil* <277 flwyl* < 297wyl (4.12)
o)

[Balf? < 2%~ min ;|
and by Theorem 4.3

by]| < 2T A

This proves the first bound. Taking the product of (4.12) for all ;5 gives

d
2d i — 2
Ibaf** < T2 fwil
,L‘_

_ oY Cwall? = 277 (det A)? O
Problem 4.7
Corollary 4.7. Let A C R? be a lattice with LLL-reduced basis by, . .., bg. Then
d
1(d
det A < J]lIbill < 22 detA.
i=1
The lower bound in this corollary is also known as the Hadamard Inequality.
Proof. We have seen the lower bound already in the definition of the orthogonality
defect. For the upper we compute
= =
. . 5
I 1* < flwyll* + 5 Z lwell* < Jlwyll? (1 +2 > 2 ’“) < 27wy
ot k=1
and
d d " y
[Tl < H 2207 flwy|| = 22l HHW;H < 230 det A O
=1 j=1
Corollary 4.8. The orthogonality defect M of an LLL-reduced basis is at most 2:). O
Problem 4.8
Problem 4.9
4.3. Short Vectors
The first successive minimum in the previous proposition is precisely the length of any
shortest nonzero vector x in the lattice. Hence, (4.9) in Proposition 4.6 shows that
64



any LLL-reduced basis solves the approximate shortest vector problem (SVP),, for the
constant 4 = 2“"/2, We just take the first basis vector in the reduced basis as our
approximate shortest vector.

Corollary 4.9. Let A be a lattice and )\ be the length of a shortest nonzero vector in A
The first basis vector by in an ordered LLL-reduced lattice basis satisfies

bl < A1

for v = 22, B

We have started our discussion of the shortest vector problem with the bound obtained
from Minkowski’s First Theorem (Corollary 3.3) in Proposition 3.5

Ivlly < vV (det 4)7*,

The solution of the approximate shortest vector problem (SVP), in Corollary 4.9 bounds
the norm of the first basis vector in terms of the shortest vector directly. So apparently
we have not used the bound via the determinant.

However, this is just hidden by our special choice of a reduced basis. Let by, be the
shortest vector in an LLL-reduced basis. Then

d d
1 1 /d
d . — 2
| bg|| §i|:|1|!biH = detA'detAJ:ll”bZ” —det A - M < 2200 det A, (4.13)

where we have used the bound of Corollary 4.8. Given any approximation of the bound
from Minkowski’s Theorem in the form of a vector v that satisfies

IVl < £(d)(det A)7 (4.14)

for some constant f(d) depending only on the dimension we prove with the next theorem
that we can use this to solve (SVP),.

Note that a lattice point v bounded as in (4.14) will in general not be sufficient, as
the bound depends on the determinant, which may be large. The main idea in the
following proof will be that we can apply the same bound in the dual lattice. As the
product of the determinants is 1, at least one of the bounds must be small, and we can
exploit this to construct a short vector.

Theorem 4.10. Let f : Z~o — Z~( be a nondecreasing function and assume that we
have a polynomial time algorithm that finds v € A\ {0 } with

Ivll < f(d) (det &)

Then there is a polynomial time algorithm for (SVP). with v = f(d)>.

Proof. Let v € A\ {0} be a shortest vector in the lattice. With the algorithm given by

Problem 4.10

o
[¢)]
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assumption we can also find a lattice vector a # 0 in the dual lattice A* such that
lall < f(d) (det A*)"". (4.15)

By definition of the dual lattice we know that (a,x) € Z for all x € A, and thus any
two hyperplanes

Hy = {x: (ax) =k}

for different k are at least ﬁ apart.

We distinguish two cases, depending on the unknown vector v and show, that in both
cases we obtain a nonzero lattice point whose norm is bounded by ;.

Assume first that (a,v) = k # 0, We can give a lower bound on the norm of ¥ via

vl > ,;H > f(ld)(det AT = £(d) (det ANV > 1.

Now we use the assumed algorithm to find a lattice point v € A \ {0} bounded as in
(4.14). Together with the lower bound on || V|| we compute

vl < f(d)(det 4)* < f(d)* (det A)* (det A% (9] = f(d)*[[¥]l .

which proves the desired bound.
If (a,v) = 0, then Vv is in the sublattice

I' ' ={xeA:(ax)=0}.

This lattice has rank d — 1. We restrict to this lattice and use induction. Note that
by Problem 4.9 we can find a lattice basis of I" in polynomial time. However, the
determinant of I" may be much larger than the one of A.

Further, if d = 1, then it is easy to find a short lattice vector (any basis vector is a
shortest vector).

By induction we can find v € I\ {0} such that
IVl < f(d=1)°A\() < f(d)*Ma(A),

where the last inequality follows from f(d — 1) < f(d), as we assumed that f is
monotonously increasing. Hence, also in this case we have found a short vector.

As we don’t know v we don’t know in which case we are. So in our algorithm we just
compute the shortest vector in both cases and return the shorter one. O

Note that by (4.13) we can use
fd) = (2%(3))1/d — 93%"

which leads to the same ~ = 2~"/2 as before.

We can also use reduced bases to solve the exact shortest vector problem (SVP) in
polynomial time in fixed dimension. Namely, with the following theorem we will prove

66



that we can bound the size of the coefficients of a short lattice vector in the representation
in a reduced basis. This then allows us to enumerate all possible candidates and pick
the shortest.

Theorem 4.11. Let A be a lattice with reduced basis by, ..., by and let u € A\{0} be a
shortest non-gzero lattice vector. Then

d
u = Z)\jbj with |)\J| < \/EM forl1 <j<d.
j=1

Proof. Let b; be the shortest vector among by, ..., by, and let B = (by,...,bg). Then
u=DBAfor A\ = ()\1,...,\s). Hence, A = B~ u.

By Cramer’s rule all entries of B™! are determinants of (d — 1) x (d — 1)-minors of B,
divided by det B. So each entry of B~! is bounded by

1 M

bal|l-... ||bgll - < )
H 2” H dH detB = HbIH

So

M M
N <Y gl < Vd|ul| — < VdM,
! Z byl byl

where the second inequality uses the Cauchy-Schwartz inequality for the scalar product
(1,]u]), where |u] is the vector of absolute values of the entries of u, and the last
inequality uses ||ul| < ||by]|. O

This provides a simple enumeration algorithm to compute the shortest vector, once
we have a reduced basis. The next chapter will show that we can compute one in
polynomial time in the input size of the original basis an the dimension. This gives the
following corollary.

Corollary 4.12. Let A C R? be a d-dimensional lattice. Then we can solve (SVP) in time
20(d). O

However, this is a rather crude bound. With an improved enumeration scheme we
can do better. For this we use the fact that each subset by, ..., b, forsome 1 < k < dis
a reduced basis in A with corresponding Gram-Schmidt basis wy, ..., wy.

Now consider the sets
Sk(C,T) = 'BT(C) NAr C Ag

of lattice points inside the ball of radius r around c. We want to show that we can
enumerate Si,1(c,r) for a given lattice point ¢ and a radius r if we know how to
enumerate the sets Si(c’,7’) for parameters ¢’ and »’.

o
~
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Lemma 4.13. Let2< k <d,c € V,, andr > 0.

Let fi(r) be an upper bound on the number of steps needed to enumerate a set S_1(c’,r)
for a given ¢’ € Vi_;.
Then we can enumerate Si(c, ) with at most ”w i - fr(r) steps.

Proof. We will actually enumerate a set Sy (c,7) 2 Si(c,r). Let v € B,.(c) N Ay. Then
v is a lattice point and ||v — c|| < r. We can write

Vv—cC = mei and v = pbp +v (4.16)

for some 7; € R, v/ € Ay and u € Z. We want to determine how large |u| can be.
We compute

1 1
e | well = WW—C,WH = m<ﬂbk+V/—C,Wk>
1
= gl P )

Iwell + —— (e, w)
= U||WE —F{(C, W[ ).
Twal

Hence

<C,Wk> 2 2
(uuwku+ = Rl

d
S lwil? = v —c|? (4.17)
=1

IN

< r?

)

where the equation in (4.17) follows as the w; are pairwise orthogonal. Hence, we
need to consider 4 for

o <c,wk2> <4< ro (c,wkz) 4.18)
Wil [lwll Wil Jlwal
There are at most ” H values for p.

If we now show that v/ € Si_1(mx_1(c — uby), ), then we obtain Sy (c, ) by enumer-
ating v = v’ + uby for v € S_1(mx_1(c — ubg),r) and p in the range (4.18).
We set

v/ — mp_1(c — pby) ZQW@

[o)]
(o]



Then

(Vv —mp—1(c— pbg),wi) = (v —pbg,wi) — (mp—i(c — pby), w;)
= (v —ubp,w;) — (c— uby,w;)
= <V—C,Wi>,

so we must have (; = ), for the coefficients n; ,1 < i < k — 1, defined in (4.16). Hence,

k-1 k
IV = ma(e—mb)|* = DG lwill? = Y wdwil® = v —c|® < r*.
1=1 i=1

This implies v/ € B, (m_1(c — pby)), so v/ € Sy_1(mr_1(c — ubg),r).
By assumption, we need f(r) steps to enumerate Si_1(mx_1(c — pubyg), ), and we
need to do this for all ; that satisfy (4.18), which are at most —2*—. This proves the

[[will
bound on the number of steps. O

We can now recursively apply this lemma to compute the Si_1 (7x—1(c — pubg), 7). We
will actually compute supersets, but this does not affect the total bound. We obtain the
following corollary.

Corollary 4.14. Given an LLL-reduced basis by, . . ., by we can solve (SVP) in time O(2d2).

Proof. We use the notation from the statement and proof of Lemma 4.13. So in particular
we consider the sets

Sk(C,T) = 'BT(C)ﬂAk C Ay

and the upper bound f(r) for the enumeration of a superset Si(c,r) D Si(c,r) of
Si(c,r) for some x € R? (which need not be a lattice point) and some radius r > 0.

Clearly we can enumerate the set S;(c, ) with at most

2r _ _2r
[or — T
steps. So, recursively applying Lemma 4.13, we obtain fi(r) = Hf;ll H\?TTII Doing this
up to k = d we get
ﬁ 2 2dpd
KAl det A
=1

Now we plug in » = ||by ||, which is an upper bound for the length of a shortest vector.
So by enumerating all points in Sy(0, ||b1||) we necessarily also find the shortest nonzero
vector.

From (4.10) of Proposition 4.6 this is bounded by 2“""/4 (det A)”?, which implies
the claim. O]

[e)]
O
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This bound is still not optimal. Kannan® has shown that one can solve (SVP) in time
24108 4 3]0 using an enumeration over the coefficients in a basis, but using a different
basis reduction algorithm that yields a more suitable basis for this. Ajtai, Kumar and
Sivakumar provided a randomized sieve method, that computes the shortest vector
in time 29(4) © In 2015, Aggarwal, Dadush, Regev, and Stephens-Davidowitz gave an
algorithm, that runs in time 2¢.”

While Kannan’s algorithm uses only polynomial space, all others require exponential
space during computation. It is open whether one can bring this down to polynomial
space.

4.4. Problems

4.1. Let A be a lattice and \; the first successive minimum (the length of the shortest vector). Show
that for any k € Z>¢

A N Brx, (0)] < (2k+1)%.

4.2. Show that

1
2 2 2 .
(1) lwill* < sl < llwsl® + 5 D liwill for 1<j<d
i=1
(2) Iwill < bl < (3+27%) il for 1<j<d
®3) el < 29772 |lwy]| for 1<k<j<d
4.3. Letwvy,...,vq be lattice vectors such that ||v;|| = A;, where A,..., \q are the successive minima
of A. We can write them in the lattice basis b1, ..., by as
d
Vi = Zﬂkibi~
=1
For each 1 < k < d let j;, be the largest index such that y 5, # 0. Show that
(1) [vill = [lwsy |l
(2) || < 2“7 V2. for 1<j<i<d
(3) 2(1*1')/2)\1' < Hsz < 2(d*1)/2Ai

4.4.  Let A be a lattice of full rank with basis B, and bs,...,bys € A linearly independent. Let w, be
the last vector in the Gram-Schmidt orthogonalization process. Then

[wall < max (|[ba]l,..., [[bal])
Hint: This should follow from the proof of Theorem 4.3.

4.5.  Give a proof of Corollary 3.12 that is independent of Minkowski’s Second Theorem (Theorem 3.11).

Ravi Kannan, “Improved Algorithms for Integer Programming and Related Lattice Problems”.

6Ajtai, Kumar, and Sivakumar, “A sieve algorithm for the shortest lattice vector problem”.

’ Aggarwal, Dadush, and Stephens-Davidowitz, “Solving the Closest Vector Problem in 2" Time— The
Discrete Gaussian Strikes Again!”
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4.6.

4.7.

4.8.

4.9.

4.10.

Let by, ..., by be a lattice basis of a lattice A with Gram-Schmidt vectors w1, ..., wg. Show that
the covering radius satisfies

Find a lattice basis so that we have equality.

Check, which of the following bases represent an LLL-reduced basis for the lattice they span.
[64] [31] [62] [31] [64] [31] (%3]

A with basis B. Then there is a basis B’ spanning a sublattice A’ of A with orthogonality defect
bounded by n®(™,

Hint: Use Corollary 3.12.

There is also a basis of A with this bound, the Khorkine-Zolotarav-basis. This is (much)
harder.

Let A C R? be a lattice of full rank with lattice basis by, ...,bs € A, and a € A*. Let
L :={v:(av) =0}

be the A-rational subspace defined by a.
Show that one can compute a lattice basis of L in polynomial time.

Let by,... by C R? be linearly independent, k < d. Let Z be the zonotope of dimension k spanned
by these vectors and B the matrix, whose columns are the b;. Then

vol Z = +/det(B!B),

where we use the relative volume in the subspace defined by by, ..., by.

~N
iy

Version of September 2, 2022



T20T ‘T 13quaidag Jo UOISIDA



5. Reduced Bases

We have seen in the previous section that reduced bases allow the computation of a
shortest vector in polynomial time. Yet, so far we don’t even know that such bases
exist for our lattice A. We address this question in this chapter with a polynomial time
algorithm to compute an LLL-reduced lattice basis. This method was first described by
Arjen Lenstra, Hendrik Lenstra and Lészlé Lovasz in 1982.!

More background and many more applications may be found in the books of Cohen,?
von zur Gathen and Gerhard,® Grotschel, Lovasz and Schrijver* and the proceedings
by Nguyen and Vallée.” Also the original paper by Lenstra, Lenstra, and Lovasz' from
1982 is a good source.

There is a similar notion of a reduced basis in dimension 2 due to Lagrange and Gauss,
and nowadays often referred to as Gauss’ Algorithm.® As a good preparation for the rest
of this chapter you can study this with Problem 5.1.

We will show that LLL-reduced bases for a lattice A always exist for sublattices of Z.
We will present the algorithm for any lattice, but we restrict to sublattices of Z¢ for the
proof that it can actually computed in polynomial time (in the dimension and the input
size). This extends to the general case, but the analysis is much more involved. You can
find a proof in the original paper.!

Here is the main theorem that we want to prove. The construction of the algorithm
claimed here will cover the rest of the chapter.

Theorem 5.1 (Lenstra, Lenstra, Lovész, 1982). A C R? a lattice with an integral basis
Y,...,bl. Then there is a LLL-reduced basis b1, ..., bg of A such that

d
[Tibill < 256) det A
i=1
with orthogonality defect bounded by 23 (3). We can compute this basis in time polynomial

in d and log ||bj][,.

This will fill the missing piece in the computation of a shortest lattice vector from the
previous chapter.

A, K. Lenstra, H. W. Lenstra Jr., and L. Lovész, “Factoring polynomials with rational coefficients”.
2Cohen, A course in computational algebraic number theory.

3Gathen and Gerhard, Modern computer algebra.

*Grotschel, Laszlé Lovasz, and Alexander Schrijver, Geometric algorithms and combinatorial optimization.
SNguyen and Vallée, The LLL algorithm.

®Nguyen and Stehlé, “Low-dimensional lattice basis reduction revisited”.

Problem 5.1

~
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Note that we have restricted to sublattices of the integer lattice in the formulation
of the theorem. We will only prove this restricted case here, but the theorem actually
holds without this restriction, using the same method for the construction of a basis. We
will in fact also present the construction in full generality, and only use the restriction
to sublattices of Z¢ in the proof that that the algorithm runs with polynomially many
steps. A proof of the general case, which is more involved, but does not contain any
new ideas, can be found in the original paper of Lenstra, Lenstra, and Lovdsz.”

Also, in the same way as already in the definition of reduced bases, we have restricted
the formulation to the case § = %. The theorem is true for all ¢ in the range i << 1.
Also here, the proof essentially remains the same, but some computations get more
involved. It follows from the construction that we obtain better bases for larger §, but
the running time increases. The algorithm itself also works for § = 1, but then the
bound on the running time becomes exponential in this case.

The construction of the basis will have two parts. In the first part we will discuss how
we can obtain a weakly reduced basis. In the second part, we will show how we can
move closer to a reduced basis if some entries in the basis violate the condition. The
resulting basis may not be weakly reduced anymore after this step. We will, however,
prove that we can reapply the first step to make this basis weakly reduced again without
loosing the improvement made in the second step.

Finally, we will show that we do not need too many iterations of this process, i.e.
at most polynomially many. Together with a proof that we can do each step with
polynomially many operations this will give the result.

5.1. Weakly reduced bases

We need some preparations. Recall our definition in (4.1) of A-rational subspaces

Vo := {0} and Vi, == lin(by, ..., bg) for1 <k <d.
together with orthogonal projections 7, : R — V}, and induced lattices Ay, := A N V.
We are given some basis by,..., by of the lattice, and compute the Gram-Schmidt
orthogonalization w1, ..., wy of it.

As seen in (4.3) we have a representation of our given basis in the form

W = bk — kal(bk) (51)

<bk7wj>

k—1
= by — Z/\jij with )\jk = (5.2)
j=1

Assume that for some pair of indices ¢ < k the absolute value of the coefficient \;; is
larger than % Then there are unique p;; € R and a;;, € Z such that

ik < 3 Aik = ik + ik -

’A. K. Lenstra, H. W. Lenstra Jr., and L. Lovasz, “Factoring polynomials with rational coefficients”.
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We set

b, = by —aib; and bl = b; forj#k

and define new subspaces
Vi = {0} V) :=lin(b},...,b}) for1 <k<d.
By construction,

V; = V/ for 1 <5 <d (5.3)

and bl,... ,b; is still a basis of the lattice A; for 1 < j < d. It follows from (5.1) that
(5.3) implies that the Gram-Schmidt orthogonalization w1, . .., wy does not change.

We want to compute the coefficients X', for the new basis in the representation (5.2).
For this, we consider a fixed k between 1 and d. As the Gram-Schmidt vectors do not
change, the formula in (5.2) shows that only coefficients that involve b can change. So

X,

= A for Il #k and j < [.

To compute the new coefficients for bj we consider

k-1

/
r = br—aixb; = Wi+ Z AjkWj — a;;b;
Jj=1
k—1 i
= Wy + Z )\jij — QL Z NjW;
Jj=1 Jj=1
i k—1
= Wi+ >Nk —awn) Wi+ Y Ajpwy,
= j=it1

for some 7n; € R, 1 < j <. The second equation follows as b; € V;, which is spanned
by w1, ..., w;. Furthermore, b, — w; € V;_; implies n; = 1.
We can now bound the size of A}, := \;;, — n;a;; with

Ak — miaak] = ik — anl = |l < 3.

So X, is weakly reduced, and the new coefficients for b} are

IN

T = Ajk — airmj for j

o= Ak for Jj >

For fixed k, making \;;, weakly reduced only affects \;;, for j < 7. Hence, we can make
i weakly reduced for all 1 < i < k if we apply the reduction starting from j = k — 1
in decreasing order. Doing this for all 1 < k < d gives us a weakly reduced basis.

There are (dgl) coefficients, and reducing \;; affects at most i — 1 < d other coeffi-
cients, so this process terminates after at most O(d?) steps.

~
(&)
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5.2. Reduced bases

For an LLL-reduced basis we also need to satisfy the condition (4.6),

3

ZHWkHQ < Mg 1w + Wraa ) for 1 <k <d-1.

Now assume that this condition is violated for some 7, i.e.
3 2 2
2 W3lE > 1w+ w7
Let b}, ..., b/, be the basis obtained by exchanging b; and b;, i.e.
b’ :==b; b =D b, :=Db; fori#j,j+1.
Let V/, A} be the new subspaces and lattices, for 1 < ¢ < d. Then
v =V A = Ay, and det A, = det A; fori#j,
while
Vj/ = lin(b},. .., gfl,b;) =lin(by,...,bj_1,bj41).

We want to compute det A’;. we know that

J J
det A; = HHWZH and det A} = HHW; ,
i=1 i=1
so we need the Gram-Schmidt vectors wi, ..., Wi

We conclude from (5.1) that
w, = w; for i < jandi > j+1,

as neither b, nor 7;_; change for these i.
Again using (5.1) we compute

I b (b
w; = bjy — mi—1(bj+1)
j-1
= b1 — Y Aijwi
i=1

= Wil + Ajjwj

So

J j—1
det Aj = J[lwill = (H I|wé||)-||Aj,j+1wj+wj+1||
=1 =1

Version of September 2, 2022
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IN

j—1
3
(H HWéH) e
=1
= \/idet Aj ,

i.e. the determinant of the j-th lattice drops by a constant factor, while all other
determinants do not change (Note that also w;;; may change, but this effect must be
cancelled in the computation of the determinant of A} for & > j 4 1 by the change in
w;, as the lattice is spanned by the same set by, ..., by.).

In the new order of the basis vectors the basis may not be weakly reduced anymore.
We can fix this by repeating the above method. However, we see from (5.2) that only
Nir, for i,k € {j, j + 1} may change when we swap b; and b, ;. Making them weakly
reduced again may require us to change \;; for k € {j,7+ 1} and all i < k. In total,
we change at most 2d of the coefficients, and for each we may need to change at most d
other coefficients. Hence, we need at most O(d?) steps.

Note, that in this process that lattices A; do not change, so also their determinants
do not change. Hence, if there are more pairs of basis vectors that violate (4.6), we can
continue to exchange such pairs of vectors and make the basis weakly reduced again.
With each swap, the determinant of one of the lattices A; drops by a factor of at least

%, while all others do not change.

This is more conveniently captured with the following notion of a potential of a lattice
basis by, ..., b, defined as

d d J
D(by,...,bg) = [JdetA; = J]I]Iwel- (5.4)
j=1

j=1k=1

Note that D(by,...,by) depends on the order of the basis vectors. This gives the
following lemma.

Lemma 5.2. In each iteration of the algorithm the potential drops by at least a factor of
o O
T

With this we can estimate the number of steps our method needs to produce an
LLL-reduced basis and prove that this is in fact polynomial in the input size, at least in
the case that all entries in the original basis where integral. So here is the one place
where we need to restrict to sublattices of Z? in our argument. The crucial fact following
from this is the observation that in this case

D(by,...,by) > 1. (5.5)

Proposition 5.3. Let A C R? be a lattice with a basis by, ..., by € Z? of integral vectors

~
~
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(i.e. A is a sublattice of Z%). Let B be a bound on the Euclidean length of the by, i.e.
B 2 max([bul,.., Iball) -
Then

1 < D(by,...,by) < B"V2,

Proof. The norm of the Gram-Schmidt vectors is bounded by that of the corresponding
basis vector, so

[will, < [bill, < B.

The upper bound now follows from (5.4).

For the lower bound we need that det A; € Z for all i. Let B; be the (d x i)-matrix of
the first ¢ basis vectors. It follows from Problem 4.10 that

det A; = VO](H(bl,...,bi)) = 4/det BfBl

The latter is integral if all b; are integral, which proves the lower bound. O

By Lemma 5.2, the value of D drops by at least a factor of \/§ each time we swap a

pair of basis vectors that violate condition (4.5), so, using the bounds of the previous
proposition, we need at most

k = { 2 dd-1) log Bw (5.6)
log

(3) 2

such swaps. We summarize this with the next corollary.

Corollary 5.4. Let A C R? be a sublattice of Z with a basis B := {by,...,bg} € Z% of
integral vectors. Then the LLL-algorithm applied to this basis uses at most

O(d* -log B)
iterations. O
After each swap we have to restore the property that our lattice basis is weakly

reduced. We have seen above that this takes at most O(d?) steps. So overall, the lattice
basis reduction needs at most

O (d*log B)

steps. Initially we have to compute a Gram-Schmidt orthogonalization once. From the
description we can easily see that this requires at most O(d®) steps. This is subsumed
in the number of steps we need to do for the LLL algorithm.

~
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Clearly, if A C Z¢ is a sublattice of the integer lattice, then LLL can be implemented
using exact arithmetic over the rationals, and hence exact integer arithmetic. But to
show that LLL actually runs in polynomial time we also have to show that all numbers
computed in intermediate steps of the algorithm have a binary encoding size bounded
by a polynomial in /.

Bounding the size of the numbers during the algorithm consists of several parts. Given
the basis by, . .., by with Euclidean norm bounded by B as above, we need to show that
also the Gram-Schmidt basis is bounded by this constant. This is true, and can either

be derived directly from the algorithm, or you can consult text books in linear algebra.

The size of intermediate results is bounded by d - B.

We also have to bound the intermediate and final values of the basis vectors b, and the
coefficients \;;. For this we refer to the original paper of Lenstra, Lenstra and Lovasz®
where they prove the following lemma.

J

Lemma 5.5. For a lattice A C Z% with a basis by, ..., by whose Euclidean length
is bounded by B the LLL algorithm requires arithmetic operations on integers of size
O(dlog B). O

In the form we have discussed the LLL algorithm needs at most O (d*log B)) steps
with arithmetic operations on numbers of size O(d - log B). Using naive arithmetic for
the the elementary operations we thus arrive at a total running time of

O (d°log® B)) . (5.7)

This corresponds to the original form of the algorithm given by Lenstra, Lenstra and
Lovész.® There have been found several improvements that run significantly faster. Here
are some references. Schnorr® has improved the bound to O(d®log B) on integers of
size at most O(d-log B). Storjohann'® has another algorithm for a reduced basis in time
O(d®(log B)) on integers of size at most O(d - log B). Using fast matrix multiplication
and an improvement of the LLL-algorithm by Schonhage will lead to a running time of
O(d*38(log B)) with arithmetic operations on integers of the same size.

5.3. Further Notes

It is important to note that the notion of reduced bases and the algorithm we have
seen to compute these bases has many more important applications apart from the
computation of a shortest vector.!! Here are some further applications.

> In the next chapter we use the approximation of the shortest vector for a polynomial
algorithm to solve an integer linear program with a fixed number of variables.

8A. K. Lenstra, H. W. Lenstra Jr., and L. Lovész, “Factoring polynomials with rational coefficients”.

Koy and C. P. Schnorr, “Segment LLL-reduction of lattice bases”; Claus-P. Schnort, “A hierarchy of
polynomial time lattice basis reduction algorithms”.

19Storjohann, Faster Algorithms for Integer Lattice Basis Reduction.

UNguyen and Vallée, The LLL algorithm.

Problem 5.2
Problem 5.3
Problem 5.4
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> We give an application to a knapsack problem arising from cryptography in Chap-
ter 7.

> We will use the LLL-algorithm in Chapter 8 for an approximation of the closest
vector problem.

> Lovasz gave another possible attach on knapsack cryptosystems using lattice
reduction and Diophantine approximation.'?

> We can use LLL to find the minimal polynomial of an algebraic number given by a
sufficiently good approximation, e.g. return z2 — 2 = 0 on the input 1.41421356.

> In the original paper of Lenstra, Lenstra, and Lovasz'® the authors consider
an application to factoring polynomials, e.g. find the two factors of 22 — 1 =
(x + 1)(z — 1). For this see also the work of Kliiners.'*

> Find integer relations on a set of numbers z1, ..., 2, € R, ie. finday,...,a, € Z
such that

ary + -+ + apzr = 0

and not all a; are zero. An example of such an integer relation is Machin’s formula,

E—4rtn 1 — arctan i
4—aca 3 arcta 539 | -

5.4. Problems

5.1. Let A C R? be a lattice. An ordered basis b1, bs C R? of A is Lagrange-reduced if
[b1lly < [[b2ll, < [[bz+abi]|

foralla € Z.

(i) Let A\; and A2 be the successive minima of A. Show that a Lagrange-reduced basis of A
satisfies ||b1||, = A1 and ||bz||, = Ao.

(i) Show that the function
2 2 2 2
a — [ba+abi|® = [baf® + 2a(bi,bs) + a* b
takes its minimum at ag := <ﬁ’gf"|§ 2,

(iii) Show that an ordered basis is Lagrange reduced if and only if

[bifly < [[b2ll, < [[b2 bl
(iv) Show that the following algorithm transforms any lattice basis b1, bo of A into a Lagrange
reduced one.

a) replace ba by b1 — [ao b2
b) if |bz|| < |[b1]|, then swap b; and b, and repeat.
¢) otherwise return by, bo.

12J. C. Lagarias, “Knapsack public key cryptosystems and Diophantine approximation (extended abstract)”.
13A. K. Lenstra, H. W. Lenstra Jr., and L. Lovdsz, “Factoring polynomials with rational coefficients”.
4Kliiners, “The van Hoeij Algorithm for Factoring Polynomials”.
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5.2.

5.3.

5.4.

This algorithm applied to a basis b1, by C Z? runs in fact in polynomial time

O(log? (max(|[ball, , [b2]l,)) -
You may attempt to prove this, but this is more difficult.

Assume that

IIb1]| < [lwqll for all 1<i<d.
Show that || by || is a shortest non-zero vector.

Let by,... by be LLL-reduced and choose a permutation o on { 1,...,d } such that
oo || < [[bogsn]] for 1<i<d-1.

(i) Give an example with [|b1 | # [|be)||
(ii) Show that

[boo|| < 259D (det A+

Compute an LLL-reduced basis for some examples in dimensions 2 and 3.

81
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6. Integer Programming

The integer programming problem is the task to find an integral point in a polyhedron
defined by linear constraints that maximizes a linear functional, i.e. find, for A € Z™*¢,
b € Z™ and ¢ € Z°,

max (¢, X )
subjectto Ax < b
x € 7°.

Different from the linear programming problem, where we drop the requirement that
x € 7%, this problem is known to be in the class NP, but not known to be in P.!

However, integer programming appears at the core of many optimization problems,
and having efficient tools for its solution is vitally important in many cases. This has lead
to rich theory of methods to solve integer programs despite its theoretical complexity,
often in special cases where we know more about the algebraic or geometric structure
of the problem. In a second direction there have also been developed many ways to
obtain approximations of the exact solution. You may have met many such tools in the
class on Discrete Optimization.

Standard approaches to obtain exact solutions are the Branch&Bound or Branch&Cut
methods. Both methods start with the linear relaxation of the problem and are, broadly
speaking, recursive methods that lay out systematic ways either to split the feasible
set into smaller pieces and look at those separately, or to shrink the feasible region
by cutting off pieces that cannot contain an integer solution. In both cases we need
methods to measure or estimate which splits or cuts are most promising and should be
chosen next. You can find good introductions into this theory in various textbooks, e.g.
the one of Schrijver,? or Nemhauser and Wolsey,” or Bertsimas and Weismantel.*

We will look at one such approach in Chapter * 11, where we will look at cuts and
lattice free polytopes.

Many special cases allow polynomial solutions or, if not, at least more efficient
superpolynomial solutions. The additional structure may come from more information
on the origin of the problem, e.g. in combinatorial optimization, where one often deals
with problems whose underlying structure is a graph, or where the solution space

Recall that the usually applied simplex algorithm for the computation of a solution to a linear program
is not known to be in P, although it is practically usually fast and efficient. The proof of polynomiality
is via the ellipsoid method of Khinchine. This is a theoretically polynomial, but practically not (yet)
efficient algorithm, so that many software tools implement variations of the simplex method

2Alexander Schrijver, Theory of linear and integer programming.

$Nemhauser and L. Wolsey, Integer and Combinatorial Optimization.

“Bertsimas and Weismantel, Optimization over integers.
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is restricted to vectors from {0, l}d. This may allow to solve (subproblems of) the
problem with methods from other fields, e.g. graph algorithms.”. We may also have
more information on the constraint matrix or the whole system of constraints, e.g. the
matrix may be totally unimodular or the system may be TDI.®

Prominent examples for methods the retreat to approximations of the exact solution
are the Lagrange or Benders’ decomposition, that either split off some constraints or
some variables from the problem in the hope to obtain subproblems that are easier to
solve (preferably because we can then find additional structure that makes the problem
polynomially solvable). To solve the original problem one then has to find a way to
insert the neglected constraints or variables back into the problem without loosing (all
of) the advantage of the simpler problem structure.”

In all of the above we consider both the size of the constraint matrix and the number
of variables (i.e. the ambient dimension of the polyhedron defined by the constraints) as
input size. One may ask in which way these two different input parameters contribute
to the complexity of the problem, and whether fixing or restricting one of them may
lead to polynomial or, at least, more efficient, algorithms. Bounding the complexity
of the constraint matrix may indeed lead to more efficient algorithms, and fixing
some parameters even gives polynomial time algorithms, see e.g. the resent survey of
Eisenbrand at al.®

In this chapter we will discuss the integer programming problem for fixed dimension
or number of variables, and show that this problem is polynomial. The algorithm we
present is due to Hendrik Lenstra. It is based on flatness and its proof via ellipsoids,
together with the computation of reduced bases with the LLL-algorithm. The version
of flatness that we need here, is more general than the version we have seen in the
Flatness Theorem (Theorem 3.29), but the method of proof is just an extension of what
we have seen before.

In the second part of this chapter on integer programs we will look at the minimum
infeasible set problem. You may have discussed the corresponding linear version already
in a course on linear programming. If we are given an infeasible linear program

max ({(c,x) : Ax < b),

i.e. a program where the feasible region P := {x : Ax < b} is empty, then we can
ask which, and how many of the constraints we need such that already the polyhedron
defined by these inequalities is empty. In linear programming it can be shown that a
subset of at most d + 1 of the constraints is sufficient.

This theorem has no direct extension to integer programming, as it is not anymore
true that infeasibility of the problem implies that the linear constraints have no common
solution. The polyhedron P may well be a proper full-dimensional set, but P N A may be
empty. We will see in Section 6.3 that we nevertheless can recover a similar statement,
but the bound of d + 1 necessary inequalities increases significantly.

*Korte and Vygen, Combinatorial Optimization.

6Alexander Schrijver, Theory of linear and integer programming.

’Nembhauser and L. Wolsey, Integer and Combinatorial Optimization.

8Eisenbrand, Hunkenschréder, K.-M. Klein, Koutecky, Levin, and Onn, An Algorithmic Theory of Integer
Programming.
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6.1. Flatness Revisited

Let us look at the flatness theorem of Section 3.3 again. As before, our considerations
will have three steps, and we first consider balls, almost trivially extend the result to
ellipsoids, and then we use the John ellipsoids again to squeeze a polytope P between
two ellipsoids and use the method for ellipsoids to find a feasible integer point in P or
assert that there is none.

The refined version of flatness is necessary to not only consider convex bodies without
interior lattice points, but to slice a polytope with a polynomial number of integral
translates of a lattice hyperplane and descend in dimension if we cannot yet decide
whether P has an integral point.

Let us make this precise with the following theorem. We follow ideas from Grotschel
at al.” in this proof.

Theorem 6.1. Let A C R? be a lattice of full rank and P = {x : Ax<b} C R¢
with A € R™™ and b € R™ a polyhedron. Then we can find, in polynomial time in d,
log [|All,, and log [|bl|,

(1) either apointue PNA
(ii) or a direction ¢ € A* with

width(P;c) < f(d)

for some function f(d) < 20(dlog*d)

We will discuss the complexity a bite more later, but we will not work this out precisely.
This is technical, and we will not discuss all ingredients in enough detail to obtain a
precise bound.

Observe the large gap in the constants in the above theorem, compared to the Flatness
Theorem (Theorem 3.29). In the latter, we have a constant of d*/? that implies that P is
lattice point free, while in the above we can only construct a direction with a flatness
constant of 29°1°5 ¢ However, reducing this to polynomial would imply a polynomial
algorithm for integer programming, so this may be too much to ask for.

As explained above, the proof has three steps, for balls, for ellipsoids, and finally the
extension to a proof of the above theorem. In this process, only the first step, proving the

result for balls, will need substantial effort. Here is the proposition that solves flatness
for balls.

Proposition 6.2. Let A be a lattice with basis by, ..., by and By := B,(z) be the unit
ball with center z. Then we can find, in polynomial time,

(1) either a lattice point u € By NA, or

Grotschel, Laszl6 Lovasz, and Alexander Schrijver, Geometric algorithms and combinatorial optimization.
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(ii) a lattice functional ¢ € A* with ||c|| < 2°®) such that By NA is covered by at most
20(d*1og d) hyperplanes of the form

{x: (¢c,x) = p}.

for some (3 € Z.

Proof. Assume that by, ..., by is a LLL-reduced basis with orthogonality defect bounded
by

9

o
M <[] < 93 (2)
j=1

lwill —
where wy, ..., wy is the associated Gram-Schmidt basis. Reorder the basis such that
baf] < |[bof| < ... < |[ball .

This may destroy reducedness of the basis, but does not affect the orthogonality defect.
We distinguish two cases.

If |by|| < 2, then we consider the representation

d
i=1
of the center in our basis. The point
d
u=> |\b
i=1
is a lattice point and
d
lu—zl < Y Ibill < dlball < 1.
i=1

Hence u € By NA.
Otherwise we have ||bg|| > 1. Let

L = lin(bl,. . '7bd—l)'
Then L + by = L + wg, so

AC UL+pbg = L+ pwa.

BEZ BEZ
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Now

[[bdll < M < 25
[[wall

SO

[wall > 2*%(3) ball > }2,%(121).

S

Hence, translates of L are at least 52_% () apart. On the other hand, we can bound the
distance in which we need to search trivially by
L+ BbgNBy #9) — L+ pbyNByg # @) <2.
max (L + by N Ba # &) — max (L + fbaNBa # 2) <
Combining this with the minimum distance of two translates of L we conclude that
L + fbg N A # & for at most 2423 (2) different B’s.
Letc:= 4, Then L+ fwy ={x : (¢,x) = [}, and any u € A can be written

2
[wall

asu = uwy + h for h € L and p € Z. This implies

(c,u)y = p € Z.

so that ¢ € A* and ||c|| < =L < 20(@), O

([wall

Geometrically, this proposition tells us that either we can find a reduced basis with
only short vectors, or there must be a short dual vector, albeit with a very different

bound. Namely, all basis vectors of our LLL-reduced basis have length at most %, or

there is a dual vector of length at most m < 20(d?),

Corollary 6.3. The proposition is also true if we replace the ball by an ellipsoid E =
T Bq +a for an invertible linear transformation T.

Proof. This follows in the same way as for the previous flatness theorem. Just pull back
the ellipsoids to a ball with the linear map 7! and consider the lattice T~'A. O

By Lemma A.11 we know that for a convex body K there is an ellipsoid E centered
at the origin such that

a+ FCKCa-+d-E.

Unfortunately, the proof of this theorem is not constructive, and so far, also no polynomial
time algorithm is known that allows to compute E. However, the precise scaling factor
is not really important, as long as it depends polynomially on d, and we may use the
approximation of Theorem A.34 instead. It guarantees the computation of an ellipsoid
E with center a such that

a+t ECPCa+d? E. (6.1)

Problem 6.1

(o]
~
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The algorithm is essentially the same as for the ellipsoid method of linear programming,
but needs more general cuts than the central cuts used in this method. However, the
ideas used and the proofs are otherwise the same.

With this result we can finally prove Theorem 6.1.

Proof of Theorem 6.1. Let us first assume that P is bounded. Let E an ellipsoid with
center a that satisfies (6.1). After translation we may assume that

E CP C d*(E).

Then Corollary 6.3 implies that we can either find an integral point in E, and hence in
P, or there is a direction ¢ € A* such that at most 20(¢*1og 9) hyperplanes defined by ¢
intersect E. So at most d*/?20(d*1og d) — 90(d*log®d) hyperplanes can intersect P.

Finally, we want to reduce the unbounded to the bounded case. Let ¢ be an upper
bound on the size of an inequality in the description of P. We know from Proposition A.30
that the size v of the generators in a representation

P = conv(vy,...,v,) + cone(ry,...,ry)

for some points vy,...,v, and rays rq, ..., r,, is bounded by v < 4d?¢.

Let C' > 0 be the constant hidden in the 20(@*1og 4) above. We add one additional
inequality

x| < C-2vthtlgiod (6.2)

to the system. Then we have a bounded problem and we can apply the above result.
We are done if we are in the first option and find a lattice point. This is also a lattice
point in P.

Otherwise, we obtain a vector ¢ such that there is § with
§ < (e,x) <6+ C-dP2?
for all x € P that satisfy (6.2). Every x € P can be written as

X = D AV DT

for A\;, u; > 0, >~ A\; = 1 and the points and rays defined above of size at most v. Then
|vill <27, s0

y = Z >\ivi

is in P and satisfies (6.2). Hence, we are done if we can show that (c,r;) = 0.

Suppose not, then |(c,r; )| > 27%, and, changing the sign if necessary, we may assume
that (c,r;) > 27". Consider

zZ =y + 2”d3/2-0-2d2rj.

o]
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Then
(c,z) > 6+ C-d"2? .

This is a contradiction, as z is in P and satisfies (6.2).

So any lattice point in P is already on one of the hyperplanes returned by the above
method if we add (6.2). O

It follows from work of Babai'® and Lenstrall that we can reduce the number of
hyperplanes to ¢ for some constant c.

6.2. Integer Programming in Fixed Dimension

With these preparations we finally arrive at Lenstra’s algorithm!! for integer program-
ming with a fixed number of variables.

Theorem 6.4 (Lenstra). For a polytope P = {x : Ax < b} we can decide, in time
20(d*log d) times a polynomial in the encoding length of A and b, whether P contains an
integer point.

Proof. We use Theorem 6.1. We are done, if we find an integral point. Otherwise, we
obtain the short direction c. We then consider the problem in each of the slices

Pn{x: (c,x)=p} (6.3)

for all 5 € Z where this intersection is not empty. For this, we have to compute a lattice
basis in the subspace {x : (c,x) = 0}, extend this to a lattice basis of the whole
lattice, and use the transformation from the original basis (usually the Z?-basis) to
transform the problem (6.3), which is a (d — 1)-dimensional problem in d-dimensional
space, into one in (d — 1)-dimensional space. This can be done, e.g. with the Hermite
normal form algorithm.

It remains to check the running time. For this, let 7'(d) denote the number of recursive
calls in dimension d. Then the total running time is 7'(d) times a polynomial in d and
the encoding length of A and b.

By the Theorem 6.1 we know that
T(d) < T(d—1) 20 le*d)

This implies

d
H O(d? log? d) < 2(9(d310g ) O

19Babai, “On Lovész’ lattice reduction and the nearest lattice point problem”.
HHendrik W. Lenstra, “Integer Programming with a fixed number of variables”.
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Problem 6.2

Note that we omitted one detail in the proof. In the transformation of the (d — 1)-
dimensional problems in R? into problems in R¢~! we have to check that the size of the
new constraints is still bounded in the input size. This is, however, not hard to check,
not very instructive, and rather technical. So we refrain from doing this.

The above theorem only solves the feasibility problem. However, using binary search,
we can easily solve the optimization problem in polynomial time.

Corollary 6.5. For any fixed d > 1 we can solve the integer programming problem
max ((c,x) : Ax < b, x€ Zd)

in polynomial time. O]

The currently best known algorithm for integer programming in fixed dimension
is due to Kannan !2. It takes time d°(9 times a polynomial in the size of A and b.
The main new idea here is that he applies the LLL-algorithm again in each iteration to
improve the lattice basis. This brings down the number of parallel planes needed to
check to a polynomial in d. It is still open whether we can bring the running time down
to single exponential, i.e. whether we can replace d°(?@) to 209,

6.3. Minimal infeasible subsets

We consider the feasible region P of a linear program in the form
P :={x: Ax < b}

for some A € Q™*" and b € Q%. A well known theorem in linear optimization states
that , if the program is infeasible, i.e. if P = &, then we can find a subset A'’x < b’
containing at most d + 1 of the original constraints, such that already

{x:A’xgb’}:@.

In other words, if a system of linear inequalities has no solution, then there is a subset
of at most d + 1 of the inequalities that is already infeasible. yet in other words, we
know that there is a short proof of infeasibility. The proof of this result is not difficult,
you may attempt this with Problem 6.2.

We may ask if the theorem is still true if we ask for integer solutions instead of any
solution. It is, however, not hard to see that the claim already fails in dimension 2. To
see this we can look at the polytope

SHANCE N R

This is a square with four facets, and P N Z? = @. See also Figure 6.1. However, if we

12Ravi Kannan, “Improved Algorithms for Integer Programming and Related Lattice Problems”.
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Figure 6.1.: A set of 4 = 22 inequalities that are integer infeasible, but each subset is feasible.

remove any facet, then we obtain an unbounded polyhedron that contains points from
7.

So a direct translation does not work. If you experiment further in dimension 2 you
may get the impression that with more inequalities you can always discard one. Hence,
we may ask if the claim holds if we replace d + 1 by a larger number. Indeed, this is
possible, and this is a theorem of Doignon'® from 1973.

Theorem 6.6. Let Ax < b be a linear system Ax < b of inequalities that is integer
infeasible, i.e. {x : Ax < b}NZ? = @. Then there is a subsystem A'x < b of at most
2" rows, such that already A’x < b’ is integer infeasible.

This has also been proved by Bell'# and by Scarf.!®

Proof. Let alx < f3; for < i < m be a set of linear inequalities in R? that has no integer
solution, but any subset has an integral solution. This implies that we can find, for each
i, an integer point x; such that

alx; > B and alx; < f; fori # j.
In particular, all x; are distinct. We set
S = conv(xy ...,x,) N Z%.
Now look at the set D of all tuples (4, ..., dy,) such that
§; > min(alx : alx > B;and x € 9) (6.4)

while the system

a§x < 6 for 1 <5 <m (6.5)

3Doignon, “Convexity in cristallographical lattices”.
14Bell, “A theorem concerning the integer lattice”.
15Scarf, “An observation on the structure of production sets with indivisibilities”.
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(@) If all lattice points are on the boundary of the
facet for a;, then we can increase J; to 6

by — S
ceena @ X =0
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(b) If we cannot push out, then there is a lattice
point in the relative interior.

Figure 6.2.: Finding lattice points in the relative interior.

Problem 6.4

has no solution in S. The latter condition means that the polyhedron
{x : az-xgéjforlgjgm}

contains no point of S in its interior. We know that we have at least one such tuple
(61,...,0.,) as we can certainly choose

t

§; = min(alx : alx > B;and x € 9) for all Q.

So D is not empty. It is also bounded, as §; > a‘thj would imply that x; is a solution of
(6.5). The set of all §; that satisfy (6.4) and the condition that there is s € S such that

a§s<ﬂj for 1 <5 <m

is an open set, so D is also closed. This implies that the sum dé; + - - - + d,,, assumes its
maximum in D. Let 1, -- - , d,, be such a choice of parameters.

We claim that there are y; € S such that
aﬁyi = 51 and a;yi < (Sj for ¢ 7& j

Assume that this is not the case. Then there is some i such that all y € S with aly = §;
satisfy at least one other inequality of our system with equality. So all point of S that
are on the hyperplane

{x:aly =04}

are on the boundary of the facet defined by this inequality. Hence, we can increase J;
slightly to some 0] > ¢; without violating (6.5), see Figure 6.2. Hence, our choice was
not maximal, a contradiction.

If now m > 2%, then there is a pair Y, ¥ for j # k such that
Y; = yr mod 2.

Hence, y := %(yj +yi) € S and satisfies (6.5). This is a contradiction, so m < 2¢. O

O
N



6.4. Problems

6.1.
6.2.

6.3.

6.4.

Show that for any lattice Ag(A)A; (A*) < 20(@),

Let Ax < b be a system of linear inequalities in R?. Show that, if this system is
infeasible, then there is a subsystem A’x < b’ of at most d + 1 rows that is already
infeasible.

Prove that the bound of Doignon’s Theorem is tight by constructing a polytope
with 2¢ facets that contains no integral point, but removing any facet produces a
polyhedron with interior lattice points.

Let K1,..., K,, C R be convex and bounded with

(ﬁK) Nzt =go.
=1

Show that there is a subset I C {1,...,m} of size at most 2¢ such that

(ﬂ Kz) Nz =go
el

O
w
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7. The Subset Sum Problem

This chapter introduces another application of the LLL algorithm. We will consider the
subset sum or knapsack problem. The general case of this problem is hard (NP-complete)
to solve. However, we will see that a special case can be solved in polynomial time
using a reduced basis. This has also a nice application in cryptography, which we will
explain in the next section, before we discuss an algorithm using LLL to break certain
encryption schemes based on knapsacks. .

Let us first formalize the general problem.
(SubsetSum). Leta := (ay,...,aq) be positive integer weights, and s € Z~
such that there is x = (x1,...,14) € {0,1}? with s = Y x;a;.
The Subset Sum Problem is the task to find x given a and s.
In this general formulation the problem is NP-complete. But this applies to the worst
case. It might still be that some or most instances can be solved efficiently. We will see

below that some structured instances can be solved easily, and if the bit length of all a; is
large compared to n, then we can use the LLL-algorithm to find x with high probability.

7.1. A knapsack cryptosystem

Many NP-hard problems attract researches in the field of cryptography, as they may
serve as a basis for a strong public key encryption schemes (as long as P# NP).

In our case we want to look at knapsack problems, and the scheme would consist

of a choice of weights a := (ay, ..., ay) somehow chosen from a specified distribution.
Given some data x := (21, ...,74) € {0,1}%, the encryption computes the sum
d

S = E ;T4

=1

This process of encryption is pretty simple, which is a major advantage over other
public key encryption schemes, which use modular exponentiation or elliptic curves. As
recovering the encrypted text requires us to solve the subset sum instance with input
data a and s, which is a NP-complete problem, it is also secure.

However, in this form it is not yet useful. For the true receiver of the message, who
generated the set of weights a, it should be possible to recover the original message
without solving an NP-hard problem. To make this feasible, we have to find an instance
of a subset sum problem, which is easy to solve with some additional information on
the system, but which is hard to solve without. In particular, it should not be possible to
deduce the required additional information from the publicly known weights.

O
[¢)]
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Hence, we need an instance of the subset sum problem which is easy to solve, together
with a method to hide this. Here is one option of an easily solvable subset sum instance.

We say that a sequence a1, as, ..., aq of weights is superincreasing if
7j—1
aj>2ai for 1 S]Sn
i=1

Given such a sequence we can easily solve any subset sum instance. Namely, if we
have the total weight s, then we check if s > a4. If it is, then necessarily x4 = 1, and
otherwise x, = 0. We can now replace s with s — z4a4. The remaining weights are still
superincreasing, so we can repeat the same process with a,_; to find x,,_;. We can
continue in this way until we arrive at a;. At this point we must have recovered the
original message x.

Now we have an easily solvable instance. However, if we now publish these weights,
then also any attacker can solve the problem. We must somehow disguise this special
property of our weights. The following method to do this was proposed by Merkle and
Hellman.!

(i) Choose a superincreasing sequence b1, .. ., by.
(ii) Choose a number N > )" b; and a nonzero number m € Zy.
(iii) Choose a permutation 7 of (1,...,n).
Now we set
a; := m-br; mod N for 1 <j < n.
Then our public key is a = (ay, ..., aq) and the required data to obtain a simple solution
is (N,m, ).
Given a message x = (z1,...,x4) We receive

s = inai = mzxzbﬂ.(l)

To decrypt this message using our additional data we first compute ¢ := s/m. By the
choice of N we know that ¢ < N, so this the true sum for the weights b4, ..., b;. Now
we can solve the problem using this permuted superincreasing sequence.

At first sight this might be a good encryption scheme, if we choose our superincreasing
sequence suitably. In particular, it should certainly not follow any pattern, like setting
b; = 2 or similar. However, we will see in the next section that this scheme is in fact
inherently insecure.

7.2. Solving Sparse Knapsack Instances in Polynomial Time

We now want to show that in certain cases we can use the computation of a short vector
to solve the knapsack instance (SubsetSum) in polynomial time. The systems we want
to look at are the sparse knapsack systems, where we call a system sparse if its density,

'Merkle and Hellman, “Hiding information and signatures in trapdoor knapsacks”.

O
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which is defined as

d

max;<j<q(log a;)

is bounded by O(4) and we choose the a; uniformly at random from
a; € {1,...,]\7} .

for N := 2¢*(3%¢) and small & > 0.

Let x € { 0,1} be the plain message, and s := 3 a;z; be the knapsack sum. We may
assume that s > % Zle a;, otherwise we replace s by Zle a; — s and flip zeros and
ones in the solution that we compute. This implies in particular, that x # 0. For such
systems, Lagarias and Odlydzko,? with later simplifications by Frieze® have shown that
we can solve them efficiently with high probability.

Theorem 7.1. There is a polynomial time algorithm that, with high probability, on input
(a, s) recovers x.

The key idea for the proof is to define a lattice A of rank d + 1 in which the desired
solution x is a shortest nonzero lattice vector and, moreover, all lattice vectors not
parallel to this x have length at least 22 ||x||. Now we can efficiently solve (SVP)., for
v = 2%2 (see Corollary 4.9 and recall that our lattice will have rank d + 1). Hence, by
construction, the approximation we compute with this algorithm must actually be x.

Proof. Let M := [v/d- 2% + 1] and define the lattice A as the integral span of the
columns of

1
_—Ma1 —MCLQ —Mad MS_

where all entries in the matrix that are not specified are 0.

For the coefficient vector u := [¥], where x € {0, 1}¢ is the solution we search for,
we have Bu = [§] # 0 (recall that s = ) a;x;) and this vector has norm at most V.

Now we use the LI L-algorithm to compute an approximate shortest vector v as in
Corollary 4.9. This vector satisfies

v < 272a(A), (7.1)

We want to show that the last coordinate v4; of such a vector is necessarily 0. Assume
this is not the case. By our choice of a basis the last coordinate w41 of any lattice vector

2J. C. Lagarias and Odlyzko, “Solving low-density subset sum problems”.
3Frieze, “On the Lagarias-Odlyzko algorithm for the subset sum problem”.

O
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w € A is divisible by M. Thus, if v441 # 0, then
vl > M > 272 |x|| > 2°)(A),

which is a contradiction to (7.1). Hence, we know that vy = 0.

We will now show that with high probability the vector v must be a multiple of
x' :=[§], but let us first discuss why this will prove the claim. For this we first recall
that the construction of the approximation of a shortest vector in (SVP), applies the
LLL-algorithm and then returns the first vector of the computed basis. So the vector v
that we have computed is part of a basis. As such, v must be primitive, i.e. v cannot be
a multiple Aw of a lattice vector for some A\ € Z with |\| > 2. This implies

v = +£[5],

so we know x up to sign. But x € {0, 1}%, so we just multiply by —1 if x < 0.

Now to prove that v is a multiple of x’, we show that with high probability, multiples
of [X] are the only lattice vectors that have a length bounded by 2%2v/d < M.

So let [4] € Z%! be any nonzero lattice vector with ||z < 2%?\/d that is not a
multiple of [§]. We have to bound the probability that

z I
=B
e
is a vector in A for some u € Z¢ and 1 € Z. Note that, by our choice of the basis, the
first d coefficients must coincide with the entries of the vector, i.e.

Wi = % for 1 <i<d and lz|| = [|p] - (7.2)

In this case we have

d d
s-lnl = lsenl = 1) mail < el ai
=1 =1

By assumption, s > % Zf;l:1 a;, SO we get

Inl < 2|ull - (7.3)

If [§] isin A, then

d d
E Hia; = 1-85 = ﬁzxiai,
i=1 =1

so, for & := p; — nx;

d
Z &ai = 0.
i=1

O
(o]



By assumption, [§] is not a multiple of [{], so not all {; can be zero. Thus, up to
reordering we may assume that £&; # 0. This implies

L
a; = _7251'0!1‘-
S

Hence, for any fixed (u, ) satisfying the constraints, the probability that [§] is in A is
bounded by

; d
1 1

P iap = = P = T %l S
aiE{l,.I.‘.N} lgga O] ale{l,.r..N} [al &1 gga] N

as the a; are chosen uniformly at random in {1,..., N }, for N = 9d*(5+0(1)),
Now there are at most

(2M+1)d-(4M+1) < (5M)d+l < 2d2(§+o(1))

possible choices for (u, 7). This rather crude bound follows from ||z|| < M, so |z;| < M,
and the observations in (7.2) and (7.3).

This shows that also the total probability that there exists any[§] € A satisfying the
above constraints is at most 2*9(d2), which is small. O

O
O
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8. The Closest Vector Problem

In Chapter 4 we discussed how we may compute the short vector that is guaranteed by
Minkowski’s First Theorem (Corollary 3.3). We showed that we can approximate the
vector up to some constant with a reduced basis, and then find the true shortest vector
with a simple enumeration.

In this chapter we want to consider a seemingly similar problem, the Closest Vector
Problem (CVP) and some variants. Here, we are given a lattice A C R? and some point
t € R? and we want to find a lattice point v € A that minimizes ||v — t|.

Yet, despite its similarity, we need a new technique. Fortunately, our algorithms will
still use the same tools that we developed in Chapter 3 and Chapter 5. In particular, we
will uses reduced bases and their properties again.

Let us first give a formal definition of the problem.

(CvP). Let A C R? be a lattice and t € R%. The Closest Vector Problem (CVP)
is the task to find a vector u € A that minimizes ||u — t||.

As for the shortest vector problem it proves to be much harder to find the exact
solution compared to an approximate solution. We may consider two variants for the
approximation. Either, we want to find a vector u whose distance from t is at most
some factor « longer than the optimal distance, or we provide a bound r > 0 and ask
for a point u at distance at most r from t. Let us make this precise. Here is version to
find a relative approximation.

(CVP),. Letvy>1, A C R?alattice and t € R%. The (Relative) Approximate
Closest Vector Problem (CVP)., is the task to find u € A\ {0} at distance
at most

—t]| < v -min|jt —v| .
la =] < - min |t —v]|

In some problems it may be more interesting to have an absolute bound and consider
the following problem

(AbsCVP),. Letr >0, A C R?a lattice and t € R?. The Approximate Absolute
Closest Vector Problem (AbsCVP), is the task to find u € A\ {0} at
distance at most

lu—t| < r.

Clearly, if r is too small, then this problem will not have a solution.
We will discuss two methods below. The first one, the nearest plain algorithm by

—_
o
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Babai! only solves (CVP)., with y = 2%2. However, it runs in polynomial time.

The second algorithm expands the idea of this algorithm and refines the method
where in Babai’s algorithm we may miss the exact solution. Thus, the algorithm solves
the exact problem (CVP). The main drawback is, that we need a similar technique as in
Section 6.2 and use recursion in lower dimension on a bounded number of hyperplanes.
Here, we need to search O(2%) hyperplanes, which makes the algorithm only polynomial
if the dimension is not part of the input. Its total running time is (9(2”’2).

Micciancio and Voulgaris? have shown that one can solve the problem in O(2¢) using
Voronoi cells around lattice points, which is, as far as I know, the fastest known algorithm
for this problem.

There a more methods known, but nothing that runs in polynomial time if the
dimension is part of the input. In fact, the exact complexity class is not known. In
particular it is not known whether the closest vector problem is NP-hard. On the other
hand we do know that it is not more difficult than the shortest vector problem.>

8.1. Babai's Nearest Plane Algorithm

Recall the discussion at the beginning of Chapter 4. There we observed that solving
(SVP) is simple if all basis vectors of the lattice are pairwise orthogonal. The same is
true for (CVP).

Assume that by, ..., by is a lattice basis of pairwise orthogonal vectors, and we want
to determine the closest lattice vector to some t € R?. We can write

d
t = Zuibi
i—1

for some p; € RY. If u is any lattice vector, then we can write u as

d
u = Z/\zbz
i=0
for \; € Z. Thus,
d
lu—t]* = > (= X)? |[bil* . (8.1)
i=1

This sum is minimal, when each of the (u; — A;)? is minimal. As )\; € Z, this is the case
if \; = [u;], i.e. the rounding of y; to the nearest integer.

We want to apply the same idea, rounding coefficients to the nearest integer, also
for general lattice bases. These are usually not orthogonal, not even if we apply the

!Babai, “On Lovasz’ lattice reduction and the nearest lattice point problem”.

2Daniele Micciancio and Voulgaris, “A deterministic single exponential time algorithm for most lattice
problems based on Voronoi cell computations [extended abstract]”.

3Goldreich, D. Micciancio, Safra, and Seifert, “Approximating shortest lattice vectors is not harder than
approximating closest lattice vectors”.
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Figure 8.1.: The nearest plane algorithm

LLL-algorithm. We cannot expect to find the exact closest vector with such a method,
but we will find a 2%/2-approximation to a vector x, i.e. a vector v € A such that

Ix = vl < 2% |lx —u

where u € A is a closest vector to x in A. This goes back to work of Babai.*

So we want to round the coefficients of some representation of x successively to their
nearest integer. In this process, being orthogonal will turn out more important than
being a lattice basis, so we will not do this for the coefficients in the lattice basis, but
for the coefficients in the associated Gram-Schmidt basis.

Let us first consider this geometrically, before we compute our approximation alge-
braically. We are given a lattice A with basis b, ..., by and some point x € R?. The
method will use recursion over the dimension. For this, we define

L := lin(by,...,bg_1) and AN = LnA.

The lattice A’ is spanned by by,...,by 1. As before, we denote by wy,...,wy the
Gram-Schmidt orthogonalization of the lattice basis. Let u1, ..., g be the coefficients
of x in the basis wy,...,wy, Le.

d
X = E HiW5 .
=1

All lattice points of A are contained in one of the hyperplanes
k-bg+ L =Fk-wg+ L

for some k € Z. The idea of the algorithm is to find k such that the distance from x
to kby + L is minimal, see Figure 8.1. Let x’ be the orthogonal projection of x onto

“Babai, “On Lovasz’ lattice reduction and the nearest lattice point problem”.
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Figure 8.2.: The closest lattice point need not be on the closest lattice hyperplane

kb + L, and set

x" = x' — kby.

Now we recursively find an approximate solution v” to the closest vector problem for
the point x” in the lower dimensional space L. Then

v := v’ + kby

is the solution to the original problem. Note that k = | 14|, so we use the same rounding
for the coefficients as we needed in (8.1).

However, we cannot expect to obtain the true closest vector with this procedure.
Figure 8.2 shows an example where the closest vector v to x is not on the nearest
hyperplane. As we are recursing to find the closest lattice point to a projection on the
nearest plane we will never find a closest point in this example.

The orthogonal projection of x onto kb, + L is

d—1
x' = Z piwi + | palwa.
i=1
By construction, this point has minimal distance from x among all points in kb + L.

Recall from (4.3) that

d—1

by =wg + Z AidW; (8.2)
=1

We compute the representation of x”,

x" = x' — kby

d—1 d—1
= ) HiWi + [palwa — [pal (Wd + ZAisz)
i=1 i=1
-1
= > (i — LpalNia) wi (8.3)
=1

Version of September 2, 2022



We now have a full description of the algorithm. With (8.3) we have a representation
of x” in the Gram-Schmidt orthogonalization of the basis by,...,by_; of the lattice
A’. We continue by rounding the last coefficient p; — |uq]Aig to the nearest integer.
We discuss below that we can simplify this slightly. There we show that we omit the
projection of x onto kb, + L and use x — kb, instead of x”.

We have not yet discussed how close we get to an exact closest vector. For this we
have to assume that our basis by, ..., by is LLL-reduced. The following lemma bounds
the approximation by the lengths of the Gram-Schmidt vectors. We use this in the next
theorem to compute the approximation factor of the algorithm.

Lemma 8.1. Let by, ..., by be an LLL-reduced lattice basis of A with Gram-Schmidt vectors
wi,...,wqand x € RY Let further v be the lattice point returned by Babai’s algorithm
for the input x. Then

1
2 — 2
=i < (22 7) Il

Proof. We use induction. For d = 1 the closest vector to x = puwj is v = |u]by, as
w1 = by. The claim follows, as (1 — |[u])? < 1.

Let v = v/ + | uq|bg be the result of the algorithm, where v’ is the closest vector
computed in the lattice A’. By induction

_ 1
(2070 = 3) Iwacal”

IN

/ "2
v ="

Hence,
2 2
[x — (v' + Lualba)||” = ||x =x'+x" = (v + [ua]ba) |
= [lx = x||* + %" =v'||"
1 . 1
< vl + (20 3 Iwaca P
1 1
— - 9. 2d—3 - 2
(3+2 (2-7)) v
1
= (22 1) Iwal?
where we have used (4.8) in the second but last equation. O

Problem 8.1
Problem 8.2
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Theorem 8.2. Let by, ..., by be an LLL-reduced basis of A and x € R%. Let further v be
the lattice point returned by Babai’s algorithm. Then

Ix —v|| < 272 ||x —u]| for any ucA.

Proof. We use induction again. For d = 1 the nearest plane algorithm returns the exact
closest vector, so the bound holds.

Let d > 2 and let u be a closest vector to x. Recall from Figure 8.2 that u need not
be on the hyperplane kb, + L that we choose in the algorithm. We discuss the case
u € kb, + L and u ¢ kb, + L separately. Let x’ be the orthogonal projection of x onto
kbg + L.

In the first case the vector u — kby is a closest vector to x” = x’ — kb,, and we know
by induction that

[l = v < 2R [ (u = Kba) = X"
where v’ is the vector returned by the algorithm applied to x” in L. Using
x'—v = (X' —kby) —v = x' — (v +kby) = X' —v
and
(u—Fkbg) —x" = u— (x" +kby) = u—x'
we obtain
[l = v < 2 Ju ]|

The Theorem of Pythagoras now implies

e e
< ="+ 2 lu x|
< flx—ul* + 27" Ju—x]|?
< 2%x —ul*,

where the second inequality follows from the triangle inequality.

Now assume that u & kby + L. The hyperplanes ub, + L for different . € Z are at
least  ||wql| apart, so

1

2 2
e —ull® = 7 [Jwal” .
The previous Lemma 8.1 implies

1
e =vl* < 2@ =D wall* < @' =1 x—ul® <2%[x—ul®. 0
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This theorem proves that Babai’s nearest plane algorithms returns a 2%/2-approximation
of the closest vector. In other words, it solves (CVP),, for v = 292,

Computing the running time of this algorithm is rather simple. Let A C Z? be a

lattice with an LLL-reduced basis by, ..., by, whose Euclidean length is bounded by B.

This is the same setting as we used for the LLL-algorithm in Chapter 5 for our running
time estimates, e.g. in Proposition 5.3, Corollary 5.4, and (5.7). You will prove in
Problem 8.4 that the nearest plane algorithm on this input runs in time

O (d®log® B)) .

We know from (5.7) that the LLL-algorithms requires time
O (d®log® B)) .

This dominates the running time of the nearest plane algorithm on a reduced basis.

We can simplify the computations in the algorithm slightly. For this we observe that
x —x' = pwy for some p € R. Hence, any lattice point in L that is a closest lattice point
to x” = x' — kb, € L is also a closest lattice point to x — kby. This point does not lie in
L anymore, but this does not affect the algorithm. Recall that from the representation
of x in the Gram-Schmidt basis as

d
X = E i W
i=1

we obtain £ as the nearest integer |pq] of pg4.

Instead of computing x”, and in particular the coefficients of x” in the Gram-Schmidt
basis, we can sety := x — | uuq| by and compute the closest vector v’ to y in L and return
v + L,ud-‘ by.

Now in the k-th iteration we need the highest coefficient of the current y in the

Gram-Schmidt basis to compute y — | ux |bx and then round this to the nearest integer.
We can obtain this via

(y, Wi)

He = 5 -
[wi|

To show that this indeed is the same coefficient as used in (8.3) we compute, using
(8.2),

(x = [palba, wa—1) _ (a1 = [pa]Aa-1,4) [Wa-1]
lwa-1 | Iwa1/*

= fta—1 — Ml Ma—1,d-

To summarize, on an LLL-reduced basis we initiate the result v with 0 and compute,
starting with j = d the coefficient

Problem 8.4

—_
o
~
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Problem 8.5

replace v with v + kb;, x with x — kb, and j with j — 1, and continue until j = 0. The
approximate closest vector is now the vector v.

Some variants or improvements to this algorithm are known, but none is significantly
better. The example in Figure 8.2 suggests that the choice of the order of the basis may
influence the result. Klein® used randomization in this choice to solve the exact (CVP)
if the input vector is close to a lattice point.

With these arguments we can also solve the absolute closest vector approximation
problem (AbsCVP), for some y > 34/ >4 [|wq]|*. You will prove this in Problem 8.5.

* 8.2. Fundamental Domains revisited

The bound of Lemma 8.1 has a nice geometric interpretation, that we want to explore
in this section.

We define a new fundamental parallelepiped for the lattice. This will use the Gram-
Schmidt vectors instead of the lattice basis, so it will in fact be a fundamental rectangle.

Let A C R? be a lattice in R¢ with basis by, . .., by and Gram-Schmidt orthogonaliza-
tion wy, ..., wy. We define

d
ng(bl,...,bd) = {ZMZWZ : OSMZ'<1fOl’1§’L'§d} .
=1

More generally, we say that a set F is a fundamental domain for a lattice A, if

u+FNu +F =0 for u# u and ]Rd:Uu—i—F.
It follows from (4.4) that
d
volIl(by,...,by) = det A = H HW]H = vol Fgg(by,...,ba),,
j=1

so intuitively, if translates of Fgs(by,...,by) by different lattice points are disjoint,
then these translates should cover R?. This is in fact true, as we have the following
proposition.

Proposition 8.3. The set F(by,...,b,) is a fundamental domain.

The proof requires a lemma, which you will prove in Problem 8.6.

5P. Klein, “Finding the closest lattice vector when it’s unusually close”.
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Lemma 8.4. Let A be a lattice with basis by, ..., by, L the orthogonal complement of by
with projection 7 : R — L and T := 7(A).
If Fr is a fundamental domain of T in L, then

F:i={x+pb; : xeFrand0<pu<1l} = Fp+{uby : 0<pu<1}

is a fundamental domain for A.

The proof of Proposition 8.3 follows almost immediately from this lemma.

Proof of Proposition 8.3. We prove the claim by induction. For d = 1 we have b; = wy,
so the claim follows.

Now assume that d > 1. We consider the orthogonal complement L of b; with the
projection 7 : R — L and the projected lattice I' := 7(A).

The vectors b;» = m(b;) for 2 < j < d are a basis for I', with Gram-Schmidt

orthogonalization wo, . .., w,.°
By assumption, Fr := F(b),..., b)) is a fundamental domain of T', and thus, by
the previous lemma, Fr+{pub; : 0<u <1} is one of A. As b; = w; the claim
follows. O
A simple consideration now shows that v + F(by,...,by) for v € A contains a single
lattice point (this is also true for x + F(by, ..., by) for any x € R¢, and the lattice point

will be in the interior if x ¢ A). We can use this fundamental domain to give a new
proof of Theorem 4.3, see Problem 8.7.

8.3. A O(2%)-algorithm for the closest vector problem

We now want to address (CVP). So let t € R? and we want to find u € A that
minimizes ||t — v| over all v € A.

Recall the sublattice Ag_1 := {Zf;ll Aib; N\ eZ } with linear subspace V; | =
lin Ay_1. The translates

uwg + Viq for wez

cover the lattice A with layers L, := pwy + V1. As discussed in the previous section,
we can project t onto one of the layers L, and use recursion to find u € L, to solve
the exact problem, if we would know which of the layers L, contains the closest lattice
point u.

However, we don’t know how to find this layer. The example of Figure 8.2 shows that it
needs not be the layer closest to x. Using this nonetheless leads to Babai’s approximation
algorithm.

®here we slightly abuse the notation, as the w, for j > 2 are in R¢, but as they are orthogonal to by, they
are in the subspace L, and w; = w(w;).

Problem 8.6

Problem 8.7

—
o
O
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We aim for the exact solution, so our strategy will be to find a subset of the layers
that can possibly contain u, compute the closest vector to the projection in each of these
layers, and finally choose the one that is closest to x. So we need to determine at which
layers we have to look at.

Here we can use Lemma 8.1 which bounds the distance between input and result
in Babai’s algorithm in terms of the last Gram-Schmidt vector. This also bounds the
distance to the true closest vector.

Corollary 8.5. Let A be a lattice with an LLL-reduced basis by, . . . , by and Gram-Schmidt
vectors w1, ..., wg. Let x € R and u € A a closest vector to x. Then

la—x|| < 2“7 wy| -

O

Hence, we need to search at most the 2 - 21“7>/2 = 2%2 closest layers around t to find

the right layer. So if f(k) is the number of iterations to solve (CVP) in dimension £,
then

Flk+1) = 2™ V25 (k).

Hence, f(d) € O(2%°). In each step the number of computations is bounded by a
polynomial in max log ||b;||,. To summarize, we obtain the following theorem.

Theorem 8.6. (CVP) can be solved in time O(2%°) times a polynomial in max log 1D oo
O]

Looking back at this algorithm we may realize that in each iteration we solve O(2F)
closest vector problems in the same lattice independently. So if we find a way to reuse
information in these computations we may be able to gain in the running time. That
this is possible is the key idea in the algorithm of Micciancio and Voulgaris’. The show
that we can speed up significantly if we, in each iteration, compute a Voronoi cell of the
lattice and use this in each of the O(2¥) closest vector problems.

A Voronoi cell V,, around a lattice vector v of the lattice is the set of all points that
are closer to v than to any other lattice point,

Ve i= {xeR": |x—v| < |x—ul forallue A\{v}}.

Clearly, Voronoi cells to different lattice points are just translates of each other. In the
definition we have not included the boundary, which is the set of points that have the
same shortest distance to more than one lattice point. One can show that the closure of
a Voronoi cell is a polytope with at most 2¢+! facets.®

"Daniele Micciancio and Voulgaris, “A deterministic single exponential time algorithm for most lattice
problems based on Voronoi cell computations [extended abstract]”.
8In other applications one defines more generally the Voronoi diagram of a discrete set X of points as
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Once the Voronoi cell Vp around 0 is known, one just needs to find the translate
v + Vp that contains the target x. Then v is the closest vector. While the idea of the
algorithm is pretty simple, working out how to compute the Voronoi cell efficiently and
then analyzing the running time requires some work. If done right, the algorithm will
solve (CVP) in time O(2%).

8.4. Problems

8.1.

8.2.

8.3.

8.4.

8.5.

8.6.
8.7.

Let by, ..., by be an LLL-reduced lattice basis of a lattice A. Let x € R? and assume that there is
v € A such that

1
lx—=vl < 3 lIwill

for all i. Show that Babai’s nearest plane algorithm returns v.

Let by, ..., by be a lattice basis of a lattice A. Let x € R®. If Babai’s nearest plane algorithm
returns v, then

d
1
= v < 30 7 Iwil®
i=1

Let A C R? be a lattice with basis by, . .., by and Gram-Schmidt orthogonalization w1, . .., wq.
Let v be the vector returned by the Nearest-Plane-Algorithm for t. Define

d
1 1
F o= {X+Zﬂiwi:2§ﬂi§2}~
i=1

Show that v € F. If t is not a lattice point, then v is the only lattice point in F.

Let A C Z< be a lattice with an LLL-reduced basis by, . .., bg, whose Euclidean length is bounded
by B. Prove that the nearest plane algorithm runs in time

O (d°log® B)) .

Show that Babai’s nearest plane algorithm solves (AbsCVP),. for any vy > % Zle ||w1~||2.

Prove Lemma 8.4.

Prove Theorem 4.3 using the fundamental domain F(by, ..., bg).

the polyhedral complex of all cells around points in the set. If X is not a lattice, then the cells around
different points may differ. Computing such cells, or the dual Delaunay triangulations are an important
problem in many applications.

—_
—_
—_
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9. Counting Lattice Points

In this chapter we want to take a different approach to integer optimization and see
how we can encode and count all integer points in a polyhedron efficiently. This requires
us to solve two separate tasks.

If we want to encode all integer points efficiently, then we cannot just enumerate
the points, as a polyhedron may contain an exponential number w.r.t. to the input size,
even if it is bounded. If the polyhedron is not bounded, then enumerating the points is
not even feasible. So we need a better way to write down all integer points.

Further, if we want to count the points efficiently, then we must also be able to
compute our encoding of the points efficiently, i.e. in polynomial time, and we must
also be able to obtain the size of the set in polynomial time.

We address both questions in the next sections. We start with the first and discuss a

method to encode all integer points efficiently. We motivate the idea in the next section,
before we work out the details.

9.1. Motivation

Let P be a polyhedron and S the set of integer points in P, i.e. the set S := PN Z%. All
of the following also works for general lattices, but as only one lattice is involved and we
can reduce to this case by picking a basis of the lattice and writing all our coordinates
in this basis, we will stick to Z¢.

To count the integer points in a polyhedron P, i.e. to compute the size of S, we have
to find a way to distinguish integer points in a polyhedron P from all others, i.e. a way
to encode them, preferably in an efficient and explicit way, that we can easily write down
in a short and concise form. It should be simple from our notation to decide whether a
point is in our list or not.

In principle we already know at least two options to decide whether an integer point
is in the polyhedron or not. Namely, an integer point x is in our polyhedron P if it is
either a convex combination of the vertices of P or satisfies all defining inequalities of
P. Both methods are certainly fine if we need to check a particular point. But they do
not tell us much about the whole set of points, nor about the structure of the set.

For this, we need to find a way to make our description of the set S more explicit.
In a first, rather naive approach, we could now be tempted to explicitly list all lattice
points in our polytope (this clearly only works well for bounded objects). To make a
simple example, look at the polytope Ps := [0, 3]. This is the simple segment shown in

—
Y
w
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Figure 9.1.: The polytope Ps.

Figure 9.1. The naive approach gives us the list

0, 1,2 3.

This works well in this small example, but consider the structurally similar example
Pigoo2 := [0,10002]. Here, our list,

0,1,2,3,4,5,6,7,8,9,10,11,12, 13, 14, 15, 16,17, 18, 19, 20, 21,22, . . .,

if written out completely, easily exceeds the line, and also this page, and if we replace
10002 by 100022, then also the length of these lecture notes. To get a compact encoding
of the points we need a better idea.

Here is the key idea. This approach may look really strange at first, but will prove to
be very powerful. We can replace each point k& € P3 with its monomial t*. With this we
define a polynomial that contains precisely the monomials corresponding to points in
our polytope and write

3
1+t+2+8 = j{:ti.
=0

The option to write our polynomial as a sum already shows a quite compact way to
encode the lattice points. Observe, that the representation is not really more complicated
for Pypoo2. However, it is pretty obvious that this particular compact notation as a sum
is only possible in very special cases, so we need to look further.

If you look at the polynomial you may recall from your calculus class that there is
another option to write this sum in a more condensed form using the geometric series

1—t*
Gp3(t) = 1=

whose expansion is again our polynomial. Doing the same for Pjggg2 gives
1 — #1003

G t) = ———

[0,10002] (t) 11

so it does not really make this notation more complicated.

We will see that this idea of using a geometric series to specify the lattice points in a
polyhedron is both sufficiently flexible to work for all polyhedra, and efficient enough
that we can use it to really study the structure of the set of lattice points.

Here comes another surprising and powerful property of our last observation. If we

try to do write down the lattice points of the unbounded polyhedron P, := [0, c0),
then our first two approaches obviously become infeasible. However, the third works

14



and turns out to be even shorter and more appealing!’ As a geometric series we can
concisely describe all lattice points in P,, via the monomials in

G[O,oo)(t) = 1=
As this extended example suggests, the generating function we use here to encode
the lattice points will indeed provide a powerful bookkeeping tool for counting and
enumerating lattice points in polytopes.

It will soon become apparent that it is indeed quite useful and natural to encode
lattice points not only in polytopes, but more generally in any bounded or unbounded
subset of R?, as in the last example of a ray in R!. You should keep this in mind for the
following considerations.

9.2. Generating Functions

In the previous section we have seen that we can use rational functions in one variable ¢
to describe the infinite series of all monomials corresponding to the lattice points for
the one-dimensional cone

C:={z:2>0} CR.

In this section we want to formalize this idea, and directly generalize it to arbitrary
dimensions.

Let k be some ground field (you can just think of k = C, if you like). We assign the
monomial

t =107t

in d variables to an integral point a = (ai,...,aq) € Z?. In the initial example of
the nonnegative axis all integral points were non-negative and thus lead to ordinary
monomials as you know them from multidimensional calculus or algebra. In general,
the coordinates of a are allowed to be negative, so this is a Laurent polynomial living in
the Laurent polyonmial ring

L = k[5,.... 6]

Moreover, note that the sum of monomials for the cone z > 0 is infinite. Since we do not
care about convergence, we will actually consider our sums not as Laurent polynomials,
but as series in a subset of the L-module

T +1 +1
L= k[t7,...,t77]

of formal Laurent series. We associate a series in this module to any convex set in R<.

You may wander about what happens at ¢ = 1. However, this is not an issue for us, as we will not deal
with any analytic convergence issues and usually will not evaluate at certain values. We will do this
once later for one specific value, and postpone the discussion until then.

—
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Figure 9.2.: The polygon of Example 9.2.

Definition 9.1. For S ¢ R? the integer point series G'g is the formal Laurent series

Gs(t) = > t*elL.

acSNZza
Here is an example of such a series.
Example 9.2. Let P be the polygon
0 2 2 3
P = conv[1 1 9 0]

(see Figure 9.2). Recall that the convex hull of a matrix is defined to be the convex
hull of the column vectors of the matrix. We list the lattice points as monomials in the
Laurent polynomial

13

+ ty + ity + tit
+ t 4+ ] + 13

+ i3yt

Translating a set S C R? by some integral vector a € Z amounts to multiplication of
its generating series with t2,

Gars(t) =t2Gs(t).

You will realize (or you have seen this already in some other course) that dealing with
formal power series is more subtle than computations with polynomials. Seemingly
simple operations may not work as expected, as the following example with formal
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Laurent series shows.

A~

Gr(t)-(1—t) = (- +t 24t 1+t +t24--) - (1—10)
= (ot Pt Lt )

— (o It
=0.

We might be tempted to divide by (1 — ¢) and deduce

0
G]R(t):---+t’2+t’1+1+t+t2+~-:mzo. 9.1)

However, the left side of the equation is definitely not zero as a Laurent series, and the
operation is not allowed, at least not in this simple form. We will meet one option to fix
this later.

Actually, not all Laurent series appear as a generating series for lattice points in
polyhedra. The ones we will encounter have a nice additional structure that we will
work out with the next definitions and theorems.

Definition 9.3. A Laurent series (¢ € L is summable if there is a Laurent polynomial
g € L such that the series gG is a Laurent polynomial.

Clearly all Laurent polynomials are summable. On the other hand, the series

T2 43 1 T g B 17— 1 Z ¢k

k prime

cannot be summable. We will denote the set of all summable Laurent series by L5*™.

We leave the proof of the following proposition to the reader as Problem 9.1.

Proposition 9.4. L5"™ is a L-submodule of L. O

In fact, the summable series we are interested in will be constructed from summable
series of cones. We will derive those in the next paragraphs, starting with some simple
cones, until we obtain the series of a general polyhedral cone spanned by a finite set of
generators in Proposition 9.7.

We begin with the polyhedron P,, = [0, c0) that we introduced in the previous section.
The integer point series is

Gpm(t) = Z =14+ t4+2+3 4.

aGZzO

Using the polynomial g(t) := (1 —t) we obtain g(t)Gp_ (t) = 1, so Gp_(t) is a summable
series.

Problem 9.1

—_
Jry
~
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Problem 9.2

Now let us consider the 2-dimensional cone C := cone(ey, e2), where e, e; € R? are
the standard unit vectors. Then

Gol(t,s) = Z s

a,bGZzU

= (Z”) (Zsb> = 1+tts+t? 45" +ts+t2 4.
a

b

Here we can use the polynomial
g(t,s) = (1=1)(1—s)
to obtain

glt;s)-Gelt,s) = (1—=t)- | Yt -(1=s)-[ D s"] =1

QEZZQ bEZZO

Hence, @C(t, s) is a summable series. Having seen these two cases you probably already
see the pattern. And indeed, if consider the cone C' := cone(ey, ..., ey) spanned by the
d unit vectors in R?, then

d d
[I0 -9 Getw = [Jo-t ¥ &
i=1 i=1 aczd,
J B (9.2)
=B | CEYORS SR CRN R
1=1 aEZ‘éO

Hence, G (t) is summable. In all three cases it is tempting to divide both sides by the
function

d
g(t) = ] %)

=1

to solve the equation for G (t). However, it is not immediately clear that this is an
allowed operation. The next proposition solves this for us. We leave the proof for
Problem 9.2.

Proposition 9.5. There is a natural homomorphism
D" — R = k(tl,...,td),

from summable series to rational functions that maps G to f /g if gG = fin L.

With this definition we can give a correct version of the computation in (9.1). If we
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replace the series with its image under ®, then we obtain

P(GR(t) = P(+t 72+t +1+t+7+--)
0
=1 -0

In other words, not the Laurent series is zero but only its associated rational function.

While it is often very convenient identify summable Laurent series with rational function
in equations instead of using a cumbersome and non-standard notation such as ®, one
cannot stress enough that one must be aware that such an equality only holds on the
level of rational functions and not on the level of Laurent series.

In particular, we see from the previous example that ® is not an injective map.
However, it clearly is for Laurent polynomials (you should check this). In other words,
L is a submodule of L™, and ®|, is the identity map. A more general criterion on
injectivity is proven in Problem 9.3.

Definition 9.6. Let S C R? and assume that G(t) is summable. The integer point
generating function of S is

If S C R¢ is bounded, then we are allowed to identify (see also Problem 9.3)

Gs(t) = Y =

acSnzd
In the one-dimensional example P, = [0, c) we have already computed the image
of the generating series in R,
1
Gp (t) = —.
po(t) = 7

We can generalize this observation to rational simplicial cones. Let C' be a simplicial
rational cone in R? with primitive ray generators R := {ry,...,rq}. We recall the
fundamental parallelepiped of V' from Definition 2.5

d
H(R) = {Z,uzrz S [0, 1) for 1 < < d}
=1

We know from Corollary 2.8 that the fundamental parallelepipeds tile the space without
overlap (strictly, there we talked about lattice bases, however, the same argument works
for the generating set R). We define

F := II(R) n 7%,

the set of all integral points in the fundamental parallelepiped of R. Note that F' is a

Problem 9.3

—_
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Problem 9.4

finite set, so its integer point generating function G'y(g)(t) is a polynomial. We write

oc(t) == Grr)(t)

for this.

Proposition 9.7. In this notation, G¢(t) is summable with

Uc(t)

Gel®) = T i —ey

Proof. Let S be the set of all nonnegative integer linear combinations of R,

S = {z = Z)‘iri : )\iEZZO}.

By replacing the Laurent monomial ¢®¢ by ¢" in (9.2), we get

d d

[Ja-t)- >t = JTa—)- Y @) (¢ )™ = 1.

= = d
i=1 z€S i=1 acZl,

By Corollary 2.8 we get

d d
[[a-to- > & =T[a-t- 3 > e
i=1 xeCNZd i=1 yEF zeS

d

= H(lftri).ZtZ. Zty

zeS yeF

=1
= Z tY = O'C'(t).

yEeF

Dividing by H?Zl(l — t") gives the claim.

O

Our integer point generating series Gs(t) contains a monomial for every integral
point in a set S. Now assume we have a second set S’. If we want to obtain the series
for the union S U S’, then we have to list each monomial of a lattice point in the union
precisely once. Hence, we cannot just add the two series if the intersection of the sets is

not empty.

However, we can obtain the series by first adding the two series of S and S’, and
then subtracting the series of S N S’. This principle clearly extends to the union of any
finite number of sets. We can compute the generating series from the generating series
of the sets and all partial intersections if we keep track of the multiplicities a partial
intersection appears in the total sum. This is called the principle of inclusion-exclusion.

You will study this in more detail in Problem 9.4.
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Figure 9.3.: Let @) be the dotted chord of the polygon and P, P, the two polygons obtained
by cutting P along Q. Then |P N Z?| = |Py N Z2?| + |P, N Z?| — |Q N Z2|.

Now let us come back to the special case of integer points in polyhedra. Triangulating
a rational polyhedral cone into rational simplicial cones (see Section A.8)) and using
inclusion-exclusion (see also Figure 9.3) yields the following general result.

Corollary 9.8. The integer point generating series of a rational polyhedral cone is
summable.

9.3. The Theorem of Brion

With the last Corollary 9.8 in the previous section we have found a way to express the
lattice points in a polyhedral cone as a rational function. However, we set out for a way
to encode and count the integer points in a polytope. So in order to make the results we
have obtained so far useful we need a method to express the integer point generating
function of a polytope via the integer point generating functions of some cones.

We will show in this section that this is indeed possible. With Brion’s Theorem
(Theorem 9.14) we prove that the integer point generating function of a polytope can
be computed from the integer point generating functions of all vertex cones of P.

We need some preparations for this. Let P be a rational d-dimensional polytope and
F a face of P. Recall the tangent cone of F' in P from Definition A.42, which is defined
by

TpP = {veRd : thereis w € F, ¢ > 0 with W—|—€(V—W)€P}.

We know from Problem A.14 that the tangent cone is the common intersection of all
supporting halfspaces at F', and we know from Proposition A.44 that the shifted cone
TrP — v for some v € F is dual to the normal cone of F.

The following theorem makes a connection between the generating series of the
tangent cones of all faces of the polytope and the generating series of the polytope.
This is the first step towards our final result. To obtain the generating functions we
afterwards apply our map ® on both sides and use linearity of this map.

In the final step we will then argue that the tangent cones of faces of dimension d > 1
doe not contribute anymore to the sum after we have applied ®. So it will suffice to
consider only the vertices to obtain the generating functions.

—_
N
—_
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v O

Figure 9.4.: v ¢ P. The complex G € visiblep(v) is drawn in red.

Theorem 9.9 (Theorem of Brianchon-Gram). Let P be a rational polytope. Then

Gp(t) =Y (-1 Grp(t),

F=P

where the sum is over all non-empty faces of P. This equation is the Brianchon-Gram
identity.

The Brianchon-Gram identity is already valid on the level of indicator functions for
lattice points. For its proof we introduce the complex of visible faces.

Definition 9.10. Let v ¢ P. A face F of a polytope P is visible from v if for some
(equivalently every) w € relint F' the segment conv(v, w) intersects P only in w.

The collection visiblep(v) of all visible faces of P w.r.t. v is the complex of visible faces.

We prove some some properties for visible faces, before we turn to the proof of the
Theorem of Brianchon-Gram (Theorem 9.9). See Figure 9.4 for an illustration. The
next lemma characterizes the visible faces in terms of the tangent cones.

Lemma 9.11. F is visible from v ifand only if v & TpP .

Proof. Let w be a point in relint F'. As Tp P is the intersection of all valid half spaces of
P we know that aff I is the minimal face of Ty P. In particular,

(a,w) < (a,x)

for all valid functionals a and x € TpP.

If v ¢ TpP, there is a linear functional a € (]Rd)* that separates v from the tangent
cone and the polyhedron, so

(a,v) < min((a,x) : x€ TpP) .
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Figure 9.5.: The hyperplane H is drawn in blue, and the polytopal subdivision in H is drawn
in yellow.

We compute, for 0 < A < 1,

(a,(1=Nv+Iw)= (1-XN)(a,v) + Na,w)
(1=XN(a,w) + XNa,w)

(a,w)

A

min ((a,x) : x € TpP)

IAIA

min ({(a,x) : x € P) .
Hence, (1 — \)v+ A\w ¢ P for all 0 < A\ < 1. In other words, F is visible from v.
If, conversely, v € Tr P, then we know that there are w’ € F and an ¢y > 0 so that

vVii=w+ev-w)eP

for all 0 < € < gp. As w € relint F' we can choose 0 < ¢ < gq such that

w' = wtelw—w) € F.

But then
1—e)w +ev = (1—e)w + (1 —¢e)e(w—w) + ew + 2(v—w)

= (1-g)1+e)w — (1—e)ew) + (e(l —e)w' + £%v)

= (1-)w + e%v

belongs to both conv(v, w) and to P, and F is not visible from v. O

Corollary 9.12. Let P be a polytope and v ¢ P.
Then visiblep(v) is a polyhedral complex that is isomorphic to subdivision of a polytope.

Proof. The definition of visibility implies G € visiblep(v) if G < F € visiblep(v). So
visiblep(v) is a subcomplex of the boundary of P.

Let H be a hyperplane separating v from P, and consider the polytope @ := H N
conv(P U {v}), see Figure 9.5. Then

{HNconv(FU{v}) : F € visiblep(v)}

—_
N
w
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is a subdivision of () which is combinatorially isomorphic to visiblep(v). O

Now we have all ingredients to prove the Theorem of Brianchon-Gram (Theorem 9.9).

Proof of the Theorem of Brianchon-Gram (Theorem 9.9). We think of the Laurent poly-
nomial on the left hand side as an infinite Laurent series that contains all possible
monomials, but most coefficients are 0.

We compare coefficients of an arbitrary monomial t" for u € A on both sides to prove
the identity. For this, we deal with the two cases u € P and u ¢ P separately.

If u € P, then u € TpP for every non-empty face F' of P. Hence, the coefficient of
t" on the right hand side is

(=0 = -+ (-1
0£F=<P

This sum is the Euler characteristic of the polytope, which is always 1 by Euler’s relation
(see (A.13) and Proposition A.46). Note that we have included the polytope itself in the
sum.

On the other hand, if u ¢ P, then we obtain from Lemma 9.11 that the coefficient of
t" on the right hand side is

Z (_1)dimF_ Z (_1)dimF =1-1=0,

0AF<P (#Fevisiblep (u)

using the fact that the Euler characteristic of visiblep(u) is 1 by Corollary 9.12 and
Proposition A.46. See also Figure 9.5. O

In the previous section we have applied ® : L-—R only to pointed polyhedral cones.
We now want to study this map also in the case of cones that have a nontrivial lineality
space, which is defined as

lineal(C) = CN(-C).

It is the maximal linear subspace contained in C.
Let us first look at an example for what we want to prove. Consider the sets

CT = [0,00) C R and C~ :=3-C"=(-00,3] C R.

Ct is a one-dimensional cone, C'~ is an affine cone with apex in 3. Let P be the
intersection of the cones, i.e.

P :=Ctnc™ = 10,3].

Then P is a one-dimensional polytope. We compute the integer point generating function
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and the image under ® for C™ and C~. The series are

GC+(t) = Ztk
k>0

Go-(t) = Y th =3 tF =3 "t7F,
k<3 k<0 k>0

so we obtain the functions

Gor(t) = ®(Gor(t) = +—

4
Go-(t) = ®(Ge-(1) = t31i% - 1—tt

The integer point generating function of P is the finite geometric series

. 11—t
Gp(t) = Gp(t) = 7— = L+t+t2 41,

We observe that
Gp(t) = Ge+(t) + Ge-(t) .
Using the map ¢ we can make the following symbolic calculation
Gp(t) = ®(Go+(t) + B(Go- (1) = (G (t) + Go- (1))
= ®(Gryp(t)) = O(Gr(t) + ®(Gp(1))

This can only hold if ®(Grt) = 0, i.e. if  maps the infinite series 3", _, t* to 0. The
following proposition shows that this indeed holds in general for cones with nontrivial
lineality space.

Proposition 9.13. Let C' C R¢ be a polyhedral cone with lineal C' # {0}.
Then ®(Ge(t)) = 0.

Proof. Let v € lineal(C) \ {0} and L := {Av : A€ R}. Then L C C, so that
t'Go(t) = Gol(t) .
Applying the map ® gives
B(Golt) = (Golt)) — (1— )0 (G (t)) = 0.

v # 0 implies ®(G(t)) = 0. O

Now we can finally deduce a connection between the generating function of cones
and the generating function of the polytope.
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Problem 9.5

Theorem 9.14 (Brion’s Theorem). Let P be a polytope. Then

Gp(t) = > Grp(t).

v vertex of P

Proof. Apply the map @ to both sides of the equation in the Theorem of Brianchon-Gram
(Theorem 9.9). The only non-pointed tangent cones are those originating from a vertex
of P, so by Proposition 9.13 only the contributions of the vertices are non-zero on the
right hand side. 0

Here is one example for the equation of this theorem.
Example 9.15. Let P be the unit square in R?, i.e. the convex hull of 0,e;, e, and
e; + ey. Then

1
(1-=z)1-y)

GP(x>y) =

(1 =2*)(1-9?)
(I—z)(1-y)
=l4+z+y+ay

SoGp(l,1)=14+1+1+1=4.

The theorem provides us with a general method to compute the function Gp(t) for
polytopes by computing the generating functions for the tangent cones at vertices (which
are dual to the normal cones at vertices) and adding them up.

However, recall from the previous section that we need a triangulation of the cones for
this, in each cone we have to enumerate the lattice points in the fundamental domain,
and then use inclusion-exclusion with all lower dimensional faces of the cone to compute
the generating function of the cone. This is still an expensive operation. We will see
in the next section how we can avoid this and compute generating functions for cones
efficiently.

9.4. Barvinok's Algorithm

In Section 9.2 we have seen that we can express the lattice points in a cone as a rational
function. The proof is somehow constructive, as it tells us the exact from of the numerator
of the rational function for simplicial cones, see Corollary 9.8 and the remarks above this
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Figure 9.6.: The cone spanned by e; and ke; + e, needs k& unimodular cones in its
decomposition

corollary. We have to enumerate the lattice points in the fundamental parallelepiped and
combine the corresponding monomials into a polynomial. The denominator always has
a canonical form depending only on the generators of the cone, with a factor of (1 — t*)
for each generator r. For more general cones we use the fact that we can triangulate
cones into simplicial ones, and that counting lattice points in such subdivisions can be
done with inclusion-exclusion on the intersections.

Yet, as we will see below, this is in general not a task that can be done in polynomial
time in the size of input and dimension. There are two related problems with this
approach. In general, it is difficult to enumerate the lattice points in the fundamental
parallelepiped (and this is also the task we actually want to solve with the generating
functions that we develop) of a cone. On the other hand, this is easy, if the generators
of the cone are a lattice basis. Such cones are called unimodular. As we know that any
lattice point can be written as the sum of a lattice point in the fundamental parallelepiped
and an integral linear combination of the cone generators we conclude in this case that
0 is the only lattice point. So in subdividing a cone into simplicial ones we should aim
for a subdivision in which each such cone is generated by a lattice basis. However, as
we will see, this leads to an exponential number of cones in the subdivision (relative to
the size of the input, which is the number of generators of the input cone).

Here is an example that illustrates this problem. Consider the cone
C := cone (e, k- e +e2) 9.3)

for some k € Z-~y. We need k¥ monomials in the numerator or k cones in a unimodular
triangulation. This is not polynomial in the input, as the input is given just by the two
generators of the cone. See also Figure 9.6

If we want to use the simplicity of unimodular cones to compute the generating
function of some cone efficiently, then we need a new idea. In this section we will develop
such an approach using signed decompositions of a cone to compute the multivariate
rational generating function G(t) of a simplicial cone in polynomial time, at least for
fixed dimension.

This extends to all cones by using a triangulation of the input cone without new
vertices. See Theorem A.48 for the construction of such triangulations in the case of
polytopes. The same construction works for cones. Note that this construction of a
triangulation is polynomial in the size of the input.

—_
N
~
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(@) A cone

O O
o O O O O O
o O O O O
(b) The positive summand in the (c) The negative summand in the
decomposition decomposition

Figure 9.7.: A cone and its signed decomposition. The cone on the left is the difference of the

cones on the right.

We may count lattice points in a polytope via the generating functions of the vertex
cones specialized at x = 1, using Brion’s Theorem (Theorem 9.14). However, these
values are (removable) poles of the generating functions. We will discuss a possible
approach to evaluate the functions efficiently in Section 9.4.2.

9.4.1. Computing a Generating Function

The initial idea for the algorithm presented in this section is due to Barvinok? and
Barvinok and Pommersheim.® For fixed dimension d the algorithm is polynomial in the
input size.

As we cannot influence the number of monomials from lattice points in the funda-
mental domain in a given cone we need a better way to do the subdivision, if we want
to arrive at a polynomial time algorithm.

The key idea for this is to use signed decompositions, which are decompositions where
we may take new rays outside of the original cone and use addition and subtraction of
rational generating functions to obtain the desired rational generating function of the
original cone.

Here is an example that should explain the idea and also suggest why this may
make the computation simpler. Consider again the cone of (9.3) for £ = 3 shown in
Figure 9.7(a). Its fundamental domain contains three lattice points (of which one is the
origin). However, up to lattice points in the intersection, we can obtain all lattice points
in this cone from the lattice points in the cone in Figure 9.7(b), and then subtract the
lattice points in Figure 9.7(c). Both cones have a fundamental parallelepiped which
contains only the origin. Note that this means that the numerator of the integer point
generating series of these cones is 1. We can detect whether we have such a cone by
computing the determinant. It is 1 if and only if the origin is the only lattice point.
Equivalently, the generators of the cone are a lattice basis. We fix a name for such cones
with the next definition.

2A. 1. Barvinok, “Computing the Ehrhart polynomial of a convex lattice polytope”.
3A. Barvinok and Pommersheim, “An algorithmic theory of lattice points in polyhedra”.
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Definition 9.16. Let A C R? be a lattice. A cone C spanned by d rays rq,...,ry € A is
unimodular if its generators are a lattice basis.

You will prove with Problem 9.6 that any two unimodular cones differ by a unimodular
transformation.

It was the achievement of Barvinok in the paper mentioned above to show that with
this method you can get away with a polynomial number of (even unimodular) cones.

To make this precise, let C' be a d-dimensional cone spanned by primitive rays
ri,...,ry. We associate an index with such a cone.

Definition 9.17. The index of C is

index(C) = |I(vy,...,vq) NZ%

Note that equivalently
index(C) = |det(vy,...,vq)| = volll(vy,...,vq)

By our definitions the cone C' is unimodular if and only if index(C) = 1.

In a triangulation T of our cone C' we will record the index of each cone in T (note
that, for the generating series we also need to take lower dimensional cones into account
to account for overcounting in intersections via inclusion-exclusion). This collection of
indices is both a measure of how far we are still from a unimodular triangulation and it
gives an indicator whether we are already done or which cones we need to subdivide
further.

Observe that the index of a face F' of a cone C' is bounded by the index of C, i.e.
index(F') < index(C),

so we actually only need to track indices of maximal cones and subdivide those if
the index is still larger than one. This is, of course, only useful if we can provide a
method that subdivides a cone into cones of smaller index. Here the idea of signed
decompositions is needed to make this efficiently.

The basic tool in the construction is Minkowski’s First Theorem (Corollary 3.3), which
tells us that for any compact, convex, and centrally symmetric K C R with vol K > 2¢
there exists a # 0 in K NZ¢, which provides us with a short nonzero vector in the lattice.
We need the algorithm developed in Chapter 4 to compute this shortest vector using
the LLL-algorithm, as Minkowski’s First Theorem (Corollary 3.3) is not constructive.

We use this theorem (or, more precisely, the algorithm for (SVP)) in the following
way. If, for a cone C, the index index(C) is still larger than 1, then

1

Problem 9.6

—
N
O
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is a compact, convex, and centrally symmetric body with volume
vol(K) = 2%,

Hence, we can conclude that there is w € K N Z? different from 0. We can write w as
a linear combination of the cone generators and, as w is contained in K, we obtain a
bound on the size of the coefficients, that is, we know that

w = )\11‘1 + /\21‘2 + -+ /\drd for OS ’)\z’ < (index(C))_l/d . (94)

Instead of the exact solution of (SVP) we may use an approximation, as this is easier to
compute.

Consider the vector w obtained in (9.4). By replacing w with —w if necessary we
can assume that w,rq, ..., ry lie in a common half-space. Additionally we may clearly
. . . _1 .
assume that w is primitive. By construction, |\;| < (index C)” 4. We define d new cones

Cj = Cone(rl,...,rj717w7rj+17. . .,I'd) for 1< j <d

by replacing r; by w in the j-th new cone. This is the star subdivision of the cone with
apex w.

We compute the index of these new cones.

indexC; = |det(ri,...,rj—1,W,rjt1,...,1q)|
d
= Z|/\k‘ -|det(r1,...,rj_l,rk,rj+1,...,rd)]
k=1

= |\j| - |det(ri,...,rq)l
= |\j|(index C)
< (indexc)—é(indexC)
— (index C) 7" .

The last term strictly less than index C' if index C' > 2. As the index is an integral number
we see that the index actually drops by at least one. In particular, if it is less than 2,
then it must already be 1.

We define a corresponding sign function to make a signed subdivision of C' with the
cones C;. For 1 < j < dlet

0 if dimC; < d
€j 1= 1 if det(vy,...,vq) -det(vy,...,Vj_1,W,Vjq1,...,Vg) > 0
—1 otherwise.

With this decomposition and the corresponding sign function the integer point generat-
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ing series takes the following form.

d
Ge(t) = ZEJGC]. (t) + contributions from lower dimensional cones.
7j=1

This decomposition of a single cone creates at most d new d-dimensional cones in
our list. Note that the number may be smaller than d, as the new generator may lie
in a facet of the original cone. Also note that the collection of new cones obtained by
subdividing all cones doe not form a subdivision in the classical sense as defined in
Definition A.45. This is only the case if all ¢; for all cones are nonnegative. Otherwise,
cones obtained from subdividing different cones may overlap.

As we have to use inclusion-exclusion over all lower dimensional faces to get rid of
overcounting in the common boundaries of the cones it is, however, not enough to keep
track of the number of d-dimensional cones. We need to count the number of all cones
in the signed subdivision. But subdividing a fulldimensional cone into d new cones
produces at most 2%d cones of any dimension.

We repeat this decomposition for each cone of index > 2 in our triangulation succes-
sively until there is no cone of index greater than one left. If we want a polynomial time
algorithm we need to control the total number of cones we produce. So let us obtain an
upper bound for this.

After n decomposition steps, a cone D in the decomposition has index at most
()
index D < (indexC)\ 9 . (9.5)

The algorithm stops if this this number drops below 2 (recall that the index is integral,
so it must be 1). To obtain a bound we take the logarithm twice in (9.5) to solve this
expression for n.

log <log <(index 0)<ddl>n>> ~ log <<d;1>nlog(index 0))

-1
=nlog <dd> + loglog(index C) (9.6)

d
= —nlog <d1> + loglog(index C).

Hence, for

loglog(index C)
- d

the last term of (9.6) is negative, so that

= O(dloglogindex C)

d—1 d—1

index D < {(indexC)(d)nJ < (indexC’)( d )” < 2.

So after at most n steps all indices are 1. This shows that the number of iterations until
we reach unimodular cones is indeed polynomial.

Version of September 2, 2022
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However, we also need to check that the number of cones we produce is polynomial.
In n steps we produce at most

(de)n _ 2nd log d < 2Md2 log dloglogindex C'

= (logindex C')Md2 log d

= (logindexC )O(d2 logd)

cones. Hence, we conclude that with this approach indeed, in fixed dimension, the
number of cones is bounded by a polynomial in logindex C'. This is in the order of the
input size of our cone in binary encoding. We summarize the algorithm the following
theorem.

Theorem 9.18. Let d € Z-~ be fixed. Then there is a polynomial time algorithm that
computes the integer point generating function G(t) in the form

t2
Golt) = D &g way. . (1 —pvm)

i€l

where ¢; € {—1,1}, a € Z4, v;; € Z4\ {0} for all i, j and s; < d, for any d-dimensional
polyhedral cone C' given in its exterior description. O

Note that, in this theorem, the index set I runs over all cones, including lower
dimensional ones, in the subdivision.

Remark 9.19. You can use G'p(t) also to solve linear programs. If you want to maximize
over a functional ¢ € Z<, then you can just substitute t = (2°1, 22, ..., z%). The highest
degree of a monomial in the result is the optimal solution.

9.4.2. Polynomial Time Evaluation

We can use Theorem 9.18 and Brion’s Theorem (Theorem 9.14) to count lattice points
in a polytope P by computing the rational generating functions of all vertex cones.
However, this requires us to evaluate the generating function at t = 1. Although we
know from the theory that these are regular points of the rational functions, they are
poles in the representation we obtain. We use tools from analysis to evaluate them (Note
again, that expansion into a Taylor series, though theoretically a method to remove the
pole, is not an option if we want evaluate this in polynomial time.).

One possible approach is to define a curve ~(s) for a real parameter s > 0 such that

~(0) is 1 and the only pole of our generating function on that curve occurs for s = 0.
Then we take the limit s — 0. We need the following lemma.

Lemma 9.20. Let vy, ...,v; € R Then there is m € R? such that (m,v;) # 0 for
1<j<k
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Proof. We use the moment curve

The map
d
A— [[(m(),v;)
j=1

is a nonzero polynomial of degree (d — 1)k. Hence, it has at most (d — 1)k zeros and we
can try a polynomial number of values to find a A such that m(\) gives the claim. [

Using this lemma we can find m = (my,..., my) € R? such that, in the notation of
Theorem 9.18,

(m,a,;) 750 <I‘I1,V,;j> 7'&0 fOfiEIandlSszi.

Now consider

Let
oy = <m,ai> Vij = <m,vij>.

Then

Grl0) = LS e

i€l

and the summands are all rational functions in one variable » which are defined for all
r > 0. We want to compute the constant term of the Laurent expansion of all summands
at r = 0. Now consider a single such fraction. We can transform it to obtain

Si

e’ i R r
= e H71 . 9.7)

Mo —ew) — e

j=1

Now each factor
r
1—e%is”
is defined for all » and we can compute the Laurent expansion up to degree s; + 1:

r

[ — . o (nSit1
(1 _ 6112']'7') E] (7’) + R’L] (T ) 9

—_
w
w
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and similarly we get
e = Si(r) + R;j(rsi“).

We compute the product up to degree s; + 1:

Py = i) [] Tr) + BRI,
j=1

Let ¢; be the coefficient of 5 (note that (9.7) has an additional factor of -L-, so for this

rdi?

product ¢; is the constant coefficient). We sum them up with the given signs to obtain
Cc = ZQCi .
This is the desired limit and thus the evaluation at 1.

Remark 9.21. Using the Todd-polynomials td,, (&1, . . ., &;) defined by

k o
H% - thm(§1,~--,§d)mm
i=1 =

one may obtain a closed formula for the evaluation of G¢(1).* However, this requires
us to evaluate the Todd polynomials.

9.5. Half-open Decompositions

In computing the generating function of a cone we have to keep track of all contributions
of lower dimensional cones to adjust overcounting from the intersection of cones,
together with the multiplicity of overcounting. This is a huge computational effort,
as we have seen above that this increases the number of newly created cones in each
step of the algorithm potentially by 2¢ - d instead of just d. While we will not improve
asymptotically it should be clear that we can reduce the computational effort considerably
if we find a way to avoid all or most of the computations for lower dimensional cones
and do not have to store the generating functions for those.

This is indeed possible, and various ways have been proposed to do so. The first idea
employs the observation that cones with nontrivial lineality are mapped to 0 by ® and
that the dual of a low dimensional cone has such a nontrivial lineality space. The second
modifies the subdivision in a way that each lattice point is contained in a unique cone
of the subdivision, so no overcounting occurs in intersections. We briefly sketch the
first approach and then turn to the second, which has the benefit that we can reuse the
results in the next chapter.

For the first approach we observe that dualizing the (signed) decomposition of a cone
is a (signed) decomposition of the original cone. Dualizing translates unimodular cones

“Thm. 7.2.1 De Loera, Hemmecke, and Képpe, Algebraic and geometric ideas in the theory of discrete
optimization.
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O O O O
(a) A cone (b) Its dual

(c) A signed decomposition of the dual cone. The left and right cone have positive sign, the middle one negative
sign.

(d) The corresponding signed decomposition of the primal cone. Again, the left and right are taken with a positive

sign, and the middle one with negative sign. The right one does not contribute to the rational function, as it is not
pointed.

Figure 9.8.: A cone and a signed decomposition obtained from a signed decomposition of the
dual cone.
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into unimodular cones, and cones of dimension less than d into cones with a nontrivial
lineality space. We can thus obtain a decomposition of a cone C' in the following way. We
first dualize the cone to obtain a cone D := C*. Now we apply the signed decomposition
of Section 9.4.1 to D to obtain a collection D := (D;, ..., D,,) of cones in dimensions
0 < k < d and signs (e1,...,ey,) (or signs with multiplicities, if we only keep one copy
of each cone appearing). Then C := (D7, ..., D},) is a signed decomposition with the
same signs (and multiplicies) as D. See Figure 9.8 for an example.

However, we can shorten this considerably. As the dual of a cone D; with dim D; < d
is not pointed, *D; is mapped to 0 by the map ®. So in the decomposition of D we can
disregard all lower dimensional cones and only store the full dimensional cones. Hence,
in each subdivision step of the algorithm we obtain at most d new cones instead of all
2¢ . d coming from low dimensional intersections. Also, we do not have cones with a
multiplicity other than 1. So in the example of Figure 9.8 we can disregard the right
cone of Figure 9.8(c), and correspondingly the right cone of Figure 9.8(d). The rational
generating function of

is therefore

1 1
GC(Svt) = (1 _ 8)(1 _ t) - (1 — t)(l — St_g)
1 Sflt?)
T O-s0-f 0= nl-s15)
B 1—1¢3
S -1 —s)(1-s71t3)

14+t+t2
(1—s)(1—s"1t3)’

where for computations we would stop with the first equation. The transformation in
the form of the last line is only done to show the equivalence of the rational function in
the first line with the one obtained from a naive application of Corollary 9.8.

Also observe that a signed decomposition of the original cone would use [{] to produce
the decomposition

cone ([ 3], [§]) = cone ([3'], [§]) + cone([9], [§]) — cone([}])

to obtain the generating function in the form

1 1 1
Golsst) = A ma—n "t Gopa—s  1-%
11—t
T 1-tH1-s)(1-s 13
1+t+1t2

(1—s)(1—s"1t3)"’

where again we would stop with the first line for computations. The following lines
show that also this generating function coincides with the ones above.




Figure 9.9.: Making a cone half open. The right face and the origin are not part of the half
open cone.

Now we turn to the second approach to avoid overcounting in intersections. It has the
advantage that is remains in primal space, so it avoids the expensive computation of dual
cones. The general idea of the approach the following. For each lattice point u in the
intersection of fulldimensional cones C1, . .. , C, we want to assign a unique cone among
those that u should belong to, and we only count its contribution for that particular
cone. There are two main ideas how we can do such a unique assignment. We discuss
in the following the approach via half-open decompositions. 1 such a decomposition,
we remove part of the boundary from some cells, so that each such boundary cell is
contained in a unique fulldimensional one. We then argue that the whole process of
computing generating functions also works for such half-open cones (with a modified
fundamental domain).

The following definitions should make this precise.

Definition 9.22. Given a vector ¢ € R¢, we define the half-open cone C¢ with respect
to ¢ € R?

C¢ .= {yeC : y+eteCforalle >0 small enough} .

We say ¢ € R? is generic with respect to C' (respectively, a triangulation T of C) if ¢ is
not in the linear hull of a (d — 1)-dimensional face of C' (respectively, any simplicial
(d — 1)-cone in 7).

C¢ can also be described as precisely the set of elements in C' that are not visible
from ¢ (Problem 9.7). See Figure 9.9 for an example.

If ¢ € O, then C¢ = C, and if £ is generic with respect to C, then we can replace C
with int C in the definition, so

Cct = {yeC : y+e£cintC forall e > 0 small enough},

If ¢ € C is generic with respect to a triangulation T of C, then it is also generic with
respect to C. In this case, ¢ € int D C int C for a unique D € T[d]. Our first goal is to
show that making cones half-open is compatible with decompositions.

Problem 9.7

Problem 9.8

—_
w
~
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(a) A triangulation (b) and a half open triangu-
lation of it

Figure 9.10.: A triangulation and its half open decomposition.

Proposition 9.23. Let T be a triangulation of the cone C, and let & € R be generic with
respect to J. Then

ct = || b
DeT(d]

where T[d] is the set of d-dimensional faces of the triangulation (see Definition A.35) is a
disjoint union of half-open cones. If additionally ¢ € C, then

C = |_|D5.

DeT(d]

A half-open decomposition in this way is illustrated in Figure 9.10, where this shows
a slice through C containing &.

Proof. Lety € Dt. Then for any ¢ > 0 small enough y + ¢ € int (D) C int (C), so
y € C%. Conversely, let y € C¢, soy + ¢ € int (C) for any ¢ > 0 small enough. This
implies that there exists a unique D € T[d] so that y + £ € int D for small enough
e > 0. The uniqueness argument implies disjointness of the union on the right hand

side. O
Problem 9.9 . o ) o )
Let us now focus on simplicial d-cones D C R¢. So let D be a simplicial d-cone in
R%and V = {vy,...,v4} C R? the primitive ray generators. A point ¢ € R? is generic
with respect to D if and only if all coefficients ); in the unique representation
d
£=> i
i=1
are non-zero.
Definition 9.24. In the setting above we define the sets
I,(&) = {i : \; >0} and I_(&§) = {i : \i<O0}.
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V2

II¢(D) = I1-¢' (D) -

‘\Oi/ 0
@

I Vi

£ e

Figure 9.11.: Half open cone and fundamental parallelepiped for £ and —¢’. The dashed lines
and the vertices with withe points are not part of the cone or fundamental
parallelepiped.

With this notation we obtain an alternative description of a half-open simplicial cone.
You will prove this result in Problem 9.10.

Lemma 9.25. Let £ € RY be generic with respect to a simplicial d-cone D with primitive
ray generators vy, ...,vq. Then

d .
£ _ i >0forieli(§)and
Ds = {;N1V1 : s < Oforz' . 7 (5) .

We have seen in Corollary 2.8 that the lattice translates of the fundamental paral-
lelepiped cover R?. We want to extend this to the half-open setting. With the next
definition we propose the suitable generalization, and with the lemma below we will
prove that the translates indeed cover R,

Definition 9.26. Let D be a simplicial d-cone with primitive ray generators V and
¢ € R? generic for D. We define the half-open parallelepiped T1¢(D) with respect to ¢ as

d .
— . wi€0,1)fori e I(£)and
Hg(D) - {E:MVz " pi € (0,1 fori e IJ_F(g) }

Note that IT¢(D) C Df. See Figure 9.11 for an illustration.

For z strictly in the interior of D we recover the usual half-open fundamental paral-
lelepiped of D with generating set V. The following result generalizes Corollary 2.8.
For a proof see Problem 9.11.

Lemma 9.27. Let V = {vy,...,vq} C R? be linearly independent, and suppose ¢ € R?
is generic with respect to the simplicial cone D := cone V. Denote by A the lattice generated
by V.

Problem 9.10

-
w
O
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Then any point w € R? has a unique representation w = y + z with y € A and
z € TI5(D).

Problem 9.11
We can further decompose each of the half-open simplicial cones into half-open boxes.
Proposition 9.28. Let D C R? be a simplicial cone with primitive ray generators
v1,...,vgand & € RY be generic with respect to D. We define
d
SE= {Z)\zvZ : /\iGZEO} g
i=1
Then we have the following disjoint union:
D= | | w+T%(D)
we S
Proof. The fact that the translates by A-vectors are pairwise disjoint follows from the
uniqueness in Lemma 9.27. From the existence part we see that R? is covered by all
A-translates of I1¢(D). It remains to observe that for w € A
I15(D) f S
Dgﬂ(w—i—HE(D)): w+1I5(D) forw e
0 else,
We leave the verification of this identity to the reader (Problem 9.12). O
Problem 9.12
P:zblzm 9.13 Finally, with all these preparations we can now compute the rational generating
Problem 9:1 4 function of a simplicial half-open cone.
Corollary 9.29. Let D be a simplicial cone with primitive ray generators { vi,...,vq} C
7¢ and let ¢ € R be generic with respect to D.
Then the integer point generating function of the half-open cone D¢ is summable, and
Grie(p)(t)
t) = . .8
GD5( ) (1—tvl)(1—tv2)(1—tvd) (9 )
Using Proposition 9.28 the proof follows precisely along the lines of the proof of Propo-
sition 9.7 (just replace Corollary 2.8 by Lemma 9.27). Together with Proposition 9.23
we get the following nice formula.
Corollary 9.30. Let C be a rational cone in R?, let T be a triangulation of C into rational
simplicial cones, and let £ € C be generic. Then
Go(t) = > Geelt) (9.9)
SeT(d]
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In particular the series is summable and (9.9) also holds on the level of rational functions.

Proof. Equation (9.9) is a translation of Proposition 9.23 into generating functions. By
Corollary 9.29, all the summands are summable Laurent series. O

9.6. Problems

9.1.

9.2.

9.3.

9.4.

9.5.

9.6.

9.7.

9.8.

The goal of this exercise is to give a proof of Proposition 9.4. Show that the set L*"™ of summable
Laurent series is an L-submodule of L, i.e. show that for f € Land g,h € L>*™ also f-gand g+ h
are summable.

Prove that there is a natural homomorphism from summable series to rational functions
&:L—Ri=k(z1,...,24),
mapping G to f/gif gG = f in L.

Let S, S’ be subsets of the a (possibly translated) pointed cone in R%. Then G's(t) = G'g/(t) implies
Gs(t) = Gg (t).

Let subsets S1, ..., S, of R¢ be given. Then

/. — [T]+1 7
GUiE[m] Si — Z (_1) Gmiej S
0#£IC[m]

Remark: This is just the usual inclusion-exclusion formula for sets.

Apply Brion’s identity to

0 2 2 3
P.:conv[1 1 9 0]

and verify that both rational functions coincide (you may want to use a computer for this).

Let C be a unimodular cone spanned by r1, ..., rq. Show that | det(r1,...,rq)|is 1 and that 0 is
the only lattice point in the fundamental parallelepiped.

Show that any two unimodular cones are lattice equivalent, meaning that for any two unimodular
cones C; and C, there is a linear map ¢ that maps R? onto R and induced a bijection on the
lattice such that ¢(C4) = Cb.

Those maps are the unimodular maps of Definition 2.14.
Let ¢ € R? and C a d-cone. Then
C* = {yeC : y.eCforalle >0 small enough},
where y. := (1 — e)y + &£.
Let C be a cone and ¢ generic for C'. Show that

C™¢ = intC.

141
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9.9.

9.10.
9.11.
9.12.
9.13.
9.14.

9.15.

Let T be a triangulation of the cone C, and let ¢ € R be generic with respect to 7. Recall the
disjoint union

ct = || p*
(d]

DeT

obtained in Proposition 9.23, where J[d] is the set of d-dimensional faces of the triangulation. In
this problem we want to obtain a disjoint subdivision of the interior of C.

For this, show that we can use the negative of our generic £ to obtain
intC = |_| D¢,
DeTd]

Hint: You may want to solve Problem 9.8 first.
Prove Lemma 9.25.
Prove Lemma 9.27.
Check carefully and rigorously the last identity in the proof of Proposition 9.28.
Show directly that C'\C'[z) is a union of faces of C.

Let T be a triangulation of a full-dimensional cone C'. Show that there is always a generic element
& €int (C).

Prove that, in the setting of Corollary 9.30

Hint: You may want to solve Problem 9.9 first.
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*10. Counting Lattice Points in Dilates

In this chapter we want to look into the geometry of integral or lattice polytopes. We
can use the generating functions developed in Chapter 9 to prove a classical result in
the theory of lattice polytopes, the Theorem of Ehrhart. Its original version by Ehrhart!
states that the number of lattice points in positive integral dilates of a d-dimensional
lattice polytope are given by the evaluation of a polynomial, the Ehrhart polynomial, of
degree d at integral values.

This theorem has since seen many generalizations, some already by Ehrhart. Many
more appeared in later years, for example by MacDonald? on reciprocity, by Stanley®
on the numerator of the generating function, the h*-polynomial, Hibi* on bounds of its
coefficients, or the counting algorithm of Barvinok that we have seen in the previous
Chapter 9. For surveys on the known results you can look at the books of Beck and
Robins® or Barvinok.®

*10.1. Some examples

We will start this chapter with a definition of the Ehrhart counting function ehrp(k) and
some simple examples of ehrp(k) of a polytope P that we can compute directly. This
will give some observations we will prove afterward.

Let S C RY, and k € Z~(. The k-th dilation of a set of S is the set
E-S :={kx:xeS}.
We introduce the following counting function.
Definition * 10.1. The Ehrhart counting function of a bounded subset S C R? is the
function

ehrg(k) : Zso — Z>o

k —s ‘k-SmZd‘.

'Ehrhart, Polynémes arithmétiques et méthode des polyédres en combinatoire; Ehrhart, “Sur un probléme
de géométrie diophantienne linéaire. II. Systémes diophantiens linéaires”.

2Macdonald, “Polynomials associated with finite cell-complexes”.

3Stanley, “Decompositions of rational convex polytopes”.

“Hibi, “A lower bound theorem for Ehrhart polynomials of convex polytopes”.

>Beck and Robins, Computing the continuous discretely.

®A. Barvinok, A course in convexity.

Problem *10.1

—
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Problem *10.2

[, e—=eoe

2], e—c—2—0 o

3] e—s—s—c—200

(@) Lattice points in an inter- (b) Lattice points in a stan-
val dard simplex.

Figure * 10.1.: Some examples of Ehrhart polynomials

For a,b € R we define the interval
L := [a,b] C R

on the real line. Counting lattice points in dilates is relatively simple here. The k-th
dilate of L is [ka, kb], and it contains |kb| — [ka] + 1 integral points, so

ehrp (k) = |kb] — [ka]l +1.

Figure * 10.1(a) shows the interval I = [0, 2] and its second and third dilation.

If the boundary points a and b are integral and a < b, then we can simplify the
formula. In this case also all multiples of a and b are integral, and we can omit the floor
and ceiling operations to obtain

ehrp(k) = k(b—a)+1.

We observe that this is a polynomial of degree 1 in k.

Let us consider some more examples in general dimension d > 1. The standard
simplex

Aq = conv(0,eq,...,eq),

see Figure * 10.1(b) for the lattice points in a multiple of this simplex. The following
proposition gives the number of lattice points in its dilates.

Proposition * 10.2. Let A, be the d-dimensional standard simplex. Then

ehra, (k) = (d;k) (d+k)'(d+k;!1).....(k+1)

Observe that this is a polynomial in the variable k of degree d with leading coefficient
1/d!.

Proof. There is a bijection between the lattice points in & A, and sequences of i dots
and d bars: to each such sequence, assign the vector x € R? whose i-th coordinate
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equals the number of dots between the i-th bar and the (i + 1)stbarfor 1 <i<d—1
(we don’t write down the number of dots after the last bar, it is determined by the rest):

el e x = (2,3,0)

This yields a bijection between the sequences and lattice points with non-negative
coordinates and with ) z; < k. O

Another simple, but very important example is the unit cube defined in Exam-
ple A.19(i). The k-th dilate of the cube is kCy = k- [0,1]% = [0,k]¢. Hence, the
Ehrhart counting function is given by

chre, (k) = (k+1)%.

Note again that this is a polynomial in % of degree d. Problem * 10.3

*10.2. The Ehrhart Polynomial

Now we turn to the proof that the number of lattice points in dilates is given by a
polynomial. We aim for the following theorem.

Theorem * 10.3 (Ehrhart’s Theorem). The Ehrhart counting function given by k
ehrp(k) for k € Z>, extends to a polynomial function t — ehrp(t) of degree d.

With the following definition we assign a name to the function in this theorem. The
proof needs some more preparations.

Definition * 10.4 (Ehrhart polynomial). For a polytope P the polynomial ehrp(t) as in
the previous theorem is the Ehrhart polynomial of P.

Let us first argue why we should expect that the polynomial has degree d if it exists.
For this we look at the volume of the polytope, or, more generally, any convex body.
Computing the volume generally is a difficult task, and we will argue that counting
lattice points in dilates is related.

Let X C R be a convex body. We can approximate the volume of K by counting

. . . . . . . d
the volume of little cubes with vertices at lattice points of the refined lattice (%Z) .

This approximates the volume for & — oo, see Proposition A.4. Figure * 10.2 shows an
illustration of the approach. With this idea we can make the following computation.

1
vol(K) = /dx = lim —
P

= lim i k~KﬂZd‘ (*10.1)

—
N
ol
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Problem *10.4
Problem *10.5
Problem *10.6
Problem *10.7

Figure * 10.2.: Approximating a convex body by smaller and smaller cubes

Hence, we can compute the limit if we can compute ehrx (k) for all k. Further, if we know
that ehr (k) is a polynomial function for some K, then it necessarily is a polynomial of
degree d, as otherwise the limit would be 0 or cc.

In particular, the Ehrhart polynomial would be determined by knowing d + 1 many
values of it. It can be shown (and you can deduce this by following the inclusion-
exclusion for the computation of generating functions carefully) that the constant term
will always be 1. Hence, in this case, vol(K) can be explicitly computed from |k - K N Z|
for k = 1,...,d. This may remind you of Problem 2.11, where you proved that the
integer points in dilates of a polygon are given by a polynomial of degree 2. You may
want to extend this to dimension 3 with Problem * 10.4.

Let us now turn to the proof of Ehrhart’s Theorem (Theorem * 10.3). For this, we
homogenize our polytopes and work with the cone over P instead of P. Recall that we
have defined C'(P) in (A.10) via

C(P) := cone ({1} x P) C R,

We usually write a vector x € R%*! with indices starting from 0 and use z, for the
special coordinate. The homogenization is convenient in our setting as we can recover
all dilates of P from C(P). More precisely, for any £ > 0 we get the k-th dilate of
P by intersecting C'(P) with the hyperplane zy = k, and the lattice points in kP by
intersecting with {k} x Z.

Hence,

Gy (t1,...,1) = Z‘kPﬂZd‘ t* = 14> ehrp(t)tt.
k>0 k>1

As substituting variables clearly keeps summability, by Corollary 9.8 the following
definitions make sense.

Definition * 10.5. Let P be a lattice d-polytope. The Ehrhart series of P is the summable
formal Laurent series

Ehrp(t) = 1+ ehrp(t)t* € k[t]
k>1
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in one variable ¢. The corresponding rational function will be denoted by

Ehrp(t) := ®(Ehrp(t)) € k(t).
To proceed we consider some well-known results on generating functions.

Lemma * 10.6. For j € Z>o,

(7)) -

Zzo

The proof will be given in Problem * 10.8. Problem * 10 8

Proposition * 10.7. Let f,g : R — R be such that

o (;f(t)zt> = %'

Then f(t) is a polynomial of degree at most d if and only if g(z) = > ez, g2k is a
polynomial of degree at most d. In this case we can write f in terms of g via

ft) = go(t;d) +gl(t+fl_1) +...+gd(2).

and the leading coefficient of f is £ (1) . In particular, f has degree d if and only if g(1) # 0.

Problem *10.9

Proof. We define the polynomials f;(t) := (*"%77) for 0 < j < d. By Problem * 10.9 the
set {fo,..., fa} is a basis of R[t]<g4.

Let f be a polynomial of degree at most d. Then there are gy, ..., g4 such that
d

t)ijd;)gjfj Z (t+d ]>-

—0
The coefficient of t? is J >~ g;. We compute
d : d ,
t+d—7\ & t+d—J\ &
Sy o) = e ()
0 j=0 =0 >0
Using Lemma * 10.6 we obtain

t+d— 09,7 2
oot (7)) - e - e

t>0 7=0

—_
S
~
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O
O O
(@) The boundary (b) Inclusion-Exclusion on the boundary
complex of a trian- complex

gle

Figure * 10.3.: Decomposing a triangle

For the converse direction, injectivity of ® on polynomials implies f(t) = E?:o gj (t+§_j ).
Again using Problem * 10.9, which tells us that the polynomials on the right are a basis,
we obtain the claim. O

Now, let us compute the Ehrhart generating function for lattice simplices.

Proposition * 10.8. Let S be a d-simplex. Then

h*(t)

Ehrg(t) = s

where h* is a polynomial of degree < d. Further, for h*(t) = ZZZO Rtk we have
Ry = |TI(C(S)) N Z N {x |z =k} € Zxo.

In particular, hiy = 1 and h*(1) # 0.

Proof. Let{ap,ay,...,a,} be the vertex set of {1} x S, witha; = (1,v;) fori =0,...,d.
Applying the substitution (g, t1,...,tqs) by (to,1,...,1) to Proposition 9.7 we obtain
that

h* (o)

Ehrg = %
N G T

for the polynomial h* (t()) - Z(yo,y)EH(C(s))ﬂZd+l t(y)o.

Let (y0,y) = S0 o Xi(1,vi) € TI(C(S)) N Z*!, 500 < \; < 1 fori=0,1,...,d. In
particular, yg < d + 1, so yo < d. Moreover, yo > 0 with equality if and only if also
y = (0,0,...,0). O

We have now collected all necessary tools and definitions to prove Ehrhart’s Theorem
(Theorem * 10.3).

Proof of Ehrhart’s Theorem (Theorem * 10.3). Combining Proposition * 10.8 with Propo-
sition * 10.7 we get that the Ehrhart counting function of an n-dimensional lattice
simplex in R? uniquely extends to a polynomial function of degree at most 7.

148



For a general polytope P we triangulate it into maximal-dimensional simplices F;
and consider the triangulation of C'(P) into the associated simplicial cones C'(F;). Then
we apply inclusion-exclusion using Problem 9.4. O

From this theorem and (* 10.1) we deduce the following corollary.
Corollary * 10.9. The leading coefficient of ehrp(t) is vol(P). O

With this corollary we have determined the highest coefficient in the polynomial. So
far, we do not know anything about the other coefficients. In particular, we do not know
the constant coefficient. From our considerations so far you may come to the conclusion
that

ehrp(0) = (opmzd‘ — 1.

This is indeed the case if P is a polytope, but it hides the true meaning of this coefficient,
which has a different geometric interpretation.

Namely, instead of counting in a single polytope, we can count lattice points in dila-
tions of complexes of lattice polytopes. The entire chain of arguments given carries over
to this setting. We obtain a counting function which is the evaluation of a polynomial.
Consider, for example, € to be the boundary of a standard triangle, see Figure * 10.3(a).
Then our counting polynomial turns out to be ehre(k) = 3k. This polynomial has
constant coefficient zero See Figure * 10.3(b).

You may now guess that the constant coefficient is the Euler characteristic of the
complex, which we have already met in the proof of the Theorem of Brianchon-Gram
(Theorem 9.9), see also (A.13). This is in fact true, and the 1 for polytopes comes
from the fact that balls have Euler characteristic 1. If you recall how we computed
the generating function of a cone via the principle of inclusion-exclusion, then you
may deduce this fact by following the count of the origin in this. You will see that this
amounts exactly to the computation of the Euler characteristic of a complex from its
cells (or you know this already from a course on Algebraic Topology).

In Problem * 10.12 you will discover a geometric interpretation of the second highest
coefficient of the Ehrhart polynomial.

*10.3. Problems

*10.1. Compute the Ehrhart generating function of P = [0, 1]? using the Brion’s Theorem (Theorem 9.14).
*10.2. Show

i (k ; d) 2t = ﬁ

k=0
(Why is the equality sign justified here?)

*10.3. Compute the Ehrhart counting function of the cross polytope.

Problem *10.10
Problem *10.11

Problem *10.12
Problem *10.13

—
D
O
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* 10.4. Determine a formula for the volume of a 3-dimensional lattice polytope using the number of lattice
points in the k-multiple for £ = 1,2 and 3.

*10.5. Determine the Ehrhart polynomial of the Reeve simplices defined by
Rd(m) = conv (07 e],ez,e; + ez + meg) (*10.2)

form € Z>,.
What do you observe for m = 20?

*10.6. Let P be a lattice polytope with Ehrhart polynomial ehrp(¢). Compute the Ehrhart polynomial of
the bipyramid over P.

*10.7. For integers p,q with ged(p, ¢) = 1 define the tetrahedron
A 001 p
pa = COMV [0005] '

(i) Show that its vertices are its only lattice points.
(i) Compute the Ehrhart polynomial of A,,.
(iii) Determine for which parameters A,, and A/, are unimodularly equivalent.
White” proved a converse of the first claim. He showed that every lattice tetrahedron with only
four lattice points is unimodularly equivalent to a A,.
*10.8. Prove Lemma * 10.6.
Hint: do j = O first

*10.9. Show that (“*¢77) for j = 0,...,d is a basis of the polynomials of degree at most d.

* 10.10. Prove that the coefficients of the Ehrhart polynomial of a d-dimensional lattice polytope are in
Z/d).

*10.11. Show that 3¢ k* = (“4%) + (“3")

Hint: You should try to do this via Ehrhart Theory. Consider a (d — 1)-fold pyramid over a
square.

* 10.12. Let P be a d-dimensional lattice polytope with Ehrhart polynomial ZZ:O cxt®. Show that
1
Ca-1= 5 vol(9P).
Here, vol(9P) denotes the surface area of P, namely,

vol(9P) := Z vol(F),

FeF(P)

where F(P) is the set of facets of P and vol(F’) denotes the (non-normalized) volume with respect

to the lattice aff(F') N Z®. For instance, note that vol(conv((1,0), (0,1))) equals 1 and not v/2.
Hence,

vol(dconv((1,0),(0,1),(—1,0),(0,-1))) =4.

* 10.13. A simplex which is unimodularly equivalent to the standard simplex is called unimodular. A
triangulation is unimodular if all its simplices are.

(i) For a k-dimensional unimodular simplex A and ¢ € Z>; show that

\Z* ( relint (tA)] = <tk 1) .

"White, “Lattice tetrahedra”.
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(ii) Suppose P admits a unimodular triangulation T with fo(7) vertices, f1(7) edges, ..., fa(T)
d-simplices. Show that

ehrp(t) = ka(‘ll') <t; 1) .

k=0

(iii) Conclude that any two unimodular triangulations have the same f-vector (fo,..., f4).
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*11. Cuts and Lattice Free Polytopes

In this chapter we consider mixed integer linear programs (MILP) of the form

Ax < b

‘ (* 11.1)
r; € 7 for eI

for some A € R™*4, b € R? and some index set I C {1,...,d}. To simplify the
notation we usually assume that 7 = {1,...,k } for some 0 < k < d, so that we can
replace the second line with

x € ZF x Rk,
We have an associated polyhedron
P = {xeRd  Ax < b}.

The set of feasible solutions is this polyhedron intersected with Z* x R~*. The mixed
integer hull is the polyhedron

P, = conv (P N 7ZF x ]Rd*’“) .

We will only consider the task to decide feasibility of the mixed integer program. In
general solving this problem is NP-hard, so there is no direct efficient algorithm known.
As this is nevertheless a important problem for many real world applications, much
effort has been put into methods to solve or approximate the solution efficiently for
instances that appear in applications. We have discussed some methods in the beginning
of Chapter 6.

Here we want to focus on the approach via cutting planes or cuts. Basically, a cutting
plane is a hyperplane

H = {x:(ax)=0}
in R? that induces a valid inequality for the feasible solutions of (* 11.1), i.e.
(a,x) < ¢

for all x that satisfy Ax < b and x; € Z for i € I, but which is not valid for the linear
relaxation, where we drop all integrality constraints, i.e. there is y € R such that

(a,y) > 9.

—_
(&)
w
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Then necessarily y; ¢ Z for some i € I.

Various ways have been devised to come up with cutting planes for a mixed integer
program. Algorithmic methods usually start with a solution to the linear relaxation of
the program. If this is not a feasible solution of the mixed integer program, then they
search for a cutting plane that is violated by this solution.

On the more theoretical side one can ask for families C' of pairs (a;, ;) defining
cutting planes, such that

Pr = {x: x€Pand (a;,x) <¢; foralli},

or for families of such hyperplanes that approximate P; in the sense that

PCQcp (* 11.2)

for the polyhedron @ obtained by adding all inequalities in the family. Most interesting
in this contex are families of cuts that produce P; after a finite number of steps.

An example for the first approach are the Gomory (mixed) integer cuts that you have
discussed in Discrete Optimization. An example for the second are the Chvdtal cuts for
integer programs also discussed in Discrete Optimization, together with the associated
elementary closures. The elementary closure P() of a polyhedron P is the intersection of
P with all halfspaces of the form

{x : (a,x) < [d]} (*11.3)

where a € Z4, § € R, (a,x) < § is a valid inequality for P, but (a,x) < [J] is not.
The polyhedron P(!) (which corresponds to @ in (* 11.2)) contains P, but they usually
differ.

It can be shown that after a finite iteration of elementary closures
PO = (pt-D) W

we arrive at some ¢ such that P(*) = P;. Any Gomory cut is a Chvatal cut, so that the
former can be seen as an algorithmic version of the latter. Both can also be seen as
split cuts, which arise in the following way. Given a polyhedron P, some functional
ce (IRd)*, and 7 € R a split cut for P is any inequality (a,x ) < ¢ that is simultaneously
valid for

{xeP : (c,;x)< |7} and {xeP : (e,x)>|m|]+1} (*11.4)

In the integer case adding this inequality to the system does not change the feasible set.
In the mixed integer case we take such an inequality in the first £ variables and extend
with a linear space in the remaining (nonintegral) ones.

The disjunction of (* 11.4) can be seen as intersecting P with the a polyhedron

Q= SxR¥ = {x: |7 <(c,x)< |n]+1}
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for an interval
S = {Ar: 7] <(c,Ar) < |7|+1}

and some r not in the nullspace of c. So S is a onedimensional polyhedron whose facets
are given by the two inequalities |7| < (c¢,x) and (c,x) < |7| + 1 and that has one

vertex in each of the two hyperplanes. Note that there is no integral point in the interior
of S, but its two vertices may be integral. Such sets are called lattice free.

In the following we want to discuss a generalization of this, where we replace the
interval S by any lattice free polyhedron, i.e. by a polyhedron that has no lattice points
in its interior (but maybe some on the boundary).

In the next section we will first derive this idea from an algorithmic point of view
that follows the approach for Gomory cuts, but uses more than one row of the simplex
tableaux. We will see that we need lattice free polyhedra to describe the cuts obtained
in this way, and the maximal cuts come from maximal lattice free polyhedra, which
are those lattice free polyhedra, that are not contained in a strictly larger lattice free
polyhedron.

In the second section we will give a characterization of maximal lattice free polyhedra
due to Lovasz', with proofs by Basu et al.? and Averkov.® It can then be shown that
it suffices to look at the integral maximal lattice free polyhedra (those with integral
vertices),* to obtain a sequence of cuts that produce P; after a finite number of itera-
tions. Further, in each dimension we only have a finite number of maximal lattice free
polyhedra.®

In the last section we give a brief outlook on further results on lattice free sets. In
particular we sketch the proof that there are only finitely many lattice free polyhedra
in each dimension, up to lattice equivalence. The polytopes have been classified up to
dimension 3, and we conclude the chapter with the complete list of such polytopes.

*11.1. Corner Polyhedra

In this section we want to give an algorithmic motivation for the study of lattice free
polyhedra. For this we introduce the corner polyhedron of a mixed integer program

Ax = b
x>0 (* 11.5)
x; € 7 for i e 1
in in standard form for some I C {1,...,k} (and we will again mostly assume that

I={1...,k} for some 0 < k < d). This is the form used for the simplex algorithm in
linear programming, and thus the usual form if one solves a relaxation of the mixed

Lovasz, “Geometry of numbers and integer programming”.

2Basu, Conforti, Cornuéjols, and Zambelli, “Maximal lattice-free convex sets in linear subspaces”.

3 Averkov, A proof of Lovdsz’s theorem on maximal lattice-free sets.

“Del Pia and Weismantel, “On convergence in mixed integer programming”.

> Averkov, Wagner, and Weismantel, “Maximal lattice-free polyhedra: finiteness and an explicit description
in dimension three”.
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integer program and then tries to find new inequalities that separate a non-integral
solution from the set of feasible solutions.

These corner polyhedra were already introduced by Gomory® as a generalization of
cutting planes. and subsequently studied by Gomory and Johnson.” In our discussion
we will follow an approach to generate new cuts introduced by Anderson et al.8. A good
survey on this an many related results and extensions is given by Basu et al.”

We recall some notation for such a linear program. A basis B is a maximal minor of
linearly independent columns of A, so det B # 0. The associated basic solution is

ol
Xp = 0

We collect the remaining columns not in B into a matrix N, the nonbasic variables.
By slight abuse of notation we denote by xp also the subset of the entries of x that
correspond to the basis variables, and by x the remaining entries.

We can no give a formal definition of a corner polyhedron.

Definition * 11.1. For a mixed integer linear program as in (* 11.5) and a basis B the
corner polyhedron associated to B is

xg = B™'b — B"'Nxy
Corner(B) := conv xeR?: xy >0
v, €lforiel

Note that in this formulation we have dropped the nonnegativity constraints on the
basic variables. In the following we only look at one specific corner polyhedron.

If (xp,xn) = (B'b,0) is a feasible solution then we have found the solution to the
mixed integer program (assuming that the simplex tableaux corresponded to a final
solution of the relaxation). Otherwise, note that x are the independent variables in the
current formulation, and we aim for an inequality, that separates the solution xy = 0
obtained from the relaxation from the set of feasible solutions, which are all contained
in Corner(B).

Let us introduce new variables to make the formulation simpler. We set
(c,8) := xn

where c collects the integer variables among the nonbasic variables and s the continuous
ones. We can then split B~! N accordingly into

(C,R) := B™'N,

set f := B~'b and replace xp by a variable y to write the corner polyhedron as the

6Gomory, “Some polyhedra related to combinatorial problems”.

’Gomory and Johnson, “Some continuous functions related to corner polyhedra”; Gomory and Johnson,
“Some continuous functions related to corner polyhedra. II”.

8 Andersen, Louveaux, Weismantel, and L. A. Wolsey, “Inequalities from two rows of a simplex tableau”.

°Basu, Conforti, and Summa, “A geometric approach to cut-generating functions”.
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convex hull of

f — Cc — Rs

u,v > 0 (* 11.6)
gk

<
I

m

Note that y may still combine integer and continuous variables, as we have only split
x in two parts. However, for the solutions to (* 11.6) the continuous variables among
y are just given by the equation in the first line, and are not subject to any further

constraint, so we can drop these variables in our considerations and assume that y € Z<.

Following Anderson et al.'® we now also drop the integrality constraints on the

nonbasic variables. So all nonbasic variables are in s. Then (* 11.6) describes an affine
cone, which we can write in the form

K
y =f+ > s
i=1

y € Z™ (* 11.7)
s; > Oforalli.

where r; are the rays of the cone given by the columns of R.

We denote the set of all solutions of (* 11.7) by S¢(r1,...,rx), and the convex hull of
this by

Re(ry,...,rg) = conv(Sg(ry,...,rg).

We assume that f is a fractional solution, i.e. at least one f; is not integral (otherwise its
a feasible solution of the mixed integer program). We aim for inequalities that cut of
the solution, i.e. the apex, from the cone.

For this recall that any centrally symmetric convex body K C R? defines a norm ||.||
via

x|l = inf(t >0 : xet-K). (*11.8)
We can obtain K from its norm via
K = {x:|x|g <1} (*11.9)

and the norm is linear and satisfies the triangle inequality, i.e. for all x,y € R? and
AeR

Al = (A%l & Ix+¥lle < [Ixlx + [yl - (*11.10)

If K is not centrally symmetric, but still contains the origin in its strict interior, then K
does not define a norm anymore, but the conditions (* 11.9) and (* 11.10) still hold.
We will use o instead of ||.|| - for the function defined in (* 11.8) in this case. This is
the Minkowski functional or gauge functional defined by K.

YAndersen, Louveaux, Weismantel, and L. A. Wolsey, “Inequalities from two rows of a simplex tableau”.
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Problem * 11.1

o is also monotonic w.r.t. the set is defined for. If K’ C K are convex sets and K’
contains the origin in its interior, then

ox(y) < or(y). (* 11.11)

You will give a proof for this in Problem * 11.1.
With this we can introduce a new inequality for the corner polyhedron.

Theorem * 11.2. Let K be a closed convex set that contains f in its interior, but no lattice
point in its interior, and let K := K — f. Then

k
> ox(r)s > 1
=1

is a valid inequality for Rg(rq,...,rk).

Proof. Let s satisfy (* 11.7) and ¥ := f + > _ r;s;. Then ¥ is not in the interior of K, as
y is integral. Sp y — f is not in the interior of K. So

O'K(y—f) > 1

by (* 11.9). This implies

D ok(ri)si > Y ox(risi) > ok (Zrm) > og(y—f) = 1.

where we have used the inequalities of (* 11.10). O

Now observe that, if for two inequalities of the form

k k
i=1 =1

for s € RE, we have \; < )}, then any solution s to the first also satisfies the second
inequality. Hence, the second inequality is redundant. Now recall, that for Minkowski
functionals we have (* 11.11). Hence, if, for the inequalities derived from convex sets
K, K’ with 0 in its relative interior as in Theorem * 11.2 we have K’ C K, then the
inequality from K’ is redundant.

It follows that it suffices to look at those sets in Theorem * 11.2 that have f in its
interior, no lattice point in its interior, and which are not properly contained in another
set with the same properties. The following definition formalizes this.

Definition * 11.3. Let K C R¢ be a convex set. Then K is lattice free if K contains
no lattice point in its interior, K is maximal lattice free if it is not contained in another
lattice free set.
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Note that any affine L. C R? with dim L < d is lattice free, as int L = @. It is,
however, not necessarily maximally lattice free, as we will see in Lemma * 11.8.

With this definition, we obtain the strongest new inequalities from Theorem * 11.2
if K is a maximally lattice free convex set. Furthermore, it can be shown that all
inequalities for the corner polyhedron are dominated by a cut from a lattice free set.!!
Hence, a characterization of maximal lattice free sets is sufficient to completely describe
the corner polyhedron.

This suggests that we should understand these lattice free sets to apply the cuts
efficiently. We will see in the next section that maximal lattice free sets are in fact
polyhedra. This result by Lovasz is also interesting in the theory of lattice polytopes and
geometry of numbers. Averkov et al.'? have shown that there is only a finite number of
such polyhedra in each dimension (up to lattice isomorphism). Hence, we may also aim
for a full classification of such, which is known so far only up to dimension 3.

*11.2. Maximal lattice free sets

To use Theorem * 11.2 for new cuts, which, by the remarks at the end of the last section,
would suffice to obtain all possible cuts, we need a classification of maximal lattice free
convex sets. The following characterization of such sets is due to Lovasz.'3.

Theorem * 11.4. Let A C R¢ be a lattice. A set S is maximally lattice free if and only if
one of the following two conditions is satisfied.

(i) S is a polyhedron and can be written as
S=P+ L
for a polytope P and a A-rational linear subspace L with
dim S = dim P + dim L = d

such that S contains no point of A in its interior; but each facet of S contains a point
of A in its relative interior.

(ii) S is an affine subspace of R¢ of the form S = v + L for a linear subspace L that is
not A-rational. In particular, dim S < d.

We follow ideas of Basu et al.'# using Theorem 3.16 to find lattice points close to hyper-
planes. A different proof by Averkov'® uses Minkowski’s First Theorem (Corollary 3.3)
for this. We need some preparations before we can give the proof.

"Thm. 4.1 Basu, Conforti, and Summa, “A geometric approach to cut-generating functions”.

12 Averkov, Wagner, and Weismantel, “Maximal lattice-free polyhedra: finiteness and an explicit description
in dimension three”.

13Lovasz, “Geometry of numbers and integer programming”.

4Basu, Conforti, Cornuéjols, and Zambelli, “Maximal lattice-free convex sets in linear subspaces”.

15 Averkov, A proof of Lovdsz’s theorem on maximal lattice-free sets.
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Problem *11.2

Lemma * 11.5. Let A C R? be a lattice, L C R? a linear subspace, and € > 0. If L is not
A-rational, then thereis y € A\ L withd(y,L) < e.

Proof. We use induction over k := dim L. Let k = 1 and L := lin r for some r € R,
We know from Problem * 11.2 that we can find v € A with distance at most ¢ from
{Ar : A>0}.If v e L, then L would be A-rational, sov € A\ L.

So consider k > 2. We assume first, that there isu € L N A. Let 7 : R — U be the
projection onto the orthogonal complement U of u and define

Then A’ is a lattice in U. If I’ is a A’-rational subspace of U, then there are
b, b e N

that span L’ (linearly). By construction, there are preimages b, € = !(b}) N A for
1 <4 < k. But then, r,by,...,b; would be a basis of L, so L is A-rational. This is a
contradiction, so L’ is not A’-rational.

By induction we can find v/ € A’ at distance at most ¢ from L'. By construction, there
is v € 771(v/) N A, and this point has distance at most ¢ from L. Because v/ ¢ L’ also
v L,soveAN\L, as required.

If now L N A = {0}, then we use Problem * 11.2 again to obtainv € A\ {0} at
distance at most ¢ from L. Then alsov ¢ L,sov € A\ L. O

Proposition * 11.6. Let S C R? be a d-dimensional maximally lattice free set. Then

rec S = lineal S'.

Proof. Assume not, and let C' := rec S be the recession cone. We will show that also
S—C :={s—c:seSandceC}

is lattice free. As this contains S and strictly contains S if C' # lineal S this would
contradict maximality.

Soletu € int(S — C) N A. Then u € int(S) — C by Problem * 11.3. Let r € C. Then
there is A € R>o such that v:=u+ Ar € int S. Asu € A and int SN A = () we must
have A\ > 0.

Choose € > 0 such that By (¢) C S. Asr € C = rec S we know that
By(e) + {pur : p>0} C S. (* 11.12)

We know from Problem * 11.2 that there is a lattice point w at distance at most ¢ from
the affineray {u+pur : p> A}. Butthenw € By(e) + {ur : p>0}. By (* 11.12)
we have w € int S. This is a contradiction, so .S — C is lattice free. O
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Proposition * 11.7. Let A C R be a lattice and S be a bounded maximally lattice free
convex set with dim S = d.

Then S is a polytope and each facet of S contains a lattice point in its relative interior.

Proof. S is bounded, so we can find a cube C' := {X eER? : q; <z; <bfor1<i< d}
for some a;,b; € R such that S C C.

Letu € CNA. As S is lattice free we can find a hyperplane
Hy = {x: (ay,x)=10u}
for some a, € R? and 6, € R such that
S C H: and (ay,u) > 0.

The set C N A is finite, as C is bounded, so

p:= () H;
ueCnNA

is a polytope and contains S. It is also lattice free, so S = P as S is maximal lattice free
by assumption.

It remains to show that P contains a lattice point in the relative interior of each facet.

However, if there is some facet F' without a lattice point in the relative interior, then all
lattice points on F' lie on at least one other facet, and we can push out F slightly without
picking up interior lattice points. This contradicts maximality, so /' must contain a
lattice point in its relative interior. O

Lemma * 11.8. Let A C R? be a lattice, L C R? be a linear subspace with dim L = d — 1
andy € R\ A.

Then A :=y + L is maximal lattice free if and only if L is not a A-rational subspace.

Proof. Assume that L is A-rational, choose a lattice basis by, ..., by;_1 of AN L and pick
any by € A such that by, ..., by, is a lattice basis of A.

Then A = {,ubd + Zf;ll Aib; o\ € ]R} for some 1 € R. But then

d—1
R = {T]bd+z)\ibi cNER : [p—11<n< Hﬂ}
i=1

is lattice free and strictly contains .S, so S is not maximal lattice free.

Conversely, assume that L is not A-rational. dim L < d, so int L = &. In particular
int(A) N A = @, so the space is lattice free. We need to show that it is maximal with
this property.

Problem *11.3
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Assume that there is maximal lattice free S C R? with int(S)NA = @ and A C S.
Letu € S\ A. As S is closed and convex we know that

conv(y,u) + L C S.

Let 0 := d(y + L,u+ L). By Lemma * 11.5 we can find v € A at distance a < ¢
from L. By taking —v if necessary we may assume that v is between L and y + L. Let
B :=min(d(0,y + L),d(0,u+ L)) and set

e ()

Then w € A and strictly between y + L and u + L, so w € int(K) N A. This is a
contradiction. O

We can now prove Theorem * 11.4.

Proof of Theorem * 11.4. Let us first show that in both cases S is maximal lattice free.
If S satisfies (ii) then S is a maximal lattice free set by the previous Lemma * 11.8.

If S satisfies (i), then by assumption S is lattice free, so we only have to show that S
is maximal with this property.

Assume not, and let R be a maximal lattice free set strictly containing S. For any
y € R\ S there is a facet F' of S such that the hyperplane aff F' separates y from S.
Further, by convexity, conv(S U {y }) C K, and as dim S = d the relative interior of F’
is contained in the interior of K. But the relative interior of F’ contains a lattice point u
by assumption, so uint K. This is a contradiction.

For the converse direction assume that S is maximal lattice free. If dim S < d, then
S is contained in some affine hyperplane H of R¢. By maximality of S we know that
H = S. So there is a linear space L of dimension d — 1 and u € R¢ such that S = u+ L.
It follows from the previous Lemma * 11.8 that S satisfies (ii).

Now assume that dim S = d. If S is bounded, then the claim follows from Proposi-
tion * 11.7. Hence, in the following we assume that S is unbounded. We know from
Proposition * 11.6 that

L = rec S = lineal S.

We want to show that L is A-rational. Assume it is not. We pick any y € int S and some
e > 0 such that By (¢) C S. Then also

T := By(e) +LCS.

Let L’ be the maximal A-rational subspace of L and pick any u € L\ L’. By Problem *
11.2 we find v € A at distance at most ¢ from the line spanned by u. But then either
v € T or —v € T. Hence, int S N A # @, which contradicts the assumption. So L is
A-rational.

Hence, we may project onto the orthogonal complement of L. Let 7 : R — L+ be
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the projection and define
R = w(S) and A = w(A).
As L is A-rational the set A’ is a lattice. Further,
S=R+ L
is bounded,
dim § = dim R + dim L and dim R = d — dim L.
and
int § = relint R + L,

so relint R = @. If R is not maximal lattice free in the space L' with the lattice A/,
then R is strictly contained in a lattice free set R’. But then S C R’ + L and the latter is
lattice free in the lattice A. This contradicts maximality of S.

Now we use Proposition * 11.7 for R in the space L with the lattice A’ and obtain
that P is a polytope with a lattice point of A’ in the relative interior of each of its facets.
We can lift the facets of R to facets of S and the lattice points in A’ to lattice points in
A. Hence, S satisfies (i). O

This theorem shows that the sets we need to generate cuts for the corner polyhedron
are polyhedra with a simple structure. The situation is even nicer, as we will briefly
summarize in the next section.

*11.3. Convergence

In this section we want to sketch some further results on cuts from lattice free polytopes.

At the beginning of this chapter we have already discussed Chvatal cuts and elementary
closures of rational polyhedra P. The elementary closure will in most cases differ from
the integer hull P; := conv(P N Z%). However, it follows from results of Schrijver and
Chvatal, that a finite number of iterations of this process produces P;. The same is true
for the split cuts also introduced above. From the point of view of linear programming,
these results apply to the pure integer case of a linear program. In this setting, the
results state that we arrive at the integer solution of the program after a finite number
of cuts for a linear relaxation.

However, this is not true anymore in the mixed integer case. Cook et al.'® showed
that in this case a finite number of iterations of taking split closures may not suffice.
Although it is still true that the split closure of a polyhedron P is strictly contained in
P unless P is its own mixed integer hull, it may happen that the difference between
successive steps in this process becomes arbitrarily small.

1%Cook, R. Kannan, and A. Schrijver, “Chvétal closures for mixed integer programming problems”.

—_
(o))
w

Version of September 2, 2022



Version of September 2, 2022

It is a result of Del Pia and Weismantel'” that in the mixed integer case successively
applying cuts derived from maximal lattice free sets produces the mixed integer hull in
a finite number of steps. For this, it even suffices to consider only those maximal lattice
free sets, which are polyhedra by the result of the last section, that are also integral, i.e.
whose minimal faces contain a lattice point.

Hence, to apply such cuts efficiently in applications we would like to understand the
set of integral maximal lattice free polyhedra. The set of such polytopes is contained
in the set M of all integral lattice free polyhedra, that are maximal within the class of
integral polyhedra (whereas in the previous section we have taken the maximum over
all rational polyhedra). These sets differ in dimensions d > 4.8

However, Averkov et al.'® have shown that the set M is finite up to affine lattice
transformations. Hence, also the set of lattice free polyhedra needed for the finite
convergence of mixed integer programs is finite.

This result allows us to classify such polyhedra for small dimension d, and such a
classification allows to obtain cuts for mixed integer programs for up to d rows of the
simplex tableaux. The classification is known up to d = 3.!° In dimension 1, there is, up
to affine lattice transformations, just one such polytope, the segment [0, 1] (note that
any other interval [, a + 1] for a € Z is obtained by a lattice transformation from this
interval). In dimension 2 there is also just one such polytope, the simplex

Ay := conv(0,2ey,2ey) .

In dimension 3 there are 12 maximal lattice free integral polytopes. Those are the three
simplices

conv(0, aeq, bey, ces)
for
(a,b,c) € {(2,3,6),(2,4,4),(3,3,3) },
the four simplices
conv(0, aeq, be; + cey, de; + ees)
for
(a,b,c,d,e) € {(1,2,4,3,4),(1,2,5,3,5),(3,1,3,2,3),(4,1,2,2,4) } ,

two pyramids

conv (:|:2€1, +2e9,€1 + €9 + 263)
conv (—el, —es, 2e1,2eq,e1 + €3 + 363) ,

7Del Pia and Weismantel, “On convergence in mixed integer programming”.

18Nill and Ziegler, “Projecting lattice polytopes without interior lattice points”.

19 Averkov, Wagner, and Weismantel, “Maximal lattice-free polyhedra: finiteness and an explicit description
in dimension three”.
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two prisms

conv(e; +cu,ex +cu,—e; —ey+cu : ¢ € {0,1},u:=e; + 2ey + 3e3)
conv (t+e; +eu,2es+eu : €€ {0,1},u:=e; + 2e3) ,

and one parallelepiped

3
conv (Zaiui g€ {0, 1},u1 ‘= —e] +eg,Up :=e] +e3,u3 = Uy + 283) .
i=1

The classification for d > 4 is still open. The proof of finiteness is based on the classical
finiteness result about the volume of lattice polytopes with a fixed nonzero number of
lattice points in the interior, which is due to Hensley?® and Lagarias and Ziegler®!.

Theorem * 11.9. Let d, s, k € Z~o, A := sZ% and P}, the family of d-dimensional integer
polytopes P (so with vertices in Z) such that

1 < |int PNA| < k.
Then thereis V =V (d, s, k) > 0 such that

volP < V forall PinP.

As a consequence of this theorem, Lagarias and Ziegler?! show that each equivalence
class w.r:.t. affine lattice transformations of an integer polytope that satisfies the condi-
tions of the previous theorem has a representative that is contained in a cube with side
lengths at most d - d!V'.

Theorem * 11.10. Le Py be as in the previous theorem. Then any P € Py is, up to an
affine lattice isomorphism, contained in a cube with side lengths d - d!V'.

In particular, the family Py, is finite, up to affine lattice isomorphisms.

The proof of this theorem is pretty similar to the proof of the Flatness Theorem
(Theorem 3.29), but with simplices instead of ellipsoids. They first show that simplices
in P}, are contained in a cube of sidelength d! - V' for a suitable lattice transformation,
and then show that any other polytope in P € P, contains a simplex .S such that

a+SCPCa+4d-S.

The proof for simplices essentially follows by moving one vertex into the origin, consid-
ering the primitive edge directions of edges at this vertex as a lattice basis of a sublattice
of Z? and applying the Hermite normal form to obtain a normalized version of the

20Thm. 3.6 Hensley, “Lattice vertex polytopes with interior lattice points”.
ZThm. 1 Jeffrey C. Lagarias and Ziegler, “Bounds for lattice polytopes containing a fixed number of
interior points in a sublattice”.
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simplex. The bound on the side lengths of an enclosing cube follows by considering the
entries of the Hermite normal form. Finally, the finiteness of the family P}, up to lattice
isomorphisms follows, as a cube of fixed side length contains a finite number of lattice
points.

Obtaining the finiteness of the family of lattice free integer polyhedra (which may be
unbounded) up to lattice isomorphism from this requires some more steps. As a first
simple observation we can reduce to polytopes, as for each polyhedron in this family
the recession cone coincides with the lineality space, so it is the product of a polytope
with a linear space.

In a second step one considers the lattice diameter of the polytope P, i.e. the largest
number of lattice points on a line segment contained in P, and shows that this diameter
must be bounded. This in turn shows that |[PNA|, i.e. the number of lattice points on the
boundary of P (as there is none in the interior by assumption), is bounded. Using the
above results of Hensley and Lagarias and Ziegler now implies a bound on the volume,
and subsequently the finiteness of the family of polyhedra. For the full proof see Section
3 in the paper of Averkov et al.??

There are many more results on cuts from lattice free sets and the classification of
various subsets of such and variations thereof. A survey on cuts and cut generating
functions is in the paper of Basu et al.?® The lattice width of lattice free polyhedra is
studied by Henk et al.?* Averkov?® studies the difference between maximizing integer
lattice free polyhedra within the class of integer polyhedra and the class of general
convex sets.

*11.4. Problems

*11.1. Prove the monotonicity of gauge functionals for convex sets K’ C K asin (* 11.11).

*11.2. Let A be a lattice, u € A and r € R%. We define the affine ray R := {u+Ar : A > X\o }.
Show that for any € > 0 and A\ € R there is v € A with distance at most ¢ from R.

Hint: Note that this is easy if r is rational. For the other case you may want to use Dirichlet’s
Theorem (Theorem 3.16).

*11.3. Let K be a d-dimensional convex body and C := rec K. Show that

int(K — C) C int(K) — C.

22 Averkov, Wagner, and Weismantel, “Maximal lattice-free polyhedra: finiteness and an explicit description
in dimension three”.

ZBasu, Conforti, and Summa, “A geometric approach to cut-generating functions”.

%*Henk, Kuhlmann, and Weismantel, On lattice width of lattice-free polyhedra and height of Hilbert bases.

% Averkov, Difference between families of weakly and strongly maximal integral lattice-free polytopes.
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A. Convexity

In this chapter we will briefly collect some basic definitions and results from convex
geometry.

A.1. Basics

We use Z, Q and R to denote the integer, rational, and real numbers, and we use R¢
for the d-dimensional Euclidean space equipped with the standard inner product

d
<XaY> = szyz
1=1

for any x,y € R? This scalar product can be restricted to one in Q% and Z?. For
X e {Z,Q,R} we use

Xop = {zeX ]|z >0} Xso = {zeX |z >0}

and similarly X and X<.

In the following we restrict to X € {Q, R}. The dual space (X%)" of X is the space
of all linear functionals ¢ : X — X. Given a scalar product we can write any such
functional in the form

p: X4 — X
x — (a,x)
for some a € X9, ans this gives a bijection between X% and (X%)".
We are mostly concerned with objects that can be defined from a, usually finite, subset
X C R We can study spaces generated by such a set. The most commonly studied
notion here is the linear span of X. Let X C R¢. A linear combination of X is a sum

Vo= Z)\IZE

where A, = 0 for all but finitely € X. The linear hull or linear span lin(X) of X is the
set of all linear combinations of elements of X. The set X is a linear space if X equals its
linear span. A linear combination is an affine combination if additionally the sum of the
coefficients )\, is 1. The affine hull aff(X) of X is the set of all affine combinations, and
a space is affine if it coincides with its affine hull. We set lin(X) = {0} and aff (X)) := @
for X = @.

—_
(o)
~
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Figure A.1.: The orange polygon is the Minkowski sum of the red and blue polygons

The linear span of X is the smallest linear space containing X or, equally, the common
intersection of all linear spaces containing X. Similarly, the affine hull of X is the
smallest affine space containing X or the intersection of all affine spaces containing X.
For a matrix A € R**"™ with column vectors aj, ..., a, we also write

lin(A) := lin({ai,...,an}) and aff(A) = aff ({ai,...,a,})

A set of points X is linearly or affinely independent if no point of X can be written as a
linear or affine combination of the other points.

Linear spaces can always be spanned by a finite subset of X. All minimal such sets,
the bases of lin X, have the same size, which is the dimension of lin X. The translation
of a subset Y C R? by a vector t € R¢ is

Y -t ={y—t:yeY}

For any affine space A = aff X we can consider its translation by a vector x € A. This
is a linear space. The dimension of A is the dimension of A — x. Hence, any point in the
affine hull of X can be written as an affine combination of at most d + 1 points in X.

The Minkowski sum of two subsets X, Y C X% is
X+Y ={x+y:xeX, yeY}.

See Figure A.1 for an example of the sum of two polygons. We similarly define the
multiplication with a scalar A € X as

AX = {x:xeX}

and write —X for (—1)- X, X —Y for X 4+ (—1)-Y and x+Y as shorthand for {x} + Y.

A.2. Convex Bodies

A subset C' C R? is convex if and only if for all x,y € C and all 0 < X\ < 1 also
Ax + (1 — M)y € C. See Figure A.2 for some examples.

Definition A.1 (Convex Body). A convex body is a compact convex set X C R? such
that int K # @. It is centrally symmetric if for any x € K also —x € K.
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(a) A convex set (b) A nonconvex set (¢) Another nonconvex set

Figure A.2.: A convex and two nonconvex sets

We denote the set of convex bodies in R¢ by € and the subset of centrally symmetric
convex bodies by Cy.

See Figure A.2(a) for an example. Any d-dimensional centrally symmetric convex
body K defines a norm in R¢ via

g = BY — Rxo
X — min (x € A\K) .

)\EREO

Conversely, any norm ||.|| on R? obviously defines a d-dimensional centrally symmetric
body via

B1(0) = {x eR? : |x|| < 1} :
the unit ball in this norm. This defines a bijection between norms and d-dimensional

centrally symmetric convex bodies.

Definition A.2. For a linear functional given by some a € R¢ and ¢ € R we define the
affine hyperplane

and the two closed halfspaces
Hc = H<(a,0) := {x : (a,x)<0} H> := H>(a,0) := {x: (a,x)>0d}.

Their intersection is H(a, d).

We can use hyperplanes to separate disjoint convex bodies.

Version of September 2, 2022
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Problem A.1
Problem A.2
Problem A.3

Theorem A.3. Let K1, Ko be convex with K1 N Ky = @. Then there is a hyperplane
H := H(a, ) such that K; C H< and K3 C H>.

If K, is additionally compact, then we can find a strictly separating hyperplane, i.e. a
separating hyperplane H such that K1 C Hcand K1 N H = Ko N H = @.

We define the volume of a convex body K via the Jordan measure, i.e. we define the
volume as the Riemann integral

vol(K) = /Rd XK (x)dx

for the indicator function x i of K (i.e. the function that is 1 on K and 0 elsewhere).
We say that a set is Jordan measurable if this integral exists.

We can compute the volume of K by approximating /& with a collection S of small
d-dimensional boxes s; := [a},b}] x - -+ x [af, bd] for ai,b: € R, and

d
vol(s;) = [J @k —ai).
k=1

All sets of dimension & < d thus have volume 0. A particularly useful approximation is
given by the following proposition.

Proposition A.4. Let K be Jordan measurable. Then

o1 d
vol(K) := lim -5 |K N (3+2)°].

Definition A.5. Let X C R? be a convex set. The polar or dual of X is the set

XV = {ae(Rd)* : (a,x) < 1fora11xex}.

The polar body is a closed an convex set that contains the origin. It is bounded if and
only if the origin is an interior point of X. The next proposition collects some more
properties, whose proof is left as Problem A.1.

Proposition A.6. Let X C R? be a convex set.
(i) Let M be an invertible linear transformation on RY. Then (M - X)V = M—tX",
(i) (XV)Y = X with equality if X is closed and 0 € X.

(iii) If X is a centrally symmetric convex body, then so is X ".

PiOblem A.4
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Figure A.3.: The ellipsoid for T' = [ } andt=0

A.3. Ellipsoids

Let B4 := {x € R%|||x|| = 1} be the unit ball.

Definition A.7 (Ellipsoid). Let T : RY — R be an invertible linear transformation and
t € RY. The set

E = E(T,t) == T(B) + t

is the ellipsoid with center t.

See Figure A.3 for an example. We can write the ellipsoid explicitly as
E = {xe R (T (x—t), T (x—t)) < 1}
- {XEIRd {(Q(x —t),x —t) < 1}

for the positive semidefinite matrix Q = (T7%)~!. We can also assume that 7' is positive
definite, as any linear transformation 7" decomposes into a product 7' = US for an
orthogonal matrix U and a positive definite matrix .S, and U(Bq) = Bgq.

In a basis of eigenvectors uy, . .., ug with eigenvalues )1, ..., A4 for @ this takes the
form

E = {XE]Rd|)\1($1—t1)2+-~~—}—)\d($d—td) < 1} .

The volume of the ellipsoid is

vol 'Bd
Vdet Q@

vol E = |det T|vol By =

Theorem A.8. Let K C R? be a convex body. Then there is a unique ellipsoid E C K
with center c such that

ECKCec+dE-c).

—_
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Definition A.9. The ellipsoid from the previous theorem is the maximum volume, John-
or Lowner-John-Ellipsoid of K.

We prove this with the following three lemmas. With the first, we show that there is
an ellipsoid in a convex body K that attains

n = sup(vol E : E C K ellipsoid) . (A.1D)

We then show that K C ¢ + d(FE — ¢) for this ellipsoid and finally, that E' is unique

with this property.

Lemma A.10. Let K C R? be a convex body. Then the supremum of (A.1) is attained, i.e.
there is an ellipsoid E C K such that vol E = n.

Proof. Let B4 be the unit ball. We define the set
S = {(T,a) € Ql(d) x RY : T(By) +a C K } .
Any ellipsoid E C K is of the form R = T'(Bq) + a and
vol(E) = |det T'|-vol(By). (A.2)

K is compact, so there is r > 0 such that ||x|| < r for all x € K. Hence,

la]| < r and T <2r forall (T,a) € S. A.3)
Hence, S is a closed and bounded subset of G1(d) x R?, and the map

(T,a) — |det T

attains its maximum at some (7, ap) € S. As K is non-empty, we have | det 7| > 0 and
Ey :=To(Bq) + ap is an ellipsoid of maximum volume. O

We can use the maximum volume ellipsoid of a convex body K to approximate K up

to a factor depending on the dimension alone. The inequality of the following lemma is
the key result used in the flatness theorem (see Lemma 3.28).

Lemma A.11. Let K C R? be a convex body and E a maximum volume ellipsoid in K. If
the center of E is the origin, then K C d - E.

Using a translation we can of course always assume the the center of F is the origin.

Proof. By definition there is an invertible linear transformation 7" such that £ = T'(By).
We can apply 7! to both K and FE, so that in the following we can assume that £ = Bj.
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Figure A.4.: A sketch of the setting for the proof of Lemma A.11.

We then need to show that there is no point z € K with ||z|| > d. Assume on the
contrary that there is such a point z € K with ||z|| > d and let

L := conv(ByU{z}) C K.

We construct an ellipsoid inside L of volume larger than vol By.

Using a linear transformation we can assume that z = me;. For parameters a, b and
¢ we consider the ellipsoid

d
1 1
Fy = {XGRd’CLQ(wl_S)2+Z)QZx? < 1}'
i=2

This is symmetric in the last d — 1 coordinates. Hence, it suffices to consider the case
d=2,1.e.

a1 2, 3
Fo={xeR"| 5(x1-¢)"+5 < 1p.
a

See Figure A.4 for a sketch of the setting. Now clearly an ellipsoid of maximum volume
in F will touch at the point (—1,0). Plugging this into the defining equation we obtain
a =¢+1. A.4)
The tangent to F' at a point (u, v) is given by the equation
u—=e v
7{12 (1‘1 - E) + ﬁlﬁ =1. (A.5)
and, as (u,v) is on the boundary of F,
1= — 4+ = (A.6)
Now we want to determine the particular tangent to the ellipsoid that also passes

through me; and touches the unit ball, i.e. the boundary segment of L added in the
convex hull of B4 with me;. This line touches the unit ball in a point (p, ¢) and can

—_
~
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thus also be written as
pr1 + qro = 1. A.7)
It passes through me; and p? + ¢ = 1, so

uU—€ 1 1 m2 —1
_ p = — g=Y""1 a8

a? m—e m m

From (A.7) we deduce that the slope of the tangent is —1//m2—1. Computing the slope
from (A.5) we obtain

1 _ u— e b2

m2 —1 a? v’

Squaring and first using (A.6) and then the first equation of (A.8) we obtain

(N (u—45)2b2 (1_(u—5)2>_1

m2—1 a a?

Using (A.4) and solving for b? gives

(m—eg)? — (1+€)2‘

v =
m2—1

Now let us return to the ellipsoid F; in dimension d. Its volume is
vol F; = ab®'vol By .

Now

(m—g)? - (1 +£)2>(d_1)/2

¥l = (1
a ( —i—e)( T

As a function in ¢ its derivative at 0 is

1 d—1 2 o om— d
2 m—1 m-1"
Hence, for m > d and small ¢ the volume of F}; is larger than that of Bg. O

We have shown that an ellipsoid satisfying the inclusions of Theorem A.8 exists. To
complete the proof of the theorem we need to show that F is unique.

Lemma A.12. Let K be a convex body. Then K contains a unique ellipsoid of maximal
volume.

Proof. Any ellipsoid has the form £ = A B4+t for a linear map A and a vector ¢t. We
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have seen above that we can assume that A is positive definite. Let P be the set of pairs
(A, t) of a positive definite matrix A and a translation ¢.

Weset S:={(A,t) e P : AByg+t C K }. As K is convex also S is convex. Assume
that we have two ellipsoids of maximal volume, corresponding to the pairs (A, ;)
and (Ag, t2). The volume the ellipsoids is det A; vol Bq = det Asvol By, so det A; =
det As, as both are maximal.

Let A := 1/2(A; + Ay) and t := 1/2(t; + t2). Then (A,t) € S by convexity. By
Minkowski’s determinant inequality (Problem A.5) we obtain

(det A" = = (det A} + det Ay)""

1
2
1 1/n l/n 1/n
3 ((det A1)’ + (det Ag) > = (det Ay)'™.

v

As det A; is maximal, we must have equality throughout in this chain, and det A =
det A; = det A,. Minkowski’s determinant inequality states that equality implies that
Ay = As.

So the two ellipsoids are at most translations of each other. Hence, we can find an
affine transformation 7" that maps both ellipsoids to unit ball B4; and B4 contained in
the transformed convex body 7K. We can further assume that the centers of the balls are
at —pe; and pe; for some p > 0. A simple calculation then shows that conv(Bg; UBg2)
contains the ellipsoid

2
— N 2442
E = {x. (M+1)2+:1:2—|— —|—xd<1}

of volume (x4 1) vol B4. As E C conv(Bg; UBgs) € TK we get, by maximality of the
the volume of By, inside K, that u = 0. Hence, ¢t; = t5 and the claim follows. O

Clearly, uniqueness implies that the ellipsoid F has at least the symmetries of K
Hence, if K is centrally symmetric, then also F is centrally symmetric, and has its center
at the origin. We can strengthen the bound in this case.

From the proof of Theorem A.13 it becomes pretty obvious that we can get a larger
ellipsoid inside L if K is centrally symmetric and we use the knowledge that also —z is
in K and we can thus replace L by L := conv(B4 U{+z}). With essentially the same
proof this leads to the following approximation of a centrally symmetric convex body K
by an ellipsoid, which you prove in Problem A.8.

Theorem A.13. Let K C R? be a centrally symmetric convex body and E a maximum
volume ellipsoid in K. If the center of E is the origin, then K C /d - E. O

A.4. Polyhedra

As before, we consider X € { Q, R }. Polyhedral cones are the intersection of a finite set
of linear half spaces in X. Generalizing to intersections of affine half spaces leads to

Problem A.5

* Problem A.6

Problem A.7

Problem A.8

—_
~
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Figure A.5.: Cone (blue) and convex hull (green) of the red points.
polyhedra. We are mainly interested in the subset of bounded polyhedra, the polytopes.

Definition A.14. A linear combination is conic if all coefficients are nonnegative, and it
is convex if it is conic and affine.

The set of all conic combinations of a set X C Z is the cone over X, denoted by
cone(X). The set of all convex combinations of X is the convex hull conv(X). X is a
cone if X = cone(X) and X is a convex set if X = conv(X).

The dimension of a cone is the dimension of its linear span. The dimension of a
polytope is the dimension of the affine space it spans.

See Figure A.5 for an example. We sometimes write cone(A) and conv(A) for the
conic or convex hull of the set of column vectors of a matrix A € X¢*", We are mostly
interested in cones and convex sets defined by a finite set X C X¢,

Definition A.15. A finitely generated cone C is the cone of a finite subset X C X? and
a polytope P is the convex hull of finitely many points in X¢.

A cone or polytope is full dimensional if its dimension coincides with the dimension d
of the space.

Polytopes of dimension 2 are polygons.

Definition A.16. Let K be a convex set. A point x € K is an interior point of K if there
is some ¢ > 0 such that Bx(¢) C K. Otherwise x is a boundary point.

x € K is a relative interior point of K if it is an interior point of K if considered as a
subset of aff K. See also Figure A.7.

We need at least d + 1 affinely independent points in R? to affinely span R?, so any
full-dimensional polytope has at least d + 1 points in its defining set. Any polytope
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Figure A.6.: Simplex, Cube, Cross Polytope, Dodecahedron, Icosahedron

defined by precisely d+1 affinely independent points is called simplex. Any two simplices
can be identified via a bijective affine map (if you translate both simplices such that one
point is in the origin this a just a change of basis).

Clearly, if the dimension of a polytope is less than the dimension of the ambient space,
then we can restrict to that affine space. Hence, we may assume that the dimension of
our polytopes coincides with the dimension of the space (we will see later that it will
be useful to also consider lower dimensional polytopes, though).

In dimension 3 there are the famous regular polytopes, which are the cube, the
tetrahedron, the octahedron, the dodecahedron, and the icosahedron, see Figure A.6.
Three of them can be generalized to higher dimensions. We have seen the simplex
above, which is a tetrahedron in dimension 3. The unit cube Cjy is the convex hull of
the set X := {0,1}%. The octahedron can be realized as the special case d = 3 of the
polytope defined as the convex hull of +e; for 1 <1 < d, where e; is the j-th unit vector
in RY. In general, those polytopes are called cross polytopes.

Let us also look at a slightly more complicated, but highly interesting group of
polytopes, the hypersimplices. The hypersimplex h(d,k) C R for 1 < k < d —1is
most easily defined as a polytope of one dimension less than its ambient space. It is the
convex hull of all vertices of the unit cube whose coordinates sum up to k:

d
h(d,k) := conv (x e {0,134 ) a = k)
=1

d
= Cdﬁ{XG]Rd : le—k} .
=1

For k =1 and k = d — 1 we obtain a (d — 1)-dimensional simplex. You can of course
extend the definition to & = 0 and k = d, but these are just single points in R.

Similar to the linear and affine spaces above any point x in a cone can be written as
the conic generation of at most d elements of X, and a point in the convex hull as the
convex combination of at most d + 1 elements of X. Differently from above, however,
the choice of these points depends on x. The following theorem makes this precise.

We leave the proof to the reader as Problem A.9.

Theorem A.17 (Carathéodory’s Theorem). Let X C R% C = cone(X), and y € C.

LHYOE
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Problem A.9

Vy

V3
5.0 ¢
X
V2 Ve
Vi
Figure A.7.: An interior point 7 and a Figure A.8.: x can be written as a convex
boundary point b. combination of vi, v3 and vs.

Then there are x1,Xs,...,Xq € X and A1, o, ..., A\q > 0 such that

d
y = Z)\ixi .
=1

Similarly, for P = conv(X) and z € P there are x¢,x1,...,xq4 € X and
A0, A1, - .-y Ag > 0 such that

d d
z = Z)\ixi and Z)\’ =1.
i=0 1=0

See also Figure A.8

Recall the definition of an affine hyperplane from Definition A.2,
H := H(a,0) := {x: (a,x)=4}

for some a € (Xd)* and 0 € X together with the two associated halfspaces H<(a, )
and H>(a, ) of points x with (a,x) < § and (a,x) > 0 respectively. We say that a
point y € X? is beneath H if (a,y) < 6 and beyond H if (a,y) > §. Note that \a, \3
for any A # 0 defines the same hyperplane as a, 3, and the same affine half space if
A > 0. Hence, the defining functional for a hyperplane or half space is unique only up
to a non-zero and positive factor, respectively.

Definition A.18. A polyhedron P is the intersection of finitely many affine half spaces,
P = ({x|(ai,x)< B} = {x|(a5,x) <B1,...,(am,x) < B}
fora; € X? and 3; € X and 1 < i < k. This is often written in the more concise form

P ={x| Ax<b}
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Figure A.9.: The polygon of Example A.19(ii)

where A € XF*? whose rows are the functionals a;, as, . .., a; and b is the vector with
entries 51, B, . .., Bk.

Example A.19. We look at some simple examples.
(i) The unit cube Cy is defined by the inequalities

Xzzo ngl fO]TlSZSd
(ii) The inequalities

1 > 0 T — 22 < 2 1+ 322 < 10 3r1—x0 > 0

2]

define a polygon with vertices

ol [0

see Figure A.9.

Definition A.20. A polyhedron P is a (polyhedral) cone if all defining inequalities are
linear, that is,

P = (\H,, (A.9)

for some ay, a, ..., a; € (X9)*.

We have already defined a cone over a set X as the set of all conic combinations in
the previous section. We will see below that this and the newly defined notion of a

—
~Nl
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polyhedral cone coincide if X is a finite set, i.e. any polyhedral cone can equally be
described as the cone over some suitably chosen finite set X, and any cone over a finite
set is polyhedral.

We will not encounter non-polyhedral cones, that is, cones defined as the set of conic
combinations over an infinite set X, in this book. Therefore, we will often omit the
word polyhedral and just speak of cones in the text, and only stress this restriction in
definitions and theorems.

The dimension of such a polyhedron defined by half spaces is again defined as the
dimension of its affine hull. We sometimes use the notion d-polytope for a d-dimensional
polyhedron. A polyhedron is full dimensional if dim P = d.

Definition A.21. Let P = (| H s be a polyhedron. The recession cone and lineality
space of P are

recP = ﬂHa_i,U and lineal P = ﬂHal.,o.

A polytope is pointed if lineal P = &.

We can associate a cone to each polyhedron P C X? that essentially has the same
combinatorial and geometric properties. This is the homogenization of P or just the
cone over P defined by

C(P) := cone({1} x P) C X%+, (A.10)

soif P:= {x | (a;,x) < B1,...,{(am,x) < B} C X? with a; € (X9)*, ; € X for
i € [m] then

C(P) = {(w0,x) | =Pixo + (a1,x) <0,...,—Bnro + (am,x) <0} .

It is often convenient to look at the homogenization of the polyhedron instead of the
polyhedron itself as it is defined by linear instead of affine inequalities. We can recover
the polyhedron by intersecting the cone with the hyperplane zp = 1 (and projecting).

A hyperplane H := H(a, ) for some a € (R?)* and 8 € R defines a valid hyperplane
if P is contained in the negative half space H<(a, ). A valid hyperplane is supporting if
P N H is non-empty.

Definition A.22. Let P be a polytope. A face F' of P is either P itself or the intersection
of P with a valid linear hyperplane. If F' # P then F is a proper face.
Observe that the empty set is also a face of P. For any face F’ we have
FnP=aff FNP,

so faces of polyhedra are again polyhedra and a face of a face of the polyhedron is a
face of the polyhedron. The dimension of a face of a polyhedron P is its dimension as a
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polyhedron,
dim F' := dim aff F'.
A k-face of P is a k-dimensional face of P. If
8 == max{(ax)|x € P}

is finite then H (a, ) is a supporting hyperplane of P and P N H is a face of P, the face
defined by a. The functionals defining a face are exactly those in the negative dual of

the recession cone.
Problem A.10

A 0-dimensional face is a vertex of P, a 1-dimensional face is an edge and a face of p,opjem A11
dimension dim P — 1 is a facet. For full-dimensional polyhedra the facets have dimension proplem A.12
d — 1. The set of vertices of P is denoted by V(P).

A set X is finitely generated if it can be written as a Minkowski sum of a polytope, a
cone, and a linear space, that is, there are v; € X4, i = 1,...,r,r; € X4, j =1,...,s,
vbg € X4, k=1,...,tsuch that

T S T
Aiy i v € R
X = § A-v'+§ -r-+§ vib; R ’ ) (A.11)
i=1 o j:1m Z k=1 T N 20, =1

Theorem A.23 (Weyl-Minkowski Theorem). Let P C X% Then P is a polyhedron if and
only if it is finitely generated.

A proof of this theorem can be found in the book of Schrijver ! (and in many other
books). Projections of polyhedra are again polyhedra, finitely generated by the projec-
tions of the generators.

Example A.24. In the notation of Weyl-Minkowski Theorem (Theorem A.23) we can
define a polyhedron with

wm 3] w3 wm (3] e 3] w= 1)

see Figure A.10. It is defined by the inequalities

31 —x2 > 3 ry >1 r1+x9 > 3 ] —3x0 < —1.

The Minkowski sum of a polytope with a cone C or a linear space L is unbounded if C
or L have positive dimension. Hence, we can deduce the following duality for polytopes
from the Weyl-Minkowski Theorem.

Corollary A.25 (Weyl-Minkowski-Duality). A bounded set P C X% is a polytope if and
only if it is the bounded intersection of a finite number of affine half spaces. O

! Alexander Schrijver, Theory of linear and integer programming.
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U1

V2
U3

Figure A.10.: The polyhedron of example Example A.24

From this theorem we obtain two equivalent descriptions of a polytope:
() as the convex hull of a finite set of points in X,
(ii) as the bounded intersection of a finite set of affine half spaces.

The first is called the interior or V-description, The second is the exterior or H-description.
Both are important in polytope theory, as some things are easy to describe in one and
may be difficult to define in the other.

A.5. Integer Hulls

Definition A.26. Let A C R be a lattice in R?. A polytope is a lattice polytope if all its
vertices are in A.

In the case A = Z¢ one often also calls them integral polytopes.

Definition A.27. Let A C R? be a lattice in R? and P C R? a polytope. The integer
hull of P is the convex hull of all lattice points in P,

Pr := conv(P N A).

Computing the integer hull is an NP-complete problem (note that integer programming
would be in P if we can compute the integer hull in polynomial time). Still, there are
many methods to compute the inter hull, e.g. via Chvatal closures. See the book of
Schrijver 2 for details.

2Alexander Schrijver, Theory of linear and integer programming.
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A.6. Complexity of Polyhedra

In this section we want to collect some results on the complexity of representations of
polyhedra. Let P € R¢ be any rational polyhedron. Recall that P can be written in the
form

P = {x]|Ax < b} = conv(vy,...,v,) + cone(ry,...,ry).
for some matrix A and right hand side b, or vertices vy, ..., v, and ray generators

ry,...,I';m.

Definition A.28. The facet complexity of P is the smallest ¢ > d such that there exists a
system of linear inequalities Ax < b such that P = {x : Ax < b} and each inequality
in this system has size at most .

Definition A.29. The vertex complexity of P is the smallest v > d such that we can find
points vy, ...,v, and rays ry, ..., r,, of size at most v such that

P = conv(vy,...,v,) + cone(ry,...,rpy).
The following proposition bounds the facet complexity in terms of the vertex com-

plexity and vice versa. You have seen a proof in Discrete Optimization. You can also find
this as Theorem 10.2 in the book of Schrijver>.

Proposition A.30. Let P be a rational polyhedron with facet complexity p and vertex
complexity v. Then

v < 4d%p and ¢ < 4d™u.

We can also bound the complexity of an integral point in the polyhedron.

Proposition A.31. Let P = {x : Ax < b} be a rational polyhedron, and assume that
the size of any inequality is bounded by .

If P; # @, then P contains an integral point of size at most 6n>¢.

A.7. Computing Ellipsoids

Unfortunately, the proof of Theorem A.8 is not constructive, and so far, also no polyno-
mial time algorithm is known that allows to compute E. However, the precise scaling

3Alexander Schrijver, Theory of linear and integer programming.
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factor is not really important in most applications, e.g. in Lenstra (Theorem 6.4), as
long as it depends polynomially on d. So we may content ourselves with a worse bound,
if this allows a polynomial computation of the ellipsoid E. Various authors # have shown
that this is indeed possible, and we can even find an iterative method, that in the limit
converges to the precise E.

We present a method that follows the book of Grétschel, Lovasz and, Schrijver®.
This is essentially the same approach that was proposed for the ellipsoid method of
linear programming. There, it was used to solve the feasibility problem by iteratively
constructing smaller enclosing ellipsoids. This was repeated until we found one ellipsoid
whose center was contained in the polytope. At this point the algorithm stopped and
returned the point.

We will need an ellipsoid that satisfies a weakened version of the bounds of Theo-
rem A.8, so we will have to modify the process at this point and continue constructing
new ellipsoids until our bounds are satisfied. Depending on assumptions and approxi-
mations, there are various similar bounds in the literature. In the following we want to
show that, for a given polytope P C R? in dimension d, we can find an ellipsoid E such
that

ECPC (d+1)Vd+1E.

As with the ellipsoid method, the initial step is the computation of an ellipsoid that
contains the portion of a ball cut out by some affine halfspace intersecting the ball.
More precisely, let B4 be the unit ball in R? (with origin 0). We consider halfspaces of
the form H<(a, d) as defined in Definition A.2. Using a linear transformation we may
assume that a = ey, the last unit vector, in the following. Then we look at

S = BnNn Hg(ed,é).

This is certainly only interesting if |§| < 1, but we have to restrict ¢ further in the theorem
below. We now aim for ellipsoids that contains S, and want to find one of minimal
volume. For § = 1 this is the unit ball itself, and it will follow from our consideration
that this will still be true for all § larger than a threshold ¢ > 0. It will turn out that we
need to make § smaller than é before the minimal volume ellipsoid is not anymore the
original ball.

With the next theorem, we make this precise, and we also compute the volume of the
minimal ellipsoid. Note that in our setting the problem is essentially 2-dimensional, as
the resulting ellipsoid will be symmetric around the e;-axis. We will only give the main
steps in the proof and leave all intermediate computations to the reader.

Theorem A.32. Let By C R be the unit ball in R? and e, be the last unit vector. For a
parameter —1 < § < Cll we consider the set

S = B N H<(ey?)

4Goffin, “Variable metric relaxation methods. II. The ellipsoid method”; Todd and Yildirim, “On
Khachiyan’s algorithm for the computation of minimum-volume enclosing ellipsoids”.
®Grétschel, Laszl6 Lovasz, and Alexander Schrijver, Geometric algorithms and combinatorial optimization.
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for the half space H<(eq,0) = {x : (a,x) < }. The ellipsoid E of minimal volume

containing S is given by

2 _ )2
E::{(x,y)GRd_lxR: (il +(y ) gl}

a? b2

— 1 d
Ve # b= gm0+ e b= i1 d+1‘S

Its volume is
vol E = f(d)-vol By .

for a function

d+1 d—1

£(d,0) = ( d )d(d“)dwm(aﬂ) <1

only depending on d and §.

Proof. We only sketch the relevant steps. All computations are left as Problem A.13.

Any ellipsoid E that has the (d — 2)-sphere S := 0 Bq NH (e4,0) and the point —
its boundary is of the form

E = (X y) c ]Rd—l xR : ||X||2 + (y_ C)2 <1
. ’ : a2 b2 -

with

N2
VP — (6 +1—b)2

Now the volume of F is

1—682).p2 d—1//2
vol E = a"'b-vol Bq = <b2(—(5+)1—b)2> +b-vol By.

This takes its minimum for

/ 1 d
— 2 = — = -
_1\/1 6% b 5+1) c:=1-b 11 d—|—15'

The corresponding volume is

vol E = f(d,d)-vol By .
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Problem A.13

for

9 d-1/2
£(d,6) = (dzd_1(1_52)> dil<5+1).

The factor is less than 1 and only depends on d and §.
E may not contain By (we only required it to contain the intersection with H(eg, d)

and the point —ey;), but it certainly does if @ > 1, which implies § < é. This explains
the condition on ¢ in the theorem. O

Observe that f(d, é) = 1. For this § = é the ellipsoid containing the sphere S and
—ey is the original unit ball, and for larger § the ellipsoid E that we computed will no
longer contain B4. Hence, for lager 6 we would nee to choose E = By, i.e. we would
not obtain an enclosing ellipsoid of strictly smaller volume.

We will in the following only use the theorem for

1
§ = d -
< 7’

so we define f(d) := f(d,d~"?). Note that this choice of § is covered by the above
theorem, so intersections of the ball with an halfspace whose defining right hand side
is at most ¢ will lead to a decrease in the volume of the enclosing ellipsoid.

The following lemma is easy to prove and left as an exercise.

Lemma A.33. Let P := {x : Ax < b} C R be a polytope contained in the unit ball B,.
If b; > 6 = d—*2 for all elements b; of the right hand side b, then

§- By =d By CP

The general idea is now the following. We first find a ball centered at 0 that contains
our polytope. By scaling we can assume that the ball is the unit ball B4. Then we search
for an inequality that violates the condition in Lemma A.33, i.e. an inequality where
b; < 4.

If we do not find such an inequality, then we have found our approximation. Otherwise,
we apply Theorem A.32 and obtain an ellipsoid E of smaller volume that contains P.
We normalize with an affine linear map so that E' is again the unit ball with center at
the origin, and repeat the process.

Note that affine linear maps preserve containment and relative scaling factors, i.e. if
for the scaled and translated polytope P’ we have

A-Bg C P C By,
then if o is an affine map that sends P’ to P, we have

and p(Bg) is an ellipsoid.
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Now we need to estimate the size of P. We need to bound its volume from below
and above, to obtain a ball that contains P, and to show that the iteration with smaller
and smaller ellipsoids stops sufficiently fast.

By Proposition A.30, the facet complexity, which is part of our input, polynomially
bounds the vertex complexity. Further, our polytope P is clearly contained in the ball
with center at the origin and radius equal to the largest distance to a vertex. This is

bounded by 2", so we may choose the ball Bs»(0) as the initial ellipsoid in our process.

Let xq, . .., X4 be any affinely independent points in P (which must exist, as P is full
dimensional). Then

vol P > vol conv (xq, ...,Xq)
1 11
>
> a0 e ]
> iQ—dl/ > 2—2dl/
— dd — .
where the lower bound on the determinant follows from the fact that each of xq, ..., x4

has size at most v. Hence the determinant has denominator at most 2%

Recall that we only continue as long as we find inequalities whose right hand side
(after normalization) is less than §. We initially start with a ball of volume 2% vol By
and reduce the volume by a factor of f(d) in each iteration.

Hence, if the process would not stop, then after some number N of iterations the
volume of the enclosing ellipsoid would be smaller than the volume of the polytope it
encloses. This is clearly a contradiction, so the process in fact stops. We can compute
an upper bound on the number N of iterations via

1

f(d)2% vol By < 272 — o>~
(@) d oz, (@)

- (3dv — logy vol By) .

Hence, if we set
1
N = ———
|log, f(d)]

then our process does at most N iterations before we have found the required ellipsoid.
We summarize this in the following theorem.

- (3dv — logyvol By)

Theorem A.34. Let P := {x : Ax < b }. Then we can find, in time polynomial in the
size of A, b and the dimension d, an ellipsoid E with center c such that

c+d**(E—c) CP CE.

By scaling E we can equally state that we can find an ellipsoid F, such that

ECPCc+dPE-c). (A.12)

—_
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Note that our arguments above do not yet comprise a full proof of the theorem, and
we also will not attempt to give one here. Besides the missing pieces in the derivation
of the statement of the theorem above, there is a more serious issue that one needs
to address if one wants to give a rigorous proof. We have seen in Theorem A.32 that
the parameters for the new ellipsoid contain square roots. These will usually be not
rational, so that we have to round them appropriately to represent them in a computer.
But the ellipsoid E’ with rounded data need not contain P anymore, even if the exact
ellipsoid F does. We need to control the error. For this, we want to show that there is
some ¢ such that

PC EC {x:3yecF with [x—y|[ <e},

i.e. E is contained in E’ together with a boundary of size ¢ around E. One can now
show that we can bound the size of the necessary ¢ in terms of the smallest and largest
eigenvalue of the defining matrix @ of F, and that we can bound the eigenvalues of
E' in terms of those of E. You can find a proof of this in Section 13.2 of the book of
Schrijver.® A proof of Theorem A.34 that takes this into account and also computes the
precise bounds and the running time can be fond in Section 15.6 of this book.

A.8. Decompositions of Polyhedra

In this section we look at ways to subdivide a polyhedron into smaller pieces, or cells.
All pieces should be polyhedra themselves, and the subdivision should be a partition, i.e.
any two pieces intersect at most in their boundary, and the union of all pieces should
cover the polyhedron. We will also require that the pieces intersect nicely, which should
mean that any intersection is again a polyhedron (the empty polyhedron in many cases).

This will lead us to polyhedral complexes and to two special cases. First we will
look at fans, which are polyhedral complexes in which all cells are cones. Secondly,
we will consider complexes in which all cells are simplices. If the union of all cells is a
polyhedron, polytope, or cone P, then the complex is a triangulation of P.

A.8.1. Polyhedral Complexes

Let us start with a definition of a polyhedral complex. For this recall the definition of a
face F of a polyhedron P, which is the intersection of P with a valid hyperplane H, i.e.
a hyperplane such that P is completely contained in one of the half spaces defined by
H. So

F = PnNnH.

We see that F' is again a polyhedron (which is empty, unless H is a supporting hyperplane
of P).

bAlexander Schrijver, Theory of linear and integer programming.
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NS

(@) A polyhedral complex (b) A pure polyhedral complex (©) Not a polyhedral complex

Figure A.11.: Examples of collections of polyhedra, of which two are polyhedral complexes,
and one is not.

Definition A.35. A polyhedral complex € is a finite family of polyhedra (the cells of the
complex) such that for all P,Q € C

(i) if P € € and F is a face of P then F' € €, and
(i) F := PN Q is a face of both P and Q.
A cell P is maximal if there is no ) € C strictly containing it.

All cells are polyhedra itself and the dimension of a cell is its dimension as a polyhedron.
C[k] is the set of all k-dimensional faces of €.

The dimension of C is the maximal dimension of a cell of the complex. A complex is
pure if all maximal cells have the same dimension. In this case the maximal cells are
the facets of the complex.

A polyhedral complex 8 is a subcomplex of € if its cells are a subset of the cells of C.

Example A.36. Figure A.11 shows two examples of polyhedral complexes, and one
collection of two polyhedra that is not a polyhedral complex. Note that the union (as
point sets) of all cells need not be a polyhedron. Figure A.11(b) shows an example.

See Figure A.11(a) for a non-pure polyhedral complex. It has three 2-dimensional
maximal cells and one 1-dimensional maximal cell.

Any polytope or cone can be viewed as a polyhedral complex. This complex has one
maximal cell, the cone or polytope itself. This is also called the trivial subdivision of the
cone or polytope. In general, subdivisions are defined with the next definition below.

Also the boundary complex of a d-dimensional polytope naturally has the structure of
a pure polyhedral complex. The maximal cells are the facets of the polytope, and its
dimension is d — 1, the dimension of the facets of the polytope.

Definition A.37. The face vector of a pure d-dimensional polyhedral complex C is the
vector

f(€) = (fo,f1,...,fa)

Version of September 2, 2022
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where f;, counts the number of k-dimensional faces of C.

We will see later that the entries of the face vector satisfy a linear relation, the Euler
equation. The Euler characteristic of the complex C is

x(@) == fo — fi + ... + (=1)%,. (A.13)

This satisfies some addition formula. Let C and €’ be two polyhedral complexes such
that € N € is a subcomplex of both. Then there union is also a polyhedral complex and

X(€) +x(€) =x(€uc)—x(€n¢). A.14)

A.8.2. Fans

Now we turn to our first special case of polyhedral complexes, the fans. Here is the
definition.

Definition A.38. A fan is a pure connected polyhedral complex such that all cells of
the complex are cones.

We can naturally associate a fan in dual space to each polyhedron. Its cones correspond
to the faces of the polyhedron, where each cone collects all functionals ¢ that are
maximized on a particular face of the polyhedron.

Definition A.39. The normal cone Np(F') of a face F' of a polytope P is the set of linear
functionals c such that there is some [ with

(¢, F) =B and (c,P) < B.

Proposition A.40. The normal cone is a polyhedral cone whose ray generators are the
facet normals defining the face F'. O]

Normal cones of faces of a polyhedron are important in Discrete Optimization, where
they appear in the construction of TDI systems. A system of affine inequalities Ax < b is
TDI (totally dual integral) if, for any integral linear objective function c the dual optimal
solution is integral. This is the case if and only if the subset of rows of A that are tight
on a face F' are a Hilbert basis of the cone spanned by these rows. Here, a finite set H
of vectors is a Hilbert basis of a cone if any integral point in the cone can be written as a
conic combination of vectors in H with integral coefficients.
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Definition A.41. The normal fan of a polytope P is the collection of all normal cones
of proper faces of P.

Fans naturally have the structure of a polyhedral complex. In this case all cells are
cones. Note that we have an inclusion reversing bijection between the cells in the normal
fan and the faces of the polyhedron. If R is the intersection of two faces F' and F’ of
the polyhedron, then the normal cones of F' and F” are faces of the normal cone of R,
and vice versa.

Definition A.42. Let P be a d-polytope and F' a face of P. The tangent cone Tp P of F
is the cone
TpP:={p+veR?: pecF p+evePforsomee>0}.
The tangent cone is the common intersection of all supporting half-spaces at F, see

Problem A.14. Note that the tangent cones are not cones in the usual sense, as their
apex is not in the origin. We call them affine cone if we want to emphasize this.

Definition A.43. Let C be a polyhedral cone. The dual cone C* is the set of all functionals
that are maximized at the minimal face of the cone (the apex if C is pointed), i.e.

c* = {ac (]Rd)* : (ax)<OforallxeC} .

We can use a point w € F'to shift the cone into the origin. You will prove the following
proposition in Problem A.15.

Proposition A.44. The shifted cone Tp P — w is dual to the normal cone of F.

A.8.3. Regular Subdivisions and Triangulations

Often it is useful to subdivide a polytope into smaller pieces and look at the pieces
separately. It will turn out that the most useful subdivisions are those where all pieces
are simplices. Such subdivisions are called triangulations of the polytope. Here is the
formal definition.

Definition A.45. A subdivision of a polytope P is a pure polyhedral complex 8§ such

A subdivision is a triangulation of P if all cells are simplices.

Problem A.14
Problem A.15

—_
O
-
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Problem A.16

Recall the definition of the Euler characteristic from (A.13). For polytopes and
subdivisions of polytopes we can compute this value. You can find a proof of this
theorem in the book of Ziegler.”

Proposition A.46. The Euler characteristic of a d-dimensional polytope P is x(P) =
1 — (—=1)% and the Euler characteristic of a subdivision 8 of a polytope is x(8) = 1.

A subdivision or triangulation is without new vertices, if V(A;) C V(P) for any
A4 € T. We will use the basic fact that for every finite V' C R¢ the polytope conv V' has
a triangulation with vertex set V. Similarly, the cone pos V' has a triangulation with
rays {R>ov : v € V}.8 We need a new definition for this.

Definition A.47. A subdivision 8 of a polytope with vertices {v,...,v,,} (of the subdi-

vision) is regular if there is a weight vector w such that § is the projection of the lower
hull of

conv((wg, vi) |1 <i<m),

where the lower hull is the polyhedral complex of those facets whose normal has negative
first coordinate.

Given a set of points V := {vy,...,v,,} and a weight vector w € R™ we denote by
Sw(V) the regular subdivision obtained as the lower hull of

lift(w) := conv((w;,v;) |1 <i<m).

A regular triangulation is a regular subdivision that is a triangulation.

This notion is important far beyond the following theorem, with many, also surprising
consequences. You will show in Problem A.16 that all subdivisions of a polygon using
only the vertices of the polygon are regular.

The main fact about subdivisions that we need in these lecture notes is the following
theorem, which guarantees that we can always find a triangulation of a polytope.

Theorem A.48. Every d-polytope P has a regular triangulation using only the vertices of
the polytope.

Proof. Let V' := V(P) be the vertices of the polytope. We can assume that P is full
dimensional. We claim that any sufficiently generic vector w induces a regular triangu-
lation.

The subdivision induced by w is a triangulation if and only if for each facet of the
lower hull of lift(w) is a d-simplex, i.e. if at most d + 1 of the points

(wl,vl), ceey (wd,vd)

’Sec. 8.2 Ziegler, Lectures on polytopes.
8De Loera, Rambau, and Santos, Triangulations. Structures for algorithms and applications.
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Figure A.12.: A non-regular subdivision

lie on a common hyperplane. For any (d + 2)-tuple

(wil,vil),...,(wid+2,vid+2)

being on a common hyperplane means that the determinant

1 1 ... 1
det | wi, wiy, -+ wiy,
Viy  Vig Vigio

vanishes. We can view this determinant as a linear functional in the entries of w.

There are ( d’j:Q) different such functionals, hence, the complement Z¢ of the union
of the zero sets of these functionals is not empty. Choosing any w € Z¢ satisfies our
requirements. O

It is important to realize that not all triangulations of a polytope are regular. See
e.g. Figure A.12 for a simple example. You will prove that it is indeed not regular in
Problem A.17

Corollary A.49. Every pointed cone C can be triangulated into simplicial cones without
introducing new generators.

Proof. If C is pointed, then there is a functional u such that
u'x >0 forallx e C.

Then P := C'n {x | u'x = 1} is a polytope, and C is the cone over P. By the previous
Theorem A.48 P has a regular triangulation T without new vertices. The cones over
the cells in this triangulation give a triangulation of the cone C' without using new
generators. O

Let V C R be a finite set of points. If the points are not in convex position, then not
all points in V' must be vertices of 8y,(V'). For example, if V = {0,1,2} C R and we
lift them to height 0, 1, and 0 in that order, then 8, ; 5)(V) is the interval [0, 2]. In most
settings one nevertheless distinguishes between this and the subdivision of V'’ := { 0,2}
obtained by lifting both points to height 0. Thus, we want to preserve the information

Problem A.17

—
O
w
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Problem A.18

from which set V' of points our subdivision was defined, even if not all points in V" are a
vertex of some cell in the subdivision.

It follows immediately from the definition that we can subdivide any finite set V' of
points into some regular subdivision by randomly choosing heights for the points. We
have also seen that we can always find a regular triangulation of a set of points, if the
points are the vertices of a polytope.

Theorem A.48 shows that we can also find a regular triangulation for an arbitrary
finite set of points (in most applications we will consider P N A for a polytope P and a
lattice A) if we don’t require that all points of the set are vertices of the triangulation.
More generally, we obtain a triangulation if the heights are sufficiently generic. This is
the case if no d + 1 points

(w’il 9y V’il)? et (wid+27vid+2)

lie on a common hyperplane. This is an open condition, so we can always choose
weights that satisfy this. However, also this does not guarantee that all points are
actually vertices of the subdivision.

We can fix this with the following operation. Assume that w := (w;, v;) is not a vertex
in the subdivision. This means that w is not a vertex of the lower hull (it may still be
on a higher dimensional face of it). Hence, there is w] < w; such that w' := (w}, v;) is
on the lower hull, and contained in some facets Fi, ..., F}, of it. We can decrease w;
further, so that w = (w/, v;) is beyond the facets F1,. .., Fy, but still beneath all others.
With this choice the set of heights remains generic, and w is now a vertex of the lower
hull. So v; is a vertex of the subdivision. We can repeat this process with any other
point that is not yet a vertex in the subdivision. This proves that we can find a regular
triangulation that uses all points.

Corollary A.50. Let V C R? be a finite set of points. Then there is a regular triangulation
of V such that all points in V are vertices of the subdivision. O

This idea also leads to a standard method to triangulate a finite set of points V, the
pulling triangulations. This is obtained with the following procedure. We order the
points in V' arbitrarily as vq, v, ..., vi. We lift them all to the same height, say 0. Now
we pick the first point and use the above process. So we lower the point slightly and
obtain a subdivision. We remember the subdivision and put the point back to height 0.
v is a vertex in this subdivision (among others). Now we pick the next point v, and do
the same separately in each cell it is contained in. It is not hard to see that this induces
the same subdivision on the intersection of cells, so collecting all cells together gives a
new subdivision of the original point set. Now also v is a vertex. We can repeat this
process until v. This gives a regular subdivision in which all points are vertices.

Pulling triangulations also prove that we can triangulate any finite point set in

polynomial time, as each iteration above is a polynomial operation. You will show in
Problem A.18 that one can construct a height function for this triangulation.

We can use our process also for another common task. Suppose we are given regular
subdivision 8 := 8w (V') of a point set V= {vy,...,v; } and some u ¢ V. Then 8 is
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also a subdivision of VU {u}. To see this, we just fix some height w, > w; for all
1 <4 < k of u. If we want u to be a vertex in this subdivision, then we lower the height
as above. The new subdivision is called a refinement of 8. We can of course refine a
subdivision also with a finite point set, by adding one point after the other.

Subdivisions of the same point set V' are partially ordered by inclusion of the cells.

Let 81, 82 be two subdivisions of V. We say that 8§; < 8o if for any cell o € §; there is a
cell 7 € 89 such that o C 7.

Definition A.51. Let V' be a finite point set and 8;, 83 two subdivisions of V. The
common refinement of 8; and 85 is the set
{Jiﬁa'Q : 01681,02682}.

You will prove in Problem A.19 that the common refinement is indeed a subdivision,
and it is regular if both 8; and 8, are regular.

A.9. Problems

A.1.  Prove Proposition A.6.

A2. LetX; C X, CR%
Show that Xy C X7'.

A3. LetX; CRYforiel.
Show that (U, X:)" = MNie; X2’

A4. Let X CR%andt € R such that 0 € int (X) Nint (t + X). Show that

t+X) = {ﬁa : anV}.

A.5.  Prove Minkowski’s determinant inequality for positive definite matrices, i.e. prove that for any two
positive definite square matrices A;, A> with d rows and columns we have

(det A; + Ap)/" > ((det ADY™ 4 (det AQ)I/“)
with equality if and only if there is y > 0 such that A; = pA,.
If also det A; = det A, in the equality case, then A; = As,.
A.6. Let Cg be the cube defined by |z;| < 1. Prove that the maximum volume ellipsoid is the unit ball.

A.7. Let Ay C R¥*! be the d-dimensional simplex defined as the convex hull of the unit vectors. Prove
that a maximum volume ellipsoid is the ball in the affine hull of A4 with center /(d+1)1.

Deduce that the bound of Theorem A.13 is best possible.
A.8. Prove Theorem A.13.
A.9. Prove Carathéodory’s Theorem (Theorem A.17).

A.10. Show that the preimage of the projection of a face F is again a face (but not necessarily the original
one).

Problem A.19

—
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A1l.

A2,

A.13.

A14.

A.15.
A16.
A17.

A18.

A.19.

If some x € R is in the relative interior of two faces of a convex set, then the two faces coincide.

Let 7 : R — R™ be a projection that maps a d-dimensional polytope P onto a m-dimensional
polytope Q. Then, if z is a point in the interior of Q, relint(7~*(x) N P) C int (P).

Fill in the missing computations in the proof of Theorem A.32.

Prove that the tangent cone of a face of a polytope is precisely the intersection of the half spaces
defining F.

Prove Proposition A.44.
Show that any subdivision 8 of a polygon P such that V(§) = V(P) is regular.
Prove that the subdivision in Figure A.12 is not regular.

Let vi,..., Vv, be a finite set of points with pulling triangulation T. Show how one can obtain a
height function for this triangulation.

Show that the common refinement is a subdivision.
Show that the common refinement of two regular subdivisions is regular.
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Solutions to some Exercises

B.1. Solutions for The Geometry of Lattices (Chapter 2)

2.1.

2.2,

2.3.

2.4.

2.5.
2.6.
2.7.
2.8.

We can move any element x into the origin by a translation of R¢ that maps A into A. The inverse
maps balls around the origin into balls around the x. If a ball around the origin contains no other
point of A, then so does its translate into x.

Let (Xn)nez.., be a convergent sequence in A and x = lim,,—,c 2, its limit. We want to show that
x € A. Let ¢ > 0 be such that By, (x0) N A = { x }. By Problem 2.1 we know that we can use the
same radius of a ball for any point in the lattice, i.e. Bo-(xn) NA = {x} for alln € Z>,.

As the sequence converges there is some ng € Zx¢ such that for n > ng
[xn — xn41]| < €.

This implies X,,+1 € Bae(xn), SO Xn11 = Xy, for n > ngy. Hence, the sequence becomes stationary
and x = x,, for any n > ng. So x € A.

For a closed subset this follows from the Theorem of Bolzano-Weierstrass. A counterexample among
non-closed sets is, e.g., the set { : n € Zso} C [0, 1]

Consider, e.g. the set A := {1,4/2} C R. Then A 4 is
Ay = {aer\/i}a,bGZ

Now 0 < v/2—1 < /2, s0 for any € > 0 there is n such that (v/2—1)" < &. The binomial expansion

of the left hand side shows that (v/2 — 1)™ is an element in A 4, so any open neighborhood of 0
contains a nonzero element of A 4.

This is, of course, also true for any other A := {1, /q} unless ¢ is a prime, but the proof is slightly
more involved. For this, consider A := inf(x | z € A1) and show that A € A4 (otherwise, there
are y1,y2 € A4 such that A < y1 < y2 < 3/2), but then y» — y; is a positive element of A 4 that is
smaller than \) and that X is a basis of A 4 (for any = € A 4 let y be the largest integer less than
/3, so that 0 < x — yA < A and thus = = y)). This implies that /g is a rational multiple of 1.

Direct computation.
Direct computation.
Use Lemma 2.6.

We use induction over the dimension d of the cone C'. If d = 1, then C is either R>( or R<o. We
may assume C' = R>¢. Let v € R be any generator of the lattice. Then also —v generates the
lattice, so we may assume v > 0 and thus v € C.

Now let d > 2. Choose any facet F' of C defined by the inequality (f,x) < 0 and consider the
(d — 1)-dimensional subspace L := lin F. Let A’ := AN L. The generators of the cone F are
A-rational, so some multiple of the generators is in A. Hence, A" has rank d — 1.

By our induction hypothesis we can find a basis B’ := { by, ..., baq_1 } of A’ such that b; € F for
1<i<d-—1.Letc:=b; +---bg_1. Then c is a relative interior point of F.

Let b, be any lattice vector that extends B’ to a basis of A. Such a vector exists by Proposition 2.10.

We may assume (f, by ) < 0 (otherwise take —b,). Clearly, also B’ U { by 4+ Ac } generates A for
any A € Z. Let a be any facet (outer) normal of C such that |proaby > 0, i.e. by is beyond the

—
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2.9.

2.10.

facet defined by a. As ¢ € F also ¢ € C, so (a,c) < 0 (the inequality is strict as ¢ cannot be in
the facet defined by a). Hence

<avbd>

(ac)

(a,ba+XAc) < 0 for A > -

Observe that the right hand side of the second inequality is positive as (a, by ) < 0 by assumption.
%—‘ we obtain (a, by ) < 0. C has only finitely many facets,
so we can replace by by a generator in the interior of C.

Note that the results is also true without the requirement that C' is A-rational. For this we need to
show that we can find a full-dimensional A-rational cone inside C.

Hence, by replacing b, by by + [—

The convex hull is
COﬂV(O,bl,UbQ) = {/le1 -|-/1/2b2 :0< 1, 2 <1 and Hn1 + pe < 1} .

Hence, conv(0, by, vb2) \ { b1, bz} C II(by, bz). If conv(0, by, vbs) contains a nonzero lattice
point a # by, bo, then a € II(by, b2), so a € A.

Conversely, if b1, bo are not a lattice basis, then there is a € II(b1, bz), so there are 0 < p1, p2 < 1
such that
a = pibr + p2ba.
If w1+ p2 < 1,thena € ConV(O, b1, b2) Otherwise,
I

a = by + by —a = (1—#1)b1 + (1—/12)})2

is a lattice point with 0 < p1, e < 1 and p1 + p2 < 1. Hence a’ € conv(0, by, ba).
The last argument fails in higher dimensions and indeed the whole claim fails, as we can see from
the Reeve tetrahedra
A := conv(0,e1, ez, e1 + e + mes)
for some integral m > 0. We have

AN7Z = {0,e1,e2,e1 + €2 +me3 } .

but e1, e3, e1 + ex + mes is not a lattice basis for m > 2.

There are various options to prove this theorem. We give two of them, one using the previous
exercise, and one independent one.

In both proofs we first translate the triangle with a lattice vector such that one vertex is the origin.
Hence, we may assume that the vertices are

vo = [9] vi = [¢] vy = [p:} . (B.1)
For the first proof observe that

ConV(O,Vl,Vg) nz = {0,V1,V2} .

By Problem 2.9 v, and v are a basis of Z2, so det(v1, ve) = 1. This is the volume of conv(0, v1, v2, vi+

v2). The map ¢ : x — vi + va — x is a bijection from conv(0, vy, v2) to conv(vi, va, vi + va), as
any

X = po-0 4+ v + peve with 0 <po,p1,p2 <1, po+p1+p2=1
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2.11.

2.12.

is mapped to

vi+ve—x = (1—pi)vi + (1 —p2)va — po-0
povi + pave + (1—p1 —p2)(vi+v2) = pavi + paive + po(vi + va).

So the area of A 2 conv(0, vy, v2) is 3.

We can also prove this without referring to lattices. For this, consider again the vertices as in (B.1).

These are the only lattice points in the triangle, so we also know gcd(a,b) = ged(p’, ¢') = 1. We
can find z,y € Z with 1 = za + by. We apply the unimodular transformation

A= [5Y]
that maps v3 onto e; and v, onto a point
vi=[1].
Using a reflection if necessary we may assume g > 0, and by applying
B = [51]

or its inverse we can assume that 0 < p < ¢. If p = 0, then ¢ = 1, otherwise e2 is an additional
lattice point. In this case A has area %

So assume p > 0. Then ¢ > 1, as p < ¢, and

wo= [1] = alg] + Bl4]

a = (1—3) 5;:1,
q q

But0 < a,8 < 1and 0 < o+ 8 < 1, so w is an additional lattice point. Hence, the case p > 0
cannot occur.

for

We look at the following three cases.

@ b+i=3
(i) b=3and: > 0.
(i) b > 3.

In the first case the claim follows from Problem 2.10. In the other cases we use induction on b + 3.

In the second case we can split P into three triangles with less lattice points using an interior
lattice point. In the third case we use two nonadjacent points on the boundary to split P into two
pieces with less lattice points each.

The volume of P is in both cases the sum of the volumes of the pieces, and we can now verify the
formula by direct computation using the induction assumption (express the number of interior and
boundary points of P in the numbers of interior points and boundary points of the pieces. Observe
that some boundary points of the pieces are interior points of P and my aappear in two different
pieces).

If the greatest common divisor is 0, then A\; = --- = Ay = 0 and A is linearly dependent. So
assume ged(Aj, ..., Aq¢) = g > 2. Then A is linearly indepenendent. Let

d j—1
v = Z)\lbz = a — Z)\lbz
i=1

i=j

The coefficients of the second term are all divisible by g, so

—_
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2.13.

2.14.

2.15.

is a lattice vector. But the coefficient of a in the unique representation of %v in the set A is not
integral, so A is not primitive.
Conversely, let v € lin AN A. Then v can be repesented in two ways as

j—1 d
vV = Z/Mbi + pja = Zykbk
i=1 k=1

forp, e R,1<i<jandwy; € Zfor1 <k <d. Using a := Ele A:b; we obtain

Jj—1

d d
v = Z(Mi—kuj)\i)bi + Zﬂj)\kbk = Zkak~
k=j k=1

i=1

Comparing coefficients we obtain p;j A, = v for 1 < k < d and ged(Aj,...,Aq) = 1 implies
u; € Z. Comparing the remaining coefficients gives u; € Z for 1 <i < j — 1.

> The area A of a regular triangle with side length a is ?a{ and a? is integral. So A is of the

form £+/3 for an integer .

Yet, by Pick’s Theorem, or, if we move one vertex into the origin, as the determinant of the
two other vertices is integral, the area is integral.

> The hexagonal lattice allows a regular triangle.
Observe that lattice preserving maps are not angle preserving.

There are various options to prove this.

Here is a direct one. Let v be the interior lattice point, v1, vz vvs be the vertices and A1, Az, Az > 0
such that

v = ZAZ’V»;

Assume that A3 > X2 > A3, i.e. A3 is the largest of the three coefficients. We move v3 into the
origin and look at the lattice spanned by v; and v». v is a point in the fundamental parallelepiped
F and

v = \ivi + Aave

By assumption \; < Ag < %, so also 2v € F. Hence, also v/ := (vi + v2) —2v € F.
By assumption, 2v inA. But then v/ € A and thus v/ = v, so

1
(vitve)—2v =v = v = g(vlJrvz).

Another proof uses the Theorem of Pick. A can be triangulated into three triangles of volume 1. If
we move v into the origin, then the volume of the triangles equals half the determinant of the two
other vertices, i.e.

det (v1,v2) = det(vi,v3) = det(va,vs) = 1

Further, after a unimodular transformation we can assume that v; = e; and vo = es. It is easy to
see that then v3 = —(vi + v2).

There is no similar statement in higher dimensions, as

P con (]3] 2] [2E)

for k € {1,2} is a lattice simplex with exactly one interior point and only the vertices on the
boundary.

Let g be the common denominator of all entries of A. Then gA is an integral matrix, and if H is in
Hermite normal form with a unimodular transformation U such that gA = HU, then also %H
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2.16.

is in Hermite normal form and A = éH U. Hence, in the following we can replace A by gA and
assume that A is an integral matrix.

Now observe that the following three transformations on the columns of a matrix A can be realized
by a multiplication with suitably chosen unimodular matrix 7" from the right:

(i) Exchanging two columns, and
(ii) multiplying a column by —1, and
(iii) adding an integral multiple of one column to another column.

These operations are called elementary transformations for a matrix. Any succession of such
operations is then realized by the product of the corresponding transformation matrices, which is
again unimodular. In the following, we will show that we can transform A into its Hermite normal
form using only such elementary transformations. The unimodular matrix U in the theorem is
then given by the product of the corresponding transformation matrices.

We show that we can transform A into its Hermite normal form by induction on the rows of A. So
assume that A already has the form

B 0
A = { M C ] (B.2)
for matrices B, C, M where B € Z"** is in Hermite normal form and k > 0. Consider the first
row (c11,- - -, ¢1,m—k) of the matrix C. Using elementary column operations we can transform C
such that

@ ci1>ci2>...,c1,m-x > 0and

(ii) c:=ci1 4+ ci2 + -+ + c1,m—rk is as small as possible.
Then ¢11 > 0 as A has full row rank. Further, if ¢12 # 0, then we can subtract the second from
the first column and reorder the columns if necessary to obtain a smaller total sum c. Hence,

ci2 = c13 = ... = c1,m—k = 0. The column operations on C clearly extend to A without affecting
B and M, so we can apply them to A to obtain a matrix

B 0 O
A = m C11 0 s
M

where m’ is a row vector of length k, the first row of the matrix M. By adding or subtracting

multiples of the (k + 1)st column (the one containing ci1) to the first k¥ columns of A we can

assume that all entries of m are non-negative and smaller than c¢1;.

In this way we have again reached a matrix of the form (B.2), but this time B has size (k+1) x (k+1).

After d steps A is in Hermite normal form using only elementary operations.

We still need to prove that the Hermite normal form is unique. Assume that there are two

different Hermite normal forms H, = (hijl-))ij and Hy = (hz(?-))ij with unimodular transforms

A = H,U; = HyUs. The product of unimodular matrices is unimodular, so H; = H2U for some

unimodular U.

We first look at the diagonal. Assume they differ and let i be the smallest index, where this happens.

We may assume h;;) < hﬁ), otherwise we swap H; and H, and use U~". Let u = (ux)x be the
(2)

j-th column of U. Then uy = 0 for k < i and thus hj;’u; = hg-;-). So 0 < u; < 1, but U is integral.

Now assume hg;) < hE?) and choose 7 minimal with this property. Then j < . Let u = (ug)x be the
j-th column of U. Thenu, = 0fork < j,u; = landux = Ofor j < k < i. But hﬁ.j.) = hg)—l—hgf)ui
is less than hg.) and 0 < hl(?) < hgf), so —1 < u; < 0. However, U is integral.

The construction of the unimodular matrix in Problem 2.15 is not necessarily polynomial, as we

> cannot control the number of elementary operations necessary to turn the first row of C' into
one that has all zeros except for the first entry, and

> cannot control the size of the entries in the result and in all intermediate steps.

Hence, we need a couple of new observations to fix this. We first look for an improvement of the
algorithm that lets us bound the number of steps necessary to obtain the Hermite normal form by
a polynomial in the input size, before we look at the size of the result and finally the size of all
intermediate steps.

N
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2.17.

Given any integers a and b with greatest common divisor g we can find, in polynomial time
O(log(a) - log(b) in the size of a and b, two integers = and y such that g = z - a + y - b. This can be
done with the extended Euclidean algorithm.

In our computation we now use at most one elementary operation to make the first entry of the first
row of C' positive. Then we replace, for all j, the first column ¢; of C by xc1 + yc; and the column
¢; by 5(c1jer — erie;). Note that in the second linear combination the coefficients Jc1; and Jei
are both integral. A simple consideration shows that the transformation matrix corresponding to
the transformation used in the second step has determinant +1 and thus is unimodular.

We need at most d of these operations in each iteration of the original construction of H, which
can all be done in polynomial time, so we obtain the Hermite normal form in polynomially many
steps in the size of the input matrix A.

We also need to control the size of the output and all intermediate steps of this algorithm to prove
that it runs in polynomial time. We look first at the size of the output, i.e. at the Hermite normal
form H.

Observe that in each step we transform the first row of C so that only the first entry is nonzero. A
simple consideration shows that this is the greatest common divisor of all the entries in the first
row of C.

We obtain all transformations by swapping columns, multiplying a column with —1 and adding (a
multiple of) a column to another. Linearity of the determinant in the columns of a matrix shows
that these operations preserve the greatest common divisor of all subdeterminants of size d of A.
This is clear for the first two operations.

For the last, let Q be a square submatrix of A with first column ¢, r any other column of A, Q' the
matrix obtained from @ by replacing q with ¢ + Ar for some A € Z and R the matrix obtained
from @ by replacing g with r. Observe that R is also a submatrix of A. By linearity we get

det Q" = det Q@ + Adet R

ged(det Q',det R) = ged(det Q + Adet R, det R) = ged(det Q,det R).

Hence, the determinant of H is the greatest common divisor of all (d x d)-subdeterminants of A,
which bounds the size of the diagonal entries of H by a polynomial in the size of the entries of A.
All entries outside the diagonal in H are at most the size of the diagonal entry in the same row, so
those are bounded as well.

It remains to control the intermediate entries in the matrices in each step. For this we observe
first the following.Let H = AU be some matrix A with Hermite normal form H and a unimodular
transformation U. Let v be an element in the integral span of the columns, i.e. there is an integral
vector p such that Ap = v. Then

[Ho] = [A'u]'[g

]

].

So the Hermite normal form of [ A v ] is [ & o]. Let g be the greatest common divisor of all (d x d)-
submatrices of A as above. This is the product of the diagonal entries of H, so it follows from the
representation H = AU that the multiples ge; of the unit vectors are in the integral span of the
columns of A. We obtain the same Hermite normal form (up to some zero columns) if we replace
A by [Ag1]. As above we can now use the columns of g1 to reduce all entries in intermediate
matrices that exceed g. This finally bounds the size of all intermediate results and proves the
polynomiality of our algorithms for the Hermite normal form.

We start with the first claim. If the system has an integral solution x + 0, then y'b = y*Ax 4 0 is
an integer whenever y‘ A is integral.

Now assume that y’b is an integer whenever y*A is integral. Then Ax = b has a fractional
solution, as otherwise we can find y* with y*A = 0, but y'b # 0. By discarding redundant rows
we can assume that A has full row rank.

Let H = AU be the Hermite normal form of A. As U™ is integral the integral solutions x¢ of
Ax = b correspond to integral solutions U~ *x, of AUx = b. Thus, we can assume that A = [B, 0]
is in Hermite normal form. Then B~'b is integral (the i-th coordinate of B~'b is y'b if we choose
the i-th row of B~" for y*). Hence, ( B Blb) is an integral solution of Ax = b.

For the second claim we may assume that A is in Hermite normal form A = [B, 0] with full row
rank. Then any solution of Ax = b is of the form x( + y, where y is an integral solution of Ax = 0.
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2.19.

2.20.

2.21.

But those are the vectors y € {0}¢ x Z™%.

Finally, for the last claim we observe that by Problem 2.16 we can compute the Hermite normal
form in polynomial time.

Assume it is not a lattice basis of A but spans a sublattice I". Then there is a lattice point v € A\ T,
and BU{v} spans a lattice I with

rcr’ cCA.

and we can find integral matrices A and A’ representing the basis of I in that of I, and that of T
in A. The determinant is independent of the chosen basis, so we obtain

det B = det A-det B" = det A’ det C

for bases B’ of I” and C of A. This contradicts minimality of det B.

If x,y € A, then (a;,x) = kxm; and (a;,u) = kym; for some ky, ky € Z so
(ai,x+y) = (ai,x) + (a;,x) = kxmikymi = (kx + ky)mi.

so x +y € A. Similarly, also —x € A and also 0 € A, so A is a lattice.

By construction, it is a sublattice of Z¢. Further, mie; € A for 1 < ¢ < k, so the lattice spanned by
A :=mie1,...,myey is a sublattice of A. The latter has determinant m - - - mg, SO

1 < det A < my---myp.

We only prove this in the case A = Z%. In this case the fundamental parallelepiped F of A is the
(half open) unit cube [0, 1)¢. The longest vector in F' has length v/d and vol F = 1.

Let BT := B,,.q(0). Forany x,y € B,(0)NAwehavex+ F C BY,andx+ FNy+F =&
for x # y. Hence,

1B O)NAl = > 1= > vol(F)
x€B,-(0)NA xE€B(0)NA
= Y vol(x+F) < vol BY.
x€B(0)NA

Similarly, B~ is completely covered by the translates x + F' for x € B,.(0) N A, so
vol B~ < |B,.(0)NAJ.
Now, for some chosen € > 0,

+ d
|V§1Tj(go)| - & Ti@ s (I+9) (B-3)

for r large enough. Similarly

e

fog some r large enough. Note that this also depends on the basis (which we have chosen to be
Z*).

For a general lattice the volume of F' may change, and the length of a longest vector in F'. The
first is accounted for by the additional factor det A in the general formula, the latter changes the
constant v/d that appears in the numerator of (B.3) and (B.4), and thus the r we need to choose.
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2.22.

2.23.

2.24.

2.25.

2.26.
2.27.

2.29.

Let B be a basis of A and By a basis of I" (given as matrices of column vectors). Then

det Bog

T/A| = .
IT/A] det B

Further, there is an integral matrix T such that By = BT, so B = BoT *. Now (det T)T* is
integral, det T is the index, and (det T') B is a basis of (det T')A.

As in the proof of the Hermite normal form it suffices to show that we can transform A into its
Smith normal form using elementary row and column operations. The existence of the companions
then follows.

We again use induction. Suppose that after some elementary transformations A has the form

| s o
A = { 0o C } (B.5)
where S is a diagonal matrix with positive entries s11, ..., skx for £ > 0 on the diagonal such that

sj—1,j—1 divides s;; for 2 < j < k, and sy, divides all entries of C.

Among all transformations of C' that we can reach with elementary row and column operations we
pick one such that

min(|ei;] |1 <i<d,1<j<mandcy #0)

is minimal. We can also assume that this minimum is attained by c11. Then clearly c¢;; is the only
non-zero element in the first row and column, as otherwise we can obtain a smaller entry by a
suitable row of column operation. Further, a similar consideration shows that ¢1; must divide all
other entries of C. We have extended our induction form (B.5) from k to k& + 1.

Uniqueness of S follows from the observation that in each step the element ¢y, that we construct is
the greatest common divisor of the elements in C.

We choose the any basis of A as a basis of the subspace lin A. Then a basis of A’ can be written in
this basis with only integral coefficients. We apply Smith normal form to this matrix.

This is a classical fact from linear algebra. Let o be any element of (R%)*, i.e. any linear functional
on R? and define n; := o(b;) for 1 < i < d. For any z = Ele Aib; we get

p(x) = S dip(b) = S = Sobitom = (mibi) (%)

by linearity. Hence, any linear functional is in the span of the b;.
If o is a lattice functional, then the 7; in Problem 2.25 are integral.

Let by, ..., vby be a basis of A with dual basis b7, ..., b}. If B is the matrix whose columns are
the b; and B* the one with columns b;. Then

det A = det B det A* = det B*
and
det(A) - det(A*) = det(B)-det(B*) = det(B")-det(B*) = det(B'B*) = det(I) = 1

as blb, is 1 if i = j and 0 otherwise.

B.2. Solutions for Geometry of Numbers (Chapter 3)

3.1.

> Let F be the set of a choice of a lattice point in the relative interior of a facet, if there is one
in the facet. Note that we take at most one form each relative interior.
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3.2.

3.3.

3.4.

We assign to each the parity vector (e.g. the vector (1,1, 0) for the lattice point (7, 5,4)). If

we have more than 2¢ vectors in F, then there are x,y € F with x # y that have the same
parity. Then also 1/2(x + y) is a lattice point, and in the interior of S.

This is a contradiction, so we have at most 2¢ elements in F. In fact, as {0} is in the interior of
K there cannot be a lattice point in the boundary with only even coordinates, so |F| < 2¢ —1.

Hence, we have at most 2(2¢ — 1) facets for K.

> For any lattice point x we choose a halfspace Hx containing x U K. Let Sx := Hx N — Hx.
Then K C Sk. Let

S = ﬂ Sx .

xeA\{0}

Then S is a centrally symmetric set of volume nvolya (S) > nvolya (K) = 2. Also int SNA =
{0}, as all x € A\ {0} are on one of the hyperplanes defining S.

If S # K, then there is y € S\ K, and thus also —vy € S\ K. Let K’ := conv(K U {+y})
So K' C S, K'n A = {0} and nvol,q(K") > nvol,a (K) = 2%. Hence, by Minkowski’s First
Theorem (Corollary 3.3) K’ contains a nonzero lattice point. This is a contradiction, so
S=K.

We need to show that a finite number of the pairs of inequalities Hx and — Hx suffice. Let
F C A be the set of those x such that the hyperplane defined by Hx is irredundant for S.
Let Hy be any hyperplane for y € F such that Hy, N K does not contain a lattice point in its
relative interior. Then S is a strict subset of

Sl = ﬂ Sx

x€F\{y}

and int S’ N A = {0}. But nvolyq (int S") > 2" det A, so int S’ contains a nonzero lattice
point by Minkowski’s First Theorem (Corollary 3.3). This is a contradiction, so each of the
hyperplanes given by Hx and — Hx for x € F' contain a lattice point in its relative interior.

The number of lattice points in the relative interiors is finite by the same argument as in the
first part. So K is a polytope.

Consider the map 7 : Z* — (7Z/37)? given by assigning each coordinate its congruence class
modulo 3. This is a homomorphism, so that 7(x £ y) = n(x) £ 7(y).

If, for lattice points x,y € K the images satisfy 7(x) = 7(y), then m(x—y) = 0,50z := £ (x—y) €
Z® and z is in the interior of the triangle spanned by 0, x and —y. As K is centrally symmetric we
know that —y € K, so z is contained in 2K.

So, by assumption, z = 0 and x = y. Hence, r is injective and we have at most 3% lattice points in

In fact, up to unimodular transformations the standard cube [—1, 1]¢ is the only centrally-symmetric
lattice polytope with int (K) N A = {0} and |K N A| = 3%.

Consider the map © : Z¢ — (Z/27Z)®. Assume that there is a boundary lattice point x in the
boundary of K with 7(x) = 0. Then 3v € Z*. Hence, we would have a nonzero lattice point in
the interior, which is a contradiction. So 0 is not in the image of .

Let p € (Z/2Z)% \ {0}. Assume that there are lattice points x,y € K with y # £x (note that
—x € K) such that 7(x) = 7(y) = p. Then 7(x — y)) =, s0 3(x —y) € Z%. As —x € K the point
z is in the interior of K, a contradiction, as w(x) # 0. So at most 2 points map to p, and the bound
follows.

We may assume that A = Z% and vol K > k-2¢. By Generalized Blichfeldt’s Theorem (Lemma 3.4)
we can find k + 1 pairwise different points xo, ..., xx € 3K such that x; — x; is a lattice point for
all i, 5.

Assume that ||xol|| < ||x;| for all ¢ and let y; := x¢ — x; for 1 <4 < k. Then y; # y; for i # j and

!Draisma, McAllister, and Nill, Lattice width directions and Minkowski’s 3%-theorem.
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3.5.

y: € KNZ*\ {0}. By our choice of x; we also know that

2 2
(%i,yi) = (xi;x0 =xi) = —[1xil|” + (xi,%0) < = [[xil” + [l [Ixol| < 0

with equality in the second but last inequality if and only if x; is a scalar multiple of x¢. The last
inequality follows from our choice of xy. If x¢ and x; are linearly independent, then they cannot
have the same length, so in fact we can conclude

<xi7yi> < 0.

Hence, all points +y, are different, and together with 0 we obtain the required number of points.

They need not be linearly independent. For this, consider e.g. the rectangle with vertices (+12, +-2k)
with volume 4k = k - 22,

Let wq be the area of the (d — 1)-dimensional unit sphere S;—; := {x : ||x|| =1}, and V4 the
volume of the unit ball.

Consider any 1-dimensional function f : (0, 00) — R defined on the positive axis. We consider this
as a radially symmetric function on R"™, and we want to integrate f(|x|) over R%. Writing this in
spherical coordinates we obtain

/ F(lxl) dx = wa- / 7 Frrt e, B.6)
R4 0

where wy is the area of the unit sphere, as long as the integrals are well defined. Integrating the
function f thatis 1 for r € (0,1) and 0 for » > 1 we obtain

Va = dwyg

Hence, it would suffice to compute w, in order to obtain V4. We can obtain wy if we can find a
function f for which we can compute both integrals in (B.6) explicitely.

A good candidate for this is certainly a function f for the computation of the right hand side is
certainly one that splits into a product of functions that each depend on one coordinate only,

d
Fxl) = JT i)

1=1

Radial symmetry of f implies that all ; are the same. A good choice for such a function is the
Gaussian ¢p(z) = e’IQ, because we know the Guassian integral

/ e dx = /7.

— 00

This gives

d
/ f(x])dx = / e II” qx = / I_Iem‘2 dx = 72
RA Rd Rd =1

Using the substritution ¢ = 7 we compute the right hand side of (B.6) as

° . 1 [ 1
/ e rildr = f/ t4722e7tqt = =T d ,
. 2/, 2° 2

where T is the I'-function. From this we compute

271_(1/2
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3.6.

3.7.

and thus, using £ -T' (¢) = I' (£ +1),

v wWa 27Td/2 7_l_d/2
YT d T daT(g) T+

We need the following two relations for the I'-function. For each integer n

T(n) = (n—1)! F(n—i—é) - 2—\/5 1 @-20).

0<2i<d

Using these we obtain

rlé/2] gl4/2]

Vd = =F7>/"% .
H0§2i§d(d - 2i)

(i) This is clear in dimension 1.

(i)

(iii)

In dimension 2 let by, bs be linearly independent lattice vectors that realize A\; and 2. They
span a sublattice T of A. Assume they differ, then there is a lattice point x contained in
the fundamental parallepiped spanned by b; and bo, i.e. there are 0 < p1,u2 < 1 with
x = p1b1 + pabe. If p1 + p2 > 1, then

y = bi+bs—x = (1—p1)b1 + (1 — p2)be

is another lattice point. We set 771 := 1 — pq and 72 := 1 — u2. Then 0 < 71,72 and
m + n2 < 1. So either x or y is contained in the triangle spanned by 0 and by, b2, say x.
Thus, x is shorter than at least one of b; and b». This must be by as by is a shortest lattice
vector. But then ||x|| < A2 and by, x are linearly independent. This is a contradiction to the
coice of bs.

Letb; :=2e;for1 <i<d-landby:=e;+--+ey4. Theny = 2bs;—by_1—---—b; = 2e,.
For d > 5 the vector by is a shortest lattice vector (consider any integer linear combination
of the b; and show that it can have length at most 2 if and only if one of the coefficients of
b; for j < d—11is 1 and all others are 0). Hence, A1 = 2 and thus A\; > 2 for 1 < < d. But
b; for j < d — 1 and y have length 2 and are linearly independent, so \; = 2 for all i.

But the lattice spanned by by, ...,bs_1,y is (2Z)¢ and A is a sublattice of index 2 in this
lattice.

We prove this by induction. The claim is trivial for d = 1, so we assume we know the result for
dimensions up to d — 1.

The b; are a basis, so we can write v as

d
v = Z §ibi
i=1

for some ¢ € R. Choose integers a; such that a; — &| < Y2 for 1- < ¢ < d. Let L :=
lin(by,...,bg_1) be the subspace spanned by the first d — 1 basis vectors, A’ the lattice spanned
by bl, ..

.,bg_1 and let v/, b}, be the orthogonal projections of v and b, onto L. Then

d—1
V= &b + &by

i=1

and v — V/ = §d(bd — b/d
Note that v/ — agb); € L. By assumption, there is some u’ € A’ such that

d—1
(v — aabi) —w'[| = min, [[(v —aabl) - w'|| < =5

N
o
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3.8.

Now b/, and (bg — b};) are orthogonal by construction, so
[b3ll* + [l = b3l = Ibal®
and thus
[ba = ba[* = [Iball® — [|b4][* < Iball* < 4.

So

—_

”V_V/_ad(bd_b:{)n = |ad—£d|”bd—b:1|| S §,u,. (B7)

Further, (v/ — aqb);) — u’ € L and thus orthognal to v — v/ — aq(bg — b)), so

lv = aaba —u'|* [+ v = aably) — |

||v—v'—ad(bd—b:1)’
< 14 d—1 5 d

- %2 B.
_4u+4u 1M (B.8)

Taking the square root gives the desired inequality for the lattice point @ := agbg + u’
In case of equality we must have || — v|| = min, € A |ju — v|| and equality in (B.8), hence also

1 d—1
Iv v —aaba b = Tu ey P =

By assumption the vectors by, ..., vbs_1 are pairwise orthogonal and ||b;|| = pfor1 <i<d—1.
We conclude ||bg|| = p and ||bj|| = 0, so vb, is orthogonal to all other b;. Again by assumption,
the coefficients &; for 1 < i < d — 1 are half-integers, and from the equality in (B.7) we conclude
that also &, is a half-integer.

Conversely, with these conditions we clearly have equality.

We use induction. This is clear for d = 1, so assume we know the result for dimension d — 1 > 1.

Let by, ..., bg be linearly independent lattice vectors with ||b;|| = A;. Let L :=lin(by,...,bg—1).
This is a (d — 1)-dimensional space and A’ := L N A is a lattice of rank d — 1 in L (since it contains
bi1,... bg_1). By assumption, A’ has a basis c1, ..., cq_1 of lattices vectors such that ||c;|| = \;.
With ¢4 = by we have another (vector space) basis c1, . . ., cq of lattice vectors. Let I" be the lattice
spanned by these vectors.

If the claim fails, then there is v € A \ I'. By Problem 3.7 we can find u € T such that

Vd

- < — A
oo —ull < Yo

Thenv—u € A\T, and, as A’ is contained in T, also v—u ¢ L. This implies thatcy,...,cq—1,v—u
are linearly independent lattice vectors, and

A< v—ul < Y2

where the first inequality follows as otherwise v — u would have been part of the original selection
of vectors.

This implies d > 4, so for d = 2,3 we have proved the claim. For d = 4 we have equality in
Problem 3.7. Hence, the c; are pairwise orthogonal, \y = --- = A\g, and any v € A\ T has a
representation

v = Z(al + %)Cl

for some integers a1, ..., aq. This shows that A is generated by c1, c2, c3, %(cl +c2 +c3 + ca)
and the latter has length \4. This proves the claim.
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3.9.

3.10.

3.12.

Let v;, 1 < i < d be the vectors of Proposition 3.9. Then
Ai = min(||v]] : veA\lin(vy,...,vi—1)),
with lin(@) = {0}. We can thus take any lattice basis b1, ..., bq with
v, € Zbi + --- + Zb;.

forl1 <i<d.

C' is a skew cross polytope with vertices

1
+- .
)\1V17 ’

Consider the simplex

The volume of S is

Hence, the volume of C'is

2d
1C = — = detT.
vol € = o e

Now consider the lower bound in Minkowski’s Second Theorem (Theorem 3.11). By construction,
C C K. The lattice I is a sublattice of A, so det A < det I and we obtain

Ar--Agvol K > Ar---Agvol C
le det I’
d' A1 A

a1 a1
2' pdet B > 27 det A

> A1 Ag

Y

The right and left hand side of this chain of inequalities are the lower bound in the theorem.

Choose ¢ < p such that ¢> = 1 mod p using Euler’s criterion for —1 and (—1)%((4’““)’1> =
(-1)* =1=1 mod p.
Now consider the lattice A spanned by

b= (1] bs = [0

with determinant det A = p.

Let B4 70 be the open ball around the origin with radius » = v/2p. Then K is centrally symmetric,
convex, and

vol K = m-12 > 4.p = 2°det A,
so by Minkowski’s First Theorem (Corollary 3.3) there exists a lattice point

X = [‘;] = u1b1 + ugbg 7& 0.
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3.14.

3.16.

3.17.

3.20.

3.23.

3.25.
3.28.

3.29.

We compute

@’ +b* = i + (g + pop)’
= p’+4’¢ modp
=4%(¢*+1) modp
=4%(11) mod p
=0 modp.

Thus, p divides a® + b°. Further, x € K implies a® + b*> < 2p, so the only choice left is a® + b = p.

The open balls in the definition of the packing radius contain exactly one lattice point, their
center v, and they are centrally symmetric around v. Translating v into the origin results in a
centrally symmetric convex body containing only 0 in the interior. By Minkowski’s First Theorem
(Corollary 3.3) the volume is bounded. Hence, the radius must be finite.

Now let v be a shortest lattice vector of length A\;. Then o(A) < 1/2)\; as otherwise the balls around
0 and v intersect.

On the other hand, if g(A) < A1, then there are u, v € A with u # v such that the open balls of
radius !/2A; around u and v intersect. We can assume that u is the origin, so vv € A\ {0}. Then
v € B3, (0), so ||v|| < A1. This is a contradiction.

The centrally symmetric cube C with sidelength 2(det A)"¢ is compact and has volume 2" det, A.
Minkowski’s First Theorem (Corollary 3.3) implies that there is a nonzero lattice point x in C'. All

its coordinates are bounded by (det A)Y<.

The lattice points of Ao are a subset of the lattice points of A. Hence, if balls of radius r around
points of A do not intersect, then they also do not intersect if we only consider those around the
points of Ag. This proves the first inequality.

For the second inequality observe that the packing radius of uA is u o(A) for any lattice, and that
|A/Ao|A is a sublattice of Ay by Problem 2.22. Hence, we can use the first inequality.

Let by,..., by be a lattice basis and x € R". Then there are 7, ..., nq such that

d
X = Z nib;
i=1

We set y := >.%_ {n;}b;. Then x — y is a lattice point and d(x,A) = d(y,A). The point y is
contained in the fundamental parallelpiped. This is a bounded set, so there is a finite v > 0 such
that ||u|| < v for any point in this set. So in particular d(x, A) = d(y,A) < v.

The argument also shows that it suffices to consider d(x,A) for points in the closure of the
fundamental parallelpiped. This is a compact set, so the maximum is attained.

The packing radius is at least A4 by Lemma 3.22, so there must be a point in R¢ that has at least
distance 1\, from any lattice point.

We know A; = 2¢ and 2u* > Ag%, 50 Aj A > dop® > 1.

As K is full dimensional there is some interior point x € K. Let ¢ > 0 so that B.(x) C K. Then
the width of K w.r.t. any lattice vector a € A* is at least 2¢ ||a||.

Choosing any nonzero a € A* we obtain an upper bound W for the lattice width. Hence, any
lattice vector such that width(K;a) < W has length at most 1-. This is a compact set. So the
infimum exists and is actually a minimum attained by some a € A*.

Let v € A* be a vector of length \; in the norm defined by (K — K)*. Then
v(x) < A forallx e K — K

Now

widths (K) = min (maxa(x) — min a(y))

acA* \ xeK yeEK
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Let x0,yo € K be the vectors realising max and min for v. Then xp —yo € K — K and

M 2 v(xo —yo) = v(x0) — v(yo) = max(v(x)) — min(v(y)).

Hence, the width is bounded by \;. Conversely, if w produces a smaller width, then w is a vector

in A* with length smaller than \; in the norm of (K — K)*.

3.30. The claim about lattice polytopes is obvious.

For the second claim observe that widthx (();Cs) = A; widthe(():), so we can assume A; = 1 for
all 4.

Let v; A; be a lattice direction for which widthc(();) is obtained. Then
WidthA(C) < Width(O,m,O,vi,O,’ldots,O) (C) = widthy, (CZ) = widthy, (CZ) R

SO

widtha, (C) < min(widtha, (C;)).

For the opposite direction we take and lattice functional
w o= (wi,...,wm) € A\ {0} = EPA\{0}.

We want to show that widthw (C) > widthy, (C;) for some . For this, let us choose any ¢ with
w; # 0. We compute

widthy (C) = max (|(w,x) (w,y)|)

x,yeC

Y

max_ (|[{w,(0,...,0,%;,0,...,0)) (w,(0,...,0,y5,0,...,0))])

x;,¥; €C;

= widthw, (C;) > widtha(C;) > min widtha(C).

For the last part assume that int C N A # @ and let x be a lattice point in the interior of C'. We can
write x as

x = (W1X1,. .., hmXm) for pu; > 0, x; € int C; and Zui = 1.

(3

As x € A we have \;u;x; € A;. As int C; does not contain a lattice point we see that \;u; > 1. But
this implies

)IREED SRS
i i

which contradicts our assumption.

B.3. Solutions for The Shortest Vector Problem (Chapter 4)

4.2. By the definition of a weakly reduced basis we have

-1
by = wir + Z A]'ij

k=1

21
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4.3.

4.5.

for coefficients |\;x| < 1/2. The w; are pairwise orthogonal, so taking the norm implies

k—1 k—1
1
bwll* = [wall* + > ATk llwsll* < llwall* + 5 > llws |-
j=1

=1

This proves the first inequality.
For the second note that using (4.8) we get

1
4
1 e ke
= [lws|? (1+Z'2k 2) = |Jwil? (§+2’“ 2> :

For the last we observe that (4 + 2¥7?) < 2!, So the previous inequality implies

bl < 27" lwa? .

Again using (4.8) and taking square roots gives the result.

Letx = Z‘j:l uib; for integer coefficients y; € Z. Let m be the largest index so that p; # 0.
By construction, (b;, w,, ) = 0 foralli < m, so

d
Iwinll* < [pml Iwmll® = |pml|{bm, W )| = [(D pibis Wi )|

i=1
d
Zuibz‘
=1

We can devide by ||wy|| to get ||wi|| < ||x]||. Using this for x = v; and m = jj, gives the first claim.

A

IA

wmll = (X[ Wl -

For the second claim note that k& < ji, as otherwise v1,...,vy € lin(bi,...,bg_1), contrary to
the assuption that these vectors are linearly independent.

Now we use Problem 4.2 to bound

Ibgll < 292 s, || < 277 ) < 2

The upper bound of the third claim follows from the second. For the lower bound observe that
i < maxi<j<; ||bj|| as by,..., b, are linearly independent. Further ||b;| < 2~ "/?|lw;|| by
Problem 4.2 and with ||w;|| < ||b;|| we obtain the lower bound.

Recall again that an ellipsoid is the image of a ball under some linear map . We can find an
orthonormal basis u;, . . . , ug of eigenvectors of the matrix AA” corresponding to v (in some basis)
with eigenvectors a?, . .., a2, such that

d
E = &(ar,... aq) = ¥ (B1(0)) = {XERd : 2;12<X’ui>2 < 1}.

Here we have assumed that ) is a bijection. The eigenvalues of AAT are positive as the matrix is
symmetric and positive semidefinite. If v1, . .., vq are the eigenvetors of AT A, then this has the

same eigenvalues a, ... a3 and u; = L Av,. Hence, for x = 3% | z;v; with z; = (x,v;) we
; -
d
have y = Ax = Y7, yiasu; and

4 4ad <1 iff Syi+o+ —yq < 1.
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4.8.

4.9.

Its volume is

d
vol £ = vol Bd-Hai

Let by,...,bg € A\ {0} be vectors such that A\; = ||b;|| and let by, ..., b} be the Gram-Schmidt
orthgonalization. We keep the order of the vectors.

We consider the ellipsoid
b*
£ = {xe]Rd ZAQ Xb* < 1}.
AT bl

We want to show that the interior of £ contains only one lattice point, namely the origin. Let
x € A\ {0}, and let j be such that

A < Il £ A

if such a j exists, and j = d otherwise. Then clearly x € lin(bs,...,b;) = lin(b7,...,b}), as
otherwise we would have chosen x instead of b;11 if 7 < d. Now

d

1 (x,b}) x, b} ) 1 2
DERELINSGRE SXt1.7 S NN
e M >‘31 i LA A

Hence, x ¢ £. Now € is a centrally symmetric convex body, so from Minkowski’s First Theorem
(Corollary 3.3) we conclude

d d d
2%det A > vol & =vol Ba-[[ N > (l) IR
\/g =1

i=1
where we have approximated the volume of the ball with the cube [—1/v4, /va]® contained in By.

We can choose linearly indepenent lattice vectors vi,...,vq € A such that ||v;|| = \; for the
successive minima A1, ..., A¢ of A. This may not be a lattice basis, but as the vectors are linearly
independent they span a sublattice I' of A. We clearly have that

det A < det I'.

The orthogonality defect is defined via

d
1
Mr = il .
f = gl

and Minkowski’s Second Theorem (Theorem 3.11) states that
Ao g < 2%det A

Combining this gives the desired result.

We may assume that a is primitive.
We consider the dual basis bj in A*, set L := lin{a}, and project the basis into a generating

set by, ..., by of the lattice A*/L inside U := (R))"/L. We can use the Hermite normal form
algorithm to compute a basis €2, ...,¢q of U. Let ca, ... ,..., cq be preimages of this basis, via

= > b} if ¢ = > mib;

for some p;; € Z. Then a, ca, ..., cq is a basis of A*, The dual basis a*, c3, ..., cj is a lattice basis
of A. By construction, c3, ..., c); must span L.

N
—
w
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4.10.

Here is one option to prove this.

We can extend the set of vectors by, ..., vby to a basis of R? with vectors ex1,. .., eq. We may
assume that the latter are orthogonal to any b; and have unit length. Let Z be the zonotope
spanned by by, ..., by, ext1,...,eq. It has Z as a k-dimensional face and

vol Z = vol Z.

= . . St . .
If B is the matrix with columns by, ...,bg,ert1,...,eq, then B B has B'B as a minor in the
upper left corner, 1 on the remaining diagonal and 0 in all other entries. Hence

det B'B = det B'B.

But det B' B = (det B)? = vol Z, and the claim follows.

B.4

Solutions for Reduced Bases (Chapter 5)

B.5

Solutions for Integer Programming (Chapter 6)

6.3.

One example is the system of inequalities

Da = D @ < I -1 for I C{1,...,d}

icl il

of 2¢ inequalities.

B.6.

Solutions for The Closest Vector Problem (Chapter 8)

8.6.

We show first that the translates of F cover the space. Let v € R¢. We want to show that v —u € F
for some u € A.

Let v/ := 7(v). As Fr is a fundamental domain, we have u’ € T and ¢’ € Fr such that

Pick any u € 7~ !(u’) N A. Then
vi i=v-v € lin(by) and u = u—u € lin(b1),
so there are A\ € Z and u € [0, 1) such that
vi—u = (A+pu)b1.

We can write

v=v+(v-v) =u +c+w
= u—|—(u'—u)—|—c/+v1 —u-—-u +c +v;
=u+c +A+pb; = (u+Aby) + (¢’ + uby).

The left summand in the last term is in the lattice, and the right is in F.
We still need to prove that different translates of F do not intersect. So assume there is u,v € A
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with u # v such that there is x € u + FNv + F. Then
m(x) € w(u) + Fr N7(v) + Fr .

As 7(u), m(v) € I" and Fr is a fundamental domain, we know that 7(u) = 7(v), so v —u = Ab;
for some X € Z.

Further, there are 0 < u1,v; < 1 for 1 <4 < d such that

X = u+z,uiwi = V+ZZ/7;W7;.
As wa, ..., wq is the Gram-Schmidt basis in L we know that u; = v; for ¢ > 2, and thus

>\b1 = (/_/,1—1/1)W1 = (Hl_ljl)bl‘

But—1<puyi—vi=A<landA€Z,so\=0,Sou=wv.

B.7

Solutions for Cuts and Lattice Free Polytopes (Chapter * 11)

*11.3.

Let K ={x : (a;,x) < piforl <i<m}. Wehaverec K C recK — C.

Letx := y—c € int(K—C) forsomey € K and ¢ € C, and choose ¢ > 0 such that Bx(¢) C K—C.

Let
0; := max ({(a;,z) : z € Bx(e)) for 1<i<m.

Then §; > oo as Bx(¢) is finite, and for each ¢ we can find k; such that (a;, kc) < 5; — d;, and let
k := max(k;). Then

(ai,z—i—kc) = (ai,z> + (ai,kc> < 6 + Bi — 6 = Bi.
and hence, By ke(e) = Bx(e) + ke C K. Sox + kc € int K and

x = (x+kc) — (k+1)c eint(K) — C.

B.8

Solutions for Convexity (Appendix A)

AS.

The matrix A is positive definite, so there is M such that A, = M?. Then
l/d

(det(Ar + A2))Y* = (det(M + A2))7* = (det M)¥* (1+M ' A2 M ")

and
(det A1)Y* 4 (det A2)Y* = (det M)** (1+ (det(M_lAzM_l)l/d) .

Let B := M~ 1A, M. Then it suffices to show that

(det(1+B))Y* >1 + (det B)"* (B.9)
with equality if and only if B is a positive multiple of I. Let A1, ..., A\q be the eigenvalues of B.
Then (B.9) is equivalent to
d 1/d
(H(l + Ai)) > 1+ (A (B.10)
=1
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A.6.

A7.

with equality if and only if \; = X for all 4 and some positive \. Let
or = ok(A1,...,Ag) = Z Xip v Ay, -

1<i;<--<ip<d

Then

d
[Ja+Xx) =1401 4+ + 0a.

=1

The inequality bewtween the arithmetic and geometric mean implies

1<iy < <ip<d

Ok

B <Z> H OURE .)\ik)l/(z)
d 1y

B <k> (A -~ Aq) G/
d k/d

= (k)) ()‘11 )‘id) /

with equality if and only if
Ny Xy = Ay Ay

foralll1 <i <---<ip<dand1<j <--- < jr <d,soif and only if \; = X for some \. This
gives

d
=1l+oi+-+oa=[[0+N)

i=1
with equality if and only if \; = X for all < and some A > 0. This is equivalent to (B.10).

Let E be an ellipsoid in the cube C. We can use a linear transformation 7" to map it into the unit
sphere. The map sends C into a parallelepiped enclosing the unit ball.

The map T preserves the volume ratio between the ellipsoid and the cube. Hence, instead of
maximising the volume of E we can find parallelepipeds P enclosing the unit ball that minimize
the volume.

We prove this by induction. In dimension 1 there is nothing to prove. SO assume we know this for
dimensions up to d — 1. Choose one of the facets I of P. it has an opposite parallel facet F’ at
distance 2. Let @ be the intersection of P with the hyperplane parallel to F' through the origin.
Then @ has distance 1 from F' and F’, and the volume of P is twice the volume of Q. Q encloses
a unit ball in dimension d — 1, but its facets may not touch. Yet, by assumption, only the cube
[-1,1]%"! in lin Q minimizes the volume, so Q must be this cube. This, however, implies that all
facets of P ddeﬁning facets of Q must be tangent planes to the sphere at ), so also P must be the
cube [—1,1]%.

We can map the simplex into R with some orthogonal map, and translate, so that the center of

the maximal volume ellipsoid is the orign.

The maximum volume ellipsoid F is unique inside the simplex, so it must have (at least) the same
symmetries as the simplex, which is the group S;. Assume that F has a principal direction a of
maximal length ¢, and at least one, that has a smaller length.

Any orthogonal map maps principal directions onto such and preserves the length, so if there are

216



k < d directions of the ¢, then the symmetry group of E is a subgroup of Sy. This implies k = d
and all principal directions of F have the same length. Hence, F is a ball.

The other claims follow.
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