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Abstract Recently, cutting planes derived from maximal lattice-free convex sets
have been studied intensively by the integer programming community. An important
question in this research area has been to decide whether the closures associated with
certain families of lattice-free sets are polyhedra. For a long time, the only result
known was the celebrated theorem of Cook, Kannan and Schrijver who showed that
the split closure is a polyhedron. Although some fairly general results were obtained by
Andersen et al. (Math Oper Res 35(1):233-256, 2010) and Averkov (Discret Optimiz
9(4):209-215, 2012), some basic questions have remained unresolved. For example,
maximal lattice-free triangles are the natural family to study beyond the family of
splits and it has been a standing open problem to decide whether the triangle closure
is a polyhedron. In this paper, we show that when the number of integer variables
m = 2 the triangle closure is indeed a polyhedron and its number of facets can be
bounded by a polynomial in the size of the input data. The techniques of this proof
are also used to give a refinement of necessary conditions for valid inequalities being
facet-defining due to Cornuéjols and Margot (Math Program 120:429-456, 2009) and
obtain polynomial complexity results about the mixed integer hull.
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1 Introduction

We study the following system, introduced by Andersen et al. [2]:

k
X = f—}—ersj
Jj=1

xez"
§; >0 forallj=1,... k. (1)

This model has been studied extensively with the purpose of providing a unifying
theory for cutting planes and exploring new families of cutting planes [2,6-8,12—-14].
In this theory, an interesting connection is explored between valid inequalities for the
convex hull of solutions to (1) (the mixed integer hull) and maximal lattice-free convex
sets in R™. A lattice-free convex set is a convex set that does not contain any integer
point in its interior. A maximal lattice-free convex set is a lattice-free convex set that is
maximal with respect to set inclusion. Since the x variables are uniquely determined
by the s; variables, only the values of the s; variables need to be recorded for the
system (1), as done with the following notation:

k
f+ZVij€Zm] )

Rf:ISGRIj_
=1

where R'j_ denotes the nonnegative orthant in R*. The mixed integer hull is then
denoted by conv(R r) and can be obtained by intersecting all valid inequalities derived
using the Minkowski functional of maximal lattice-free convex sets containing f
in their interior [2,5,9,20]. We explain this more precisely after introducing some
notation.

Let B € R" ™ be a matrix with n rows bl,...,b" € R™. We write B =
Y. .. bY). Let

M(B)={xeR"|B-(x - [f) <e}, 3
where e is the vector of all ones. This is a polyhedron with f in its interior. We will
denote the set of its vertices by vert(B). In fact, any polyhedron with f in its interior
can be given such a description. We will mostly deal with matrices B such that M (B)
is a maximal lattice-free convex set in R™.

The Minkowski functional for the set M (B) can be defined as

Ye(r)= max b -r for reR".
i€fl,...,n}
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The triangle closure is a polyhedron 21

Proposition 1.1 If B € R"*™ is a matrix such that M(B) is a lattice-free convex
set in R™ with f in its interior, then the inequality lezl Yp(r/)s; > 1is avalid
inequality for (1).

Proof Lets € Ry. Thenx = f + ZI;‘=1 rfsj € Z™. Consider ¥p(x — f) and let
b e {b',...,b"} such that Yyg(x — f) = b - (x — f). Since x € Z™ and M(B) is
lattice-free, by definition of M (B), we have b - (x — f) > 1. Thus

k k
L<b-(x—f)=b- D rlsj=>(b-r)s; <D vp)s;.
j=1 j=1 j=1

Therefore, the inequality 21;21 1//B(rj )s; > 1 holds for s. Since s € Ry was chosen
arbitrarily, it is a valid inequality for (1). O

We define the vector of coefficients as
Nk
y® = (v50)) |
and therefore can write the mixed integer hull as

conv(Ry) = [s € le_ 4)

y(B) -s > 1forall B € R"*™ such that
M (B) is a maximal lattice-free convex set |-

Motivation All maximal lattice-free convex sets are polyhedra [7,16]. The most prim-
itive type of maximal lattice-free convex set in R™ is the split, which is of the form
g <7 -x < my+ 1 forsome 7w € Z™ and 7y € Z. A famous theorem due to Cook
et al. [11] implies that the intersection of all valid inequalities for (1) derived from
splits, known as the split closure, is a polyhedron. The split closure result has been used
repeatedly as a theoretical as well as practical tool in many diverse settings within the
integer programming community. This motivates the following question: For which
families of lattice-free convex sets is the associated closure a polyhedron? Not much
was known about this question until very recently when some elegant results of a
more general nature were obtained in [1] and [3]. Even so, some basic questions have
remained open. Consider the case m = 2. For this case, the different types of maximal
lattice-free convex sets have been classified quite satisfactorily. Lovasz characterized
the maximal lattice-free convex sets in R? as follows.

Theorem 1.2 (Lovasz [16]) In the plane, a maximal lattice-free convex set with non-
empty interior is one of the following:

(a) A split c < ax) + bxo < c+ | where a and b are co-prime integers and c is an
integer;

(b) A triangle with an integral point in the interior of each of its edges;

(c) A quadrilateral containing exactly four integral points, with exactly one of them in
the interior of each of its edges. Moreover, these four integral points are vertices
of a parallelogram of area 1.
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22 A. Basu et al.
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Type 1 Type 2 Type 3 Quadrilateral Split

Fig. 1 Types of maximal lattice-free convex sets in R2

Following Dey and Wolsey [14], the maximal lattice-free triangles can be further
partitioned into three canonical types:

— Type 1 triangles: triangles with integral vertices and exactly one integral point in
the relative interior of each edge;

— Type 2 triangles: triangles with at least one fractional vertex v, exactly one integral
point in the relative interior of the two edges incident to v and at least two integral
points on the third edge;

— Type 3 triangles: triangles with exactly three integral points on the boundary, one
in the relative interior of each edge.

Figure 1 shows these three types of triangles as well as a maximal lattice-free
quadrilateral and a split satisfying the properties of Theorem 1.2.

For this simple case of m = 2, it was not even known whether the triangle closure
(the convex set formed by the intersection of all inequalities derived from maximal
lattice-free triangles) is a polyhedron. The results from [1] and [3] cannot be used as
they use an assumption of the so-called bounded lattice-width, which is not applicable
here. In this paper, we settle this question in the affirmative under the assumption of
rationality of all the data. The techniques used are substantially different from those
in [1] and [3].

Statement of results Given a matrix B € R3*2_if M(B) is a lattice-free set, then it
will be either a triangle or a split in R? (not necessarily maximal); the latter case occurs
when one row of B is a scaling of another row.

We define the split closure as

S={se R’i |y(B)-s > 1forall B € R3*? such that M (B) is a lattice-free split}.

Note that we are using a redundant description of convex sets that are splits, i.e., using
3 inequalities to describe it, instead of the standard 2 inequalities. It follows from the
result of Cook et al. [11] that the split closure is a polyhedron. We are interested in
the closure using all inequalities derived from lattice-free triangles.
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The triangle closure is a polyhedron 23

We define the triangle closure, first defined in [6], as

k
T:[SG]R+

y(B) -s > 1forall B € R3*?such that
M (B) is a lattice-free triangle ’

Itis proved in [6] that T C S, and therefore, T = T N S. This is because we can write
a sequence of triangles whose limit is a split, and therefore all split inequalities are
limits of triangle inequalities. Hence, using the fact that 7 = T N S, we can write the
triangle closure as

T={se Rﬁ |y(B)-s > lforall B € R3>*? such that M (B) is lattice-free}. (5)

The reason we describe split sets using 3 inequalities is to write the triangle closure
in a uniform manner using 3 x 2 matrices as in (5). We note here that in the definition
of T, we do not insist that the lattice-free set M (B) is maximal.

We will prove the following theorem.

Theorem 1.3 Let m = 2. Suppose that the data in (1) is rational, i.e., f € Q> and
ri e Q% forall j = 1,...,k. Then the triangle closure T is a polyhedron with
only a polynomial number of facets with respect to the binary encoding sizes of f,
rhrk

We will first use convex analysis in Sect. 2 to illuminate the convex geometry
of T by studying a set obtained from the defining inequalities of 7. We will then
demonstrate in Lemma 2.4 that it suffices to show that an associated convex set has
finitely many extreme points. In Sect. 3, we prove that there are indeed only finitely
many such extreme points, and in Sect. 4, we complete the proof of Theorem 1.3.

The tools developed in Sect. 3 for proving Theorem 1.3 will then be used to prove
the following result about the mixed integer hull in Sect. 5.

Theorem 1.4 For m = 2, the number of facets of the mixed integer hull conv(R r) is
1

polynomial in the binary encoding sizes of f,r', ..., rk.
We prove the following result in Sect. 5 as a direct consequence of our proof for
Theorem 1.4.

Theorem 1.5 There exists a polynomial time algorithm to enumerate all the facets
of conv(R ) when m = 2.

Apart from being the main machinery behind Theorems 1.3, 1.4 and 1.5, the results
in Sect. 3 also shed light on the classification results of Cornuéjols and Margot for
the facets of the mixed integer hull [12]. In Sect. 3, we provide a more detailed set
of necessary conditions for a maximal lattice-free convex set to give a facet-defining
inequality. This avoids the use of an algorithm for a statement of such necessary
conditions (as was done in [12] via the Reduction Algorithm) and also provides a
completely different proof technique for such classifications. This might also help
towards obtaining such results in dimensions higher than two, i.e., m > 3. On the
other hand, we do not provide sufficient conditions, as was done in [12].
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24 A. Basu et al.

We make a remark about the proof structure of Theorem 1.3 here. In this context,
the most important result from Sect. 3 is Theorem 3.2. Theorem 3.2 can be viewed as
the bridge between Sects. 2 and 4. The reader can follow the proof of Theorem 1.3 by
reading only Sects. 2 and 4, if Theorem 3.2 is assumed true. One can then return to
Sect. 3 to see the proof of Theorem 3.2, which is rather technical.

2 Preliminaries: convex analysis and the geometry of T

We will prove several preliminary convex analysis lemmas relating to the geometry of
T. We show that we can write the triangle closure T using a smaller set of inequalities.
We begin by defining the set of vectors which give the inequalities defining 7',

A={y(B)|BEe€ R3*? such that M (B) is lattice-free (not necessarily maximal)}.

Itis easily verified that for any matrix B € R3*2_if M (B) is lattice-free, then Yp(r) >
0 for all r € R? and therefore A C Rﬁ.

Let A" = cl(conv(A)) + R’jr where cl(conv(A)) denotes the closed convex hull
of A and + denotes the Minkowski sum. Then A € A’ and A’ is convex as it is the
Minkowski sum of two convex sets (see Theorem 3.1 in [18]). In general the Minkowski
sum of two closed sets is not closed (for example, X = {(x,y)|y > 1/x,x > 0},
Y={(x,y|lx=0}, X+Y ={(x,y)|x > 0}). However, in this particular case,
we show now that A’ is closed. We will use the well-known fact that the Minkowski
sum of two compact sets is indeed closed. We prove the following more general result.

Lemma 2.1 Let X, Y C Rﬁ be closed subsets of Rﬁ. Then X + Y is closed.

Proof Let Z = X + Y and let (z") € Z such that 7 — z € RF. We want to show
thatz € Z. Let A = {x € R% ||Ix]loo < llzlloo + 1}. Since [|2" — zlloc — O as
n — oo, forsome N € N, we must have that ||z" |0 < ||zllco + 1, thatis, 7" € ZN A,
foralln > N. Since X, Y C Rﬁ_, we seethat ZN A C (XN A)+ (YN A). Since
(X NA) + (Y N A) is a Minkowski sum of two closed and bounded subsets of R¥,
i.e., compact, (X N A) + (¥ N A) is closed. Therefore, the tail of (z") is contained in
a closed set, so it must converge to a point in the set, thatis, z € (X N A) 4+ (Y N A).
Since (XNA)+ (YNA) C X+7Y = Z, we have that z € Z. Therefore, Z is closed.

O

Lemma 2.2 T={seR’f~_|y~s > 1 forally € A"}

Proof Since A C A’, we have that
{seRl |y-s>1forally e A’} C{seR: |y.s>lforally e A} =T.

We now show the reverse inclusion. Consider any s € T and y € A’. We show that
y-s> 1

Since A’ = cl(conv(A)) + RX , there exists r € R’; and a € cl(conv(A)) such that
y = a + r. Moreover, there exists a sequence (a") such that (a") converges to a and
(a™) is in the convex hull of points ¢/ € A, j € J.Since g’ -s > 1forall j € J,
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The triangle closure is a polyhedron 25

we have that " - s > 1 for all n € N. Therefore a - s = lim,,_,5ca” - s > 1. Since
reRﬁ_,r-sZOandsoy~s=(a+r)~sZa-sZ1. O

We say that a € A’ is a minimal point if there does not exist x € A’ such that
a—x € Ri \ {0}. If such an x exists then we say that a is dominated by x. We introduce
some standard terminology from convex analysis. Given a convex set C € R, a
supporting hyperplane for C is a hyperplane H = {x € R¥|h - x = d} such that
h-c<dforallc e Cand HNC # (. A point x € C is called extreme if there do
not exist y! and y? in C different from x such that x = %(yl + y?). If such y!' # y?
exist, we say that x is a strict convex combination of y' and y?. A point x is called
exposed is there exists a supporting hyperplane H for C such that H N C = {x}. We
will denote the closed ball of radius r around a point y as B(y, r). We denote the
boundary of this ball by 98B (y, r).

Lemma 2.3 A’ is a closed convex set with le_ as its recession cone.

Proof Recall that A C Rﬁ. Since Rﬁ is closed and convex, cl(conv(A)) C R’i and
so A’ = cl(conv(A)) + R’i is closed by Lemma 2.1. Since the Minkowski sum of two
convex sets is convex, A’ is convex. Moreover since A’ C RI_“_, the recession cone of
AlisRE. o

Lemma 2.4 Let C be the set of extreme points of A'. Then
T={seR\|a-s>1forallacC}.

Proof Let T = {s € R'j_|a-s > lforalla € C}. Since C € A’, we have that

T C T. We show the reverse inclusion. Consider any s € T.

By Lemma 2.3, A’ is a closed convex set with ]R’_i as its the recession cone. There-
fore, A’ contains no lines. This implies that any point a € A’ can be represented as
a=z+, j Aj v/ where z is a recession direction of A’, v/’s are extreme points of

A, Aj > 0and Zj Aj =1 (see Theorem 18.5 in [18]). Moreover, since the v/’s are

extreme points, v/ € C and therefore v/ -s > 1 forall j because s € T. Since 7 € RX
s € Rﬁ,)\j > O forall j andzj ri=la-s= z-s+zj Aj(vj -s) > 1. Therefore,
foralla € A',a-s > 1.ByLemma2.2,s €T. O

Observation 2.5 Since the recession cone of A’ is R’_‘F by Lemma 2.3, every extreme
point of A’ is minimal.

We end this section with the following technical lemma.

Lemma 2.6 Let A be any subset of R¥ and let A’ = cl(conv(A)). Then for any
extreme point x of A’, there exists a sequence of points (a™) € A converging o x.

Proof We first show the following claim.

Claim o For any exposed point a of A’, there exists a sequence of points (a") € A
converging to a.
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26 A. Basu et al.

Proof Let H = {x € R¥|h - x = d} be a supporting hyperplane for A’ such that
H N A’ = {a}. Suppose to the contrary that there does not exist such a sequence in A.
This implies that there exists & > O such thatB(a, e)NA = . Let D = 9°B(a, e)NH.
Since H N A’ = {a}, for any point ¢ € D, dist(c, A”) > 0. Since D is a compact
set and the distance function is a Lipschitz continuous function, there exists § > 0
such that dist(c, A’) > § for all c € D. We choose &’ such that for any y € 9B (a, ¢)
satisfyingd > h -y > d — &', there exists ¢ € D with dist(c, y) < 8.

Sincea € cl(conv(A)), there exists a sequence of points (") € conv(A) converging
to a. This implies that (% - ") converges to h - a = d. Therefore, we can choose b
in this sequence such that & - b > d — § and b € B(a, ¢). Since b € conv(A) there
exist v/ € A,j=0,...,ksuchthat b = conv({vy, ..., vk}). Therefore, for some j,
h-vl > d — 8. Moreover, since v/ € Aand B(a,s) N A =0, v/ & B(a,e). Since
b € B(a,e) and v/ & B(a, &), there exists a point p € 3B (a, €) such that p is a
convex combination of b and v/. Since h - b > d — 8 and h - v/ > d — &', we have
that i - p > d — 8. Moreover b € conv(A) implying b € A’ and v/ € A’, so we have
p € A andsod > h - psince H is a supporting hyperplane for A’. So by the choice
of §’, we have that there exists ¢ € D with dist(c, p) < 8. However, dist(c, A") > §
for all ¢ € D which is a contradiction because p € A’. O

By Straszewicz’s theorem (see for example Theorem 18.6 in [18]), for any extreme
point x of A’, there exists a sequence of exposed points converging to x. So for any
n € N, there exists an exposed point e” such that dist(e”, x) < ﬁ and using Claim «,
there exists a” € A such that dist(e”, a") < ﬁ Now the sequence (a") converges to

x since dist(a”, x) < % O

3 Polynomially many extreme points in A’
In this section, we will introduce certain tools and use them to prove the following
proposition.

Proposition 3.1 There exists a finite set E C A, such thatif y € A\ E, then y is
dominated by some y' € A, or y is the strict convex combination of y' and y* € A.

Furthermore, the cardinality of E is bounded polynomially in the binary encoding

sizes of f, bk

This proposition will be proved by carefully counting the triangles and splits M (B)
such that y (B) is not dominated by a point in A and is not a strict convex combination
of points in A. To this end, we define the following subsets of le_:

A ={y(B)| B € R**?, M(B)isaTypei triangle} fori=1,2,3
and
T ={y(B)|B e R**?, M(B)is a maximal lattice-free split }.

Note that these sets are not disjoint, as the same vector y can be realized by maximal
lattice-free convex sets of different kinds.
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The triangle closure is a polyhedron 27

We first develop some important concepts in Sect. 3.1, followed by the main count-
ing arguments in Sect. 3.2. In Sect.3.3, we prove Proposition 3.1. It has the following
theorem as a consequence, which is the most important ingredient for the triangle
closure result.

Theorem 3.2 There exists a finite set & C A such that if y is an extreme point of
A’ theny ¢ A\ E. Furthermore, the cardinality #Z is bounded polynomially in the

binary encoding sizes of f,r', ..., rk.

—~

Proof Let £ be the set from Proposition 3.1. Since A C A’, together with
Observation 2.5 and the definition of extreme point, this implies that A \ = does

not contain any extreme points of A’. O
3.1 Tools
For fixed f, given a set of rays R C R and a matrix B = ;.. b e RV we

refer to the set of ray intersections
P(B,R)={p(B,r) e R"|r e R, ¥5(r) > 0}

where p(B,r) = f + mr is the point where r meets the boundary of the
set M (B). Therefore, P(B, R) C dM(B). Furthermore, if P(B!, {r!, ..., rk})) =
P(B%, {r',...,r*}), then y(B') = y(B?).If p(B, r) is a vertex of M(B), then we
call r a corner ray of M(B).

Whenever ¥g(r) > 0, the set Ip(r) = argmax;_; nbi - r is the index set of all
defining inequalities of the polyhedron M (B) that the ray intersection p (B, r) satisfies
with equality. In particular, for m = 2, when all the inequalities corresponding to the
rows of B are different facets of M (B), we have #1p(r) = 1 when r points to the
relative interior of a facet, and #/p(r) = 2 when r points to a vertex of M (B), where
#X denotes the cardinality of the set X.

Let F;(B) = M(B) N {x e R™|b' - (x — f) = 1} foreachi = 1, ..., n (in what
follows, F;(B) will usually be a facet of M (B)). Let Y (B) be the set of integer points
contained in M (B). Recall that if M (B) is a maximal lattice-free convex set, then each
facet F;(B) contains at least one integer point in its relative interior. In our proofs, it
is convenient to choose, for every i = 1, ..., n, a certain subset ¥; € Y(B) N F;(B)
of the integer points on F;(B).

Definition 3.3 Let % denotethetuple (Y1, Y2, ..., Y,). Thetilting space 7 (B, %, R)
C R™™ is defined as the set of matrices A = (a'; a%;...;a") € R"™™ that satisfy
the following conditions:

a-(y—f)=1 foryeY, i=1,...,n, (6a)
a-r=a .r fori,i’ € Ig(r),andallr € R (6b)
a-r>a -r forielg(r), i ¢ Ig(r),andallr € R. (6¢)
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28 A. Basu et al.

Note thatif R” 2 R,then .7 (B, %, R') C 7 (B, %, R).Thetilting space .7 (B, ¥,
R) is defined for studying perturbations of the lattice-free set M (B). This is done by
changing or tilting the facets of M (B) subject to certain constraints to construct a new
lattice-free set M (A). Constraint (6a) requires that F; (A) must contain subset Y; of
integer points. Constraints (6b) and (6¢) together imply that for any r € R, the ray
intersection p(A,r) = f + 7 1( 57 lies on F;(A) of M(A) if and only if the ray inter-
section p(B,r) = f + 1// 57 for M (B) lies on the corresponding F;(B) of M(B).
Thus we have I4(r) = Ip (r) In particular, this means that if » € R is a corner ray of
M (B), then r must also be a corner ray for M(A) if A € (B, %, R).

Note that 7 (B, %, R) is defined by linear equations and strict linear inequalities
and, since B € .7 (B, %, R), itis non-empty. Thus it is a convex set whose dimension
is the same as that of the affine space given by the Eqgs. (6a) and (6b) only. This
motivates the following definition.

Definition 3.4 .4 (B, %, R) will denote the nullspace of the Egs. (6a) and (6b), i.e.,

— = Y =
BT R = A= @y erren] O H=0VyeT izl n,
a-r=d' -r Vi,i eIB(r)andreR

If R" 2 R, then 4 (B, % ,R") C A (B, %, R). For many cases when y (B) is not
extreme, we will find a matrix A € A4 (B, %, R) such that y (B) can be expressed as
the convex combination of y (B + eA) and y(B — ¢A) and M (B + EA_), M(B — cA)
are lattice-free polytopes. If y(B) € A, then y (B + €A), y (B — ¢A) will also be in
A.

For convenience, we shorten notation in the following way: for the rest of the paper
we fix the input data f and the set of rays R = {rl, e, rk}. Furthermore, whenever
the matrix B is clear from context, we write A4 (%) = A4 (B, % ,R), (%) =
T(B,%,R),P=P(B,R), p/ =p(B,r/)forj=1,...,k and F; = F;(B).

Next we introduce a tool that helps to ensure that sets M (B £ ¢A) are lattice-free.
This will be done by utilizing now-classic results in the theory of parametric linear
programming. Specifically, consider a parametric linear program,

sup{c() -x : A(t)x <b(t)} € RU {£o00}, @)
where all coefficients depend continuously on a parameter vector ¢ within some para-
meter region #Z C R4,

Theorem 3.5 (D. H. Martin [17], Lemma 3.1) Suppose that the solution set of (7)
for t = ty is non-empty and bounded. Then, in parameter space, there is an open
neighborhood O of ty such that the union of all solution sets for t € O is bounded.

We use this theorem of parametric linear programming to prove the following
lemma.

Lemma 3.6 Let B € R™™ be such that M (B) is a bounded maximal lattice-free set.
Then for every A € R"*™, there exists § > O such that for all 0 < ¢ < §, the set
Y (B + €A) of integer points contained in M(B + €A) is a subset of Y (B).
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The triangle closure is a polyhedron 29

Proof Consider the parametric linear program
max{O|a' - (x— f)<1,i=1,...,n}

with parameters t = A = (a'; ...; @) € R"™ By the assumption of the lemma, the
solution set for f) = B = (bl; ...; ™) is bounded. Let & be the open neighborhood
of to from Theorem 3.5, and let S be the union of all solution sets for z € & , which is
by the theorem a bounded set.

For each of the finitely many lattice points y € S \ M(B),leti(y) € {1,...,n}
be an index of an inequality that cuts off y, that is, 5'®) . (y — f) > 1. Then,
given any A € R" ™ there exists § > 0 such that for all 0 < & < § such that
(B0 +6aMy. (y— f) > 1forall y € §\ M(B). Therefore, for all such &, we have

Y(B +€A) C Y(B). m]
Lemma 3.7 (General tilting lemma) Let B € R"*™ be such that M (B) is a bounded
lattice-free set. Suppose % = (Y1,...,Y,) is a covering of Y(B), i.e., Y(B) C

YiU---UY,. Forany A € N (%) \ {0}, there exists § > 0 such that forall0 < & < §
the following statements hold:

() Ip(r!) =1Ip 1)) =1p_ z(r)) forall j=1,... k.
(ii) ¥(B) = 3y (B +eA) + 1y (B — £A).
(iii) Both M(B £+ cA) are lattice-free.
(iv) Suppose m = 2 and let @', ..., a" € R?* denote the rows of A. Suppose there
exists an indexi € {1, ..., n} suchthata' # 0, #Y; = 1, and (F; N\ P)\ Z?* # 0.
Then y (B) is a strict convex combination of y (B + €A) and y (B — € A).

Proof Since A € A (%) \ {0}, B + €A satisfies the Egs. (6a) and (6b) for any ¢,
and there exists 81 > 0 such that B + ¢A satisfies the strict inequalities (6¢) for
0<e<¥8.Thus BEeA € T(#)for0 < e < 8. Let 8 > 0 be obtained by
applying Lemma 3.6. Choose § = min{d1, 2}.

Part (i). This follows from the fact that B + ¢A € .7 (%), and thus (6b) and (6¢)
hold, for all 0 < ¢ < 4.

Part (ii). This is a consequence of (i), since y(B); = (/) = b’ - r/ for
any i € Ig(r/),and y(B £ €A); = ¥p, ;(7) = (b' £ea') - r/ for any
el ;0r)).

Part (iii). This follows from Lemma 3.6 and the fact that Y (B) remains on the
boundary of M (B =+ eA), due to constraint (6a).

Part (iv). Since (F; N P) \ Z* # @, there exists a ray 7/ € R such that p/ €
(F; N P)\ Z*. We will show that @’ - 7/ # 0. Suppose for the sake of contradiction
that @’ - r/ = 0. Let y € Y;. By definition of A (%), @' - (y — f) = 0. Since
rJ/ does not point to an integer point from f, the vectors r/ and y — f are not
parallel. Therefore, the system a’ - r/ = 0, @’ - (y — f) = 0 has the unique

sqlutiqn a = 0, which is a contrqdiction since we assumed &' # 0. Hence,
a' -r’ # 0 and therefore ¥, 1(r/) # ¥p_,1(r/). Therefore, y(B) is a strict
convex combination of (B + £A) and y (B — £A). |

We will now apply this principle to obtain two lemmas for the case m = 2. The first
simple application is to tilt a single facet of a polytope to show that the corresponding
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Fig. 2 Single facet tilts: tilting one facet of a polytope to generate new inequalities. In both examples,
there is a ray pointing to a non-integer point on the interior of the facet being tilted. This ensures that the
inequalities from the tilted sets are distinct, and therefore we see that y (B) is the strict convex combination
of other points in A. This is the assertion of Lemma 3.8

inequality is a strict convex combination of other inequalities, as shown in Fig. 2. This
is summarized in the following lemma.

Lemma 3.8 (Single facet tilt lemma) Let M (B) be a lattice-free polytope for some
matrix B € R"™2. Suppose that F1(B) N Z* = {y'}, y! € relint(F{(B)), and P N
F1(B) C relint(F1(B)), i.e., there are no ray intersections on the lower-dimensional
faces of F1(B), and P N F1(B) \ 72 # (). Then there exist al # 0 and ¢ > 0 such
that A = (a@';0; ...;0) has the property that y (B) is a strict convex combination of
y(B + cA) and y(B — gA) and M(B + ¢A) and M(B — €A) are lattice-free.

Proof LetY; = {y'}andY; = Y(B)NF;,i =2,...,n,s0that & = (Yy,...,Y,)is
a covering of the set Y (B) of integer points in M (B).

Let a! # 0 such that @' - (y! — f) = 0 and observe that A = (a';0;...;0) €
N (%) because there are no constraints (6b) involving al, as there are no ray inter-
sections on the lower-dimensional faces of Fj(B). By Lemma 3.7, for some ¢ > 0,
¥ (B) is a strict convex combination of y (B + ¢A) and y (B — ¢A) and M (B + €A)
and M (B — ¢A) are lattice-free. O

We give another application of the perturbation arguments to Type 3 triangles and
quadrilaterals, before moving on to more specific counting arguments in the next
subsection.

Lemma 3.9 Let B € R"™? be such that M(B) is a Type 3 triangle (n = 3) or
a maximal lattice-free quadrilateral (n = 4). Let relint(F;) N 7% = {y'} and set
Y; = {y'}; then (Y1, ...,Y,) form a covering of Y(B). If P ¢ 7* and M(B) has
fewer than n corner rays, then y(B) is a strict convex combination of y(B') and
¥ (B?), where B', B> € R"*? are matrices such that M(B'), M (B?) are both lattice-
free.

Proof Let ¥; = {y'}fori = 1,...,n.Let " D R = {r!,..., r¥} such that R’
contains exactly n — 1 corner rays pointing to different vertices of M (B) from f. We
examine the null space A (B, %, R"). With n — 1 corner rays, A4 (B, %, R) is the

set of matrices A = (a'; ... ; a") satisfying the following system of equations, where,
for convenience, we define y*' := y' — f:
ai~)')i=0 for i=1,...,n and a -ri=d* . for i=1,....,n—1.
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We have assumed, without loss of generality, that the corner rays and facets are num-
bered such that we have corner rays ri e FiNFjypfori =1,...,n— 1. Note that
' is linearly independent from r fori = 1, ..., n — 1 and linearly independent from
ri=lfori =2,...,n, because yi lies in the relative interior of F; and the rays point
to the vertices.

There are 2n — 1 equations and 2n variables, so dim .4 (B, %', R’) > 1. Choose
A=@a';...;a" e ¥/ (B,%,R)\{0}. Notice that fori = 1,...,n—1,ifa’ =0,

then @' ! must satisfy a'*! .7/ = 0and a@’*' - y**! = 0, which implies that '+ = 0,
since )7" +1and r! are linearly independent. Similarly, fori =2, ..., n,if a' =0, then
a' ! must satisfy @’ ~' - ri=! = 0and a'~! - 3~ = 0, which implies that a'~! = 0.
By induction, this shows that if al = 0 for anyi = 1,...,n, then A = 0, which
contradicts our assumption. Hence, a' # O foralli =1,...,n.

Since R© D R, we have that 4 (B,%,R) < AN (B,%,R); thus, A €
N (B,%,R)\ {0}. Since P ¢ 72, there exists r € R that does not point to an
integer point. Let i € Ip(r). Since @; # 0, by applying Lemma 3.7 with A we obtain
& > 0 such that y (B) is a strict convex combination of y (B + eA) and y(B — cA)
and M(B + cA), M(B — ¢A) are lattice-free. ]

3.2 Counting arguments

An important ingredient in the proof of Proposition 3.1 is the following consequence
of the Cook et al. [10] theorem on the polynomial-size description of the integer hulls
of polyhedra in fixed dimension combined with an algorithm by Hartmann [15] for
enumerating all the vertices, which runs in polynomial time in fixed dimension.

Lemma 3.10 Given two rays r' and r? in R?, we define the affine cone
cu',rh) = {x e R? lx=f + 517! +s2r2fors1,s2 >0}.
The number of facets and vertices of the integer hull
(€', r?))1 = conv(C(r!, rH N Z?)

is bounded by a polynomial in the binary encoding sizes of f,r', r?. Furthermore,
the facets and vertices of the integer hull can be enumerated in polynomial time in the
binary encoding sizes of f,r', r?.

In the following, the closed line segment between two points x!' and x? will be
denoted by [x!, xz], and the open line segment will be denoted by (x L xz).

Lemma 3.11 Consider any lattice-free convex set M(B) for B € R"*2. Suppose
there exist two rays r’', rJ2 such that the corresponding ray intersections p’!, pJ? are
distinct and lie on a facet F of M (B).

Q) If [p/t, p72] N Zz' = {y}and y € (p/t, p?), then y is a vertex of the inte-
ger hull (C(r/', r’2))1. Moreover, the line aff (F) is a supporting hyperplane for
(C(r't, ri2))y, ie., (C(r'', r'2)); lies on one side of this line.
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Gi) If [pj1 s pjz] N Z2 contains at leqst two points, then the line aff (F) contains a
Jacet of the integer hull (C (r’!, r/2))1.

Proof Suppose H is the halfspace corresponding to F' that contains f. Then H N
C(r/', r72) ¢ M(B) and since M (B) does not contain any integer points in its interior,
neither does H N C(r/1, ri2). Since we assume [p/!, p/2] N Z? is non-empty and
p/t, p72 lie on the line defining H (and also F), this line is a supporting hyperplane
for (C(r/t, r?2))1.

If [p/', p/21 N Z? contains the single point y and y € (p/1, p/2), then clearly y is
an extreme point of (C(r/1, r/2));.

If [p/!, p/2]1N Z?* contains two (or more) points, then the line defining H (and also
F) defines a facet of (C(r/1, ri2));. ]

Observation 3.12 (Integral ray intersections) Let R = {rl, ..., k). Then there is a
unique y € R¥ such thaty = y (B), M(B) is a lattice-free convex set and P(B, R) C
72. (Note that there may be multiple matrices B € R"*? yielding y.)

Proof Let 2 be the family of matrices B € R”*? such that P(B, R) C Z? and M (B)
is a lattice-free set. Then P (B, R) = P (B3, R) for all By, B, € 9 because M (B))
and M (B,) are lattice-free. Hence, y (B) is the same vector for all B € Z. O

Proposition 3.13 (Counting Type 3 triangles) There exists a finite subset E3 C Aj
such that for any y € Az \ &s, there exist y', y* € A such that y is a strict convex
combination of y' and y?*. Moreover, the cardinality of E3 is bounded polynomially
in the binary encoding sizes of f,r', ..., r*. Specifically, &3 can be chosen as the set
of all y (B) such that M (B) is a Type 3 triangle and one of the following holds, where
R={" ... rk:

Casea. P(B, R) C 72
Case b. M (B) has three corner rays, that is, vert(B) C P(B, R).

Proof Step 1. Let y = y(B) for some fixed B € R3*2 such that M(B) is a Type 3
triangle. By Lemma 3.9, if y € A3 \ &3, then there exist y', y> € A such that y
is a strict convex combination of y! and y2. Therefore, we are left to determine the
cardinality of =73.

Step 2. We now bound the cardinality of &3 by considering each case.

Case a. Observation 3.12 shows that there is a unique y € E3 corresponding to
this case.

Case b. M (B) has three corner rays. First we pick any triplet of pairwise distinct
rays, say /!, r/2, r/3 € R, as the corner rays; there are O (k>) such triplets. Because we
are constructing a Type 3 triangle, there needs to be an integer point y3 € (p/1, p/2).
By Lemma 3.11 (i), y3 is a vertex of (C(rir, ri2))y. By the same argument, there exist
integer points y; € (p/!, p/3) and y; € (p/2, p/3) that are vertices of (C(r/', r/3));
and (C(r”2, r73));, respectively. By Proposition 7.1 in “Appendix 77, a triangle is
uniquely determined by three corner rays and and one point on the relative interior of
each facet. Thus, we can use a triplet of rays and a vertex from each integer hull of
the three cones spanned by consecutive rays to uniquely define the triangle. These are
polynomially bounded in number by Lemma 3.10.
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Fig.3 Geometry of necessary conditions for splits in proof of Proposition 3.14. a Lattice-free quadrilateral
M (B ) that is created such that y (B) = y(B ). b Lattice-free quadrilateral M (B + aA) and the lattice-free
triangle M (A). We see that P(A, R) = P(B +¢eA, R) and hence y(A) = y(B +¢A)

Thus the number of elements of =3 corresponding to each case has a polynomial
bound, and the result is proved. O

Proposition 3.14 (Counting splits) There exists a finite subset Zo < II such that for
any y € IT\ Ey, there exist y', y> € A such that y is a strict convex combination
of y! and y*. Moreover, the cardinality of ¢ is bounded polynomially in the binary
encoding sizes of f,r', ..., rk. Specifically, Eq can be chosen as the set of all y (B)
such that M (B) is a maximal lattice-free split and one of the following holds, where
R = {rl, . ..,rk}:

Casea. P(B, R) C 72

Case b. There exists j € {1, ..., k} such that r/ lies in the recession cone of the
split.

Case c. #(conv(P(B, R) N F)) N Z?%) > 2.

Proof Step 1. Consider y(B) € IT \ Ey, and so M(B) is a maximal lattice-free
split such that none of Case a, Case b, or Case ¢ hold. So we suppose that, possibly
by exchanging the rows of B, no ray in R lies in the recession cone of the split,
P(B,R)N F; \Z2 # (0, and #(conv(P(B, R) N F) N Zz) <1.

We will first construct a lattice-free quadrilateral M (B) such that y(B) = y(B)
We will consider the sub-lattice of Z? contained in the linear space parallel to Fj.
We use the notation v(F7) to denote a primitive lattice vector which generates this
one-dimensional lattice. Choose y1 € 7% suchthat P(B, R)NF, C (y1 —v(Fy), y1 +
v(F1)). Pick any x!, x2 € Fy such that

(P(B,R)NFH U C (x',x%) € O = v(F), v + v(Fy)).

We can assume that F; corresponds to the facet opposite F, with another exchange
of the rows of B if necessary. Next, choose distinct integer points Boxte RLN7Z?
such that P(B, R)NF; C (x*, x*) and f € int(conv({x x x , x*1)). Now, letB =
(bl b?; b3; b4) e R¥*2 such that M(B) = conv({x x2, x3 x4}) and let Fi(B) =
[x!, x?], F2(B) = [x3, x ] F3(B) = [x!, x3] and F4(B) = [x2, x4] (see Fig. 3a).
The set M (B ) is a lattice-free quadrilateral with no corner rays. By construction, the
ray 1ntersect10ns are the same for M(B) and M(B), i.e., P(B R) = P(B, R), and
therefore y(B) = y(B). Furthermore Fl(B) N P(B, R) C rel 1nt(F1(B)) that is,
all ray intersections on F (B) are contained in its relative interior. Since P(B, R) N
Fy (B) s Z? and is non- empty, by Lemma 3.8, )/(B) y(B) is a strict convex
combination of y(B +¢A) and y(B —¢A), where A = (a'; 0; 0; 0) and a! # 0.
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Fig. 4 Step 3 of the proof of
Proposition 3.14: uniquely
determining the split M (B) for
Cases (b) and (c). Case (b)
requires only the ray r/ which is
in the recession cone of the split,
whereas Case (c) is determined
by a facet of (C(rJ1, r/2))

Lastly, we need to show that there exist A, A’ € R3*2 such that y (A) = y (é +eA)
and y(A') = y(é —¢A), and M(A), M(A’) are lattice-free triangles. Since the cases
are similar, we will just show that such a matrix A exists. More concretely, we want to
exhibit a matrix A such that P(A, R) = P(é +¢eA, R) and that M (A) is lattice-free.
As A comes from Lemma 3.8, a' v(F 1) ;é 0. Suppose without loss of generahty,
thata! - v(F)) > 0. Leta! = = bl +eal, a? —b anda® = b3 and A = (a'; a? a%)
(see Fig. 3b). Let @ > 0. Then

b'+a'y ' +avF) - ) =G +a) ' = ) +ab - u(F) +aa' - u(F)
=140+aa'-v(F)>1,

and therefore, y + av(Fy) ¢ M(A) forall « > 0. Recalhng that M (B) is a split, it
follows thatint(M (A))\int(M (B)) C 1nt(M(B —|—£A)) andint(M (A))Nint(M(B)) €
int(M(B)). Therefore, int(M (A)) C 1nt(M(B + £A)) Uint(M (B)). Because of this
inclusion, M (A) is lattice-free.

Step 2. We now bound the cardinality of = by considering each case.

Case a. P(B, R) C Z*. Observation 3.12 shows that there is a unique y € &
corresponding to this case.

The two remaining cases are illustrated in Fig. 4.

Case b. A ray direction r/ is parallel to the split. There are at most k such ray
directions, and thus at most k splits in this case.

Case c. There exist p/!, p2 € P(B, R) such that #([p/!, p/2] N Z*) > 2, and
therefore, the split must run parallel to a facet of (C(r/!, /2)); by Lemma 3.11 (ii), of
which there are only polynomially many. There are only (g) ways to choose two rays
for this possibility.

Since each case has a polynomial bound, we conclude that #Z¢ is polynomially
bounded as well. O

Proposition 3.15 (Counting Type 1 triangles) There exists a finite subset 51 C Ay,
such that foranyy € A1\ (E1UITUA,), there exist y', y* € A suchthaty is a strict
convex combination of y' and y? or there exists y' € A such that y is dominated by
y'. Moreover, the cardinality of E} is bounded polynomially in the binary encoding
sizes of f,rh, ..., rk. Specifically, &y is chosen as the set of all y (B) such that M (B)
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Fig. 5 Proposition 3.15, Step 2:
Uniquely determining Type 1
triangles that are in Cases a and
b. In both cases, the triangle is
uniquely determined by yl s y2
and the ray intersections

pit, pl2 e vert(B) N F3

Fig. 6 In the proof of
Proposition 3.15, Step 1, a Type
1 triangle can be replaced by a
Type 2 triangle (dotted) that
gives the same inequality

is a Type 1 triangle, there exist distinct points pJ', p”2 € vert(B) N F3 N P(B, R),
i.e., F3 has two corner rays, and one of the following holds:

Casea. f ¢ M(S3).

Caseb. f € M(S3), and P(B, R) & M(S3).

Here R = {rl, e, rk} and Sz € R3*2 is a matrix such that M(S3) is a maximal
lattice-free split with the property that one facet of M (S3) contains F3z and M(S3) N
int(M(B)) # 0.

Figure 5 illustrates these two cases.

Proof Considerany y € A\ (81 UITU Ay) and let y = y(B) for some B € R3*?
such that M (B) is a Type 1 triangle. For the sake of brevity, we use P to denote
P (B, R) in the remainder of this proof.

Step 1. Suppose #(vert(B) N P) < 1. This implies that some facet has no corner
rays; without loss of generality, let this be F. Thus F; Nvert(B) N P = @. Let y' be
the integer point in rel int(Fy). If P N Fy \ Z? = @, then we can tilt F; slightly in either
direction without making new ray intersections on Fj. This creates a Type 2 triangle
that realizes y (see Fig. 6), which contradicts the hypothesis that y ¢ A,. Therefore,
we can assume P Nrelint(Fy) \ Z* # @. Under this assumption, Lemma 3.8 shows
that there exist y!, y2 € A such that y is a strict convex combination of y! and y2.

Step 2. Suppose #(vert(B) N P) > 2. Thus there exist p/!, p/2 € vert(B) N P, and
we assume, by possibly exchanging rows of B, that Fj is a facet containing p/!, p/2.
Since y ¢ &1, neither Case a nor Case b holds. Thus P U {f} C M (S3). But then y
is dominated by or equal to y (S3). Since y & I1, y must be dominated by y (S3).
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Thus we have shown that either y is a strict convex combination of y ' and y? with
y!,¥? € A or there exists y' € A such that y is dominated by y’.

Step 3. We next bound the cardinality of =3, i.e., the number of Type 1 triangles
with two corner rays /!, /2 on F3 such that Case a or Case b holds. There are O (k%)
ways to choose the two corner rays on F3, which uniquely determine F3.

Case a. Since f does not lie in the split S3, the integer points y', y* are uniquely
determined.

Case b. In this case f lies in the split S3 and there exists a ray intersection p/3
outside the split. After choosing the ray 73 € R, the integer points y', y? are uniquely
determined; there are at most k choices for /3.

Since the triangle is uniquely determined from the points y', y? and the two corner
rays 7/, r/2 on F3, there are only polynomially many Type 1 triangles which give
vectors in Z7. O

We next consider Type 2 triangles, which are the most complicated to handle. For
this, we first establish some notation and an intermediate lemma.

Consider a matrix B = (b'; b%; b3) € R¥*? such that M(B) is a Type 2 triangle.
Fori = 1,2, 3, we denote F; = F; (B). Without loss of generality, we assume that the
facet containing multiple integer points is 3. We label the unique integer points in the
relative interiors of F and F» as y! and y?, respectively. Within the case analysis of
some of the proofs, we will refer to certain points lying within splits. For convenience,
fori =1, 2, 3, we define S; € R3*2 guch that M (S;) is the maximal lattice-free split
with the properties that one facet of M (S;) contains F; and M (S;) Nint(M (B)) # @.

Lemma 3.16 (Type 3 dominating Type 2 lemma) Let R = {r!, ..., r*}. Consider any
B € R3*? such that M(B) is a Type 2 triangle. Denote the vertex F\ N F3 by v and
let y3 € F3 be the integer point in rel int(F3) closest to v. Suppose P(B, R) N F3 is a
subset of the line segment connecting v and y>. Then there exists a matrix B € R3*?
such that M(B') is a Type 3 triangle and either y(B) is dominated by y(B’), or
y(B) = y(B).
Proof Choose @ suchthata?-(y3— f) = 0anda’- (y> —v) > 0. Consider tilting F3
by adding A = £(0; 0; @*) to B for some small enough & > 0 so that the following
two conditions are met. First, ¢ is chosen small enough such that the set of integer
points contained in M (B + eA) is a subset of Y (B); this can be done by Lemma 3.6.
Second, since P(B, R) N\ F3 C [y3, v], we know that there is no corner ray pointing
to F» N F3, and therefore we can choose & small enough such that for all rays 7/ such
that 2 € Ig(r/), IB+8A(r') = Ig(r/). This means that p/ = p(B,r/) € F, if and
only if p(B + eA,rl) € F2(B + €A).

Now suppose rJ is a ray pointing from f to F3. Since P(B, R) N F3 c [y3, v], we
can describe r/ as the linear combination r/ = «; (y - f) - ozz(y — v) for some
a1, az > 0. Observe that g, 1 (r/)y = max{b' - r/, (b> + ea’) - r/} and

B +ea) - r!=b 1 ted - (ar1(y’ — flmea(y’—v)) b/ =yp@). (8

By definition of ¥5(r/), we also have b' - r/ < y5(r/). Therefore, ¥, 7(r/) <

V().
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Fig. 7 We depict the geometry
of Lemma 3.16 and show how
we can change a facet of M (B)
to find a new matrix B’ € R3%2
such that M (B’) is a Type 3
triangle and y (B’) either
dominates y (B), or

y(B) = y(B)

Finally suppose r/ is such that p/ € P(B, R)N(F,UF;)\ F3). Then VpicA ) =
Y (r/) since by construction Ig(r/) = I, z(r/) for all such rays. Also, note that
forany y € F3NZ2, y = y3 + B(y3 — v) for some B > 0. Therefore,

B +ea® - y—fH=b-(y—f)=1,

meaning that none of these integer points are contained in the interior of M (B + £A).
Since the set of integer points contained in M (B + ¢A) is a subset of Y (B) and facets
Fy and F, were not tilted, M (B + {;‘A) is lattice-free; in fact, it is a Type 3 triangle
(see Fig. 7).

Thus, we can choose B’ = B + ¢A. The vector y (B) is dominated by y (B’) when
the inequality (8) is strict for some r/; otherwise, y(B) = y(B). O

Proposition 3.17 (Counting Type 2 triangles) There exists a finite subset E» C Aj
suchthatify € A\ (82U A3UIT), then there existy', y? € A such that y is a strict
convex combination of y' and y? or there exists y' € A such that y is dominated by
y'. Moreover, the cardinality of £, is bounded polynomially in the binary encoding
sizes of f,r', ..., rk. Specifically, By can be chosen as the set of all y(B) such that
M (B) is a Type 2 triangle satisfying one of the following, where P = P(B, R) and
F; = F;(B) such that Fz is the facet of M (B) containing multiple integer points:

Casea. P C 7°.

Case b. P ¢ 77 and there exist p/' € P N Fy N F; (i.e., there is a corner ray
pointing from f to F{ N\ F3) and p”> € P N F3 with#([p/', p”21NZ?) > 2. Moreover,
if P Nrelint(Fy) \ Z* # W, then there is a corner ray of M (B) pointing to a vertex
different from F1 N F3. Also, one of the following holds:

Case by. f ¢ M(S3).

Case by. f € M(S3) and P ¢ M(S3).

Case c. P ¢ 77 and there exist p/' € P N F; N F3NZ? (i.e., there is a corner ray
pointing from f to Fi N F3 C Z?) and p”2 € P N Fy with #([p’', p21 N Z?) > 2.
Moreover, if P Nrelint(Fy) \ Z* # ¥, then p72 can be chosen such that p”2 € F| N F,
(i.e., there is a corner ray pointing from f to F1 N F»). Also, one of the following
holds:

Casecy. f ¢ M(Sy).

Casecy. f € M(S1) and P & M(Sy).

Cased P ¢ 72, for all i € {1,2,3} and all pj1 , pj2 € P N F; we have
#([p', p72] N 7Z?) < 1, there exists a corner ray pointing from f to Fy N F3, and
FINF3 ¢ 72 Let y3, y* € F3 such that y> is the closest integer point in rel int(F3)
to F1 N F3, and y* is the next closest integer point. Let Ha 4 be the half-space adjacent
to [y%, y*1 and containing y".
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Then, we further have P N (y*, y*) # @. Moreover, one of the following holds:

Case dy. f ¢ Ha 4, there exists a corner ray pointing from f to F1 N F.

Case d,. [ ¢ Hja, there exists a ray pointing from f through (', y?) to Fy and
there are no rays pointing from f to relint(F>) \ Z>.

Caseds. f € Hya, P ¢ H 4, and there exists a corner ray pointing from f to
FiNF,.

Proof Consider any y € A,. By definition of Ay, there exists a matrix B € R3*?
such that ¥ (B) = y and M (B) is a Type 2 triangle. Recall the labeling of the facets
of M(B) as F1, F», F3 with corresponding labels for the rows of B. For the sake of
brevity, let P denote the set P(B, R) of the ray intersections in M (B) for the rest of
this proof. If P C 72, we are in Case a. Therefore, in the remainder of the proof, we
always assume P ¢ 72 O

Proof steps 1 and 2: dominated, convex combination, or Case d Suppose P ¢ 7?
and for all i € {1, 2, 3} and all p’!, p/2 € P N F;, we have #([p/!, p/2]1N 73 < 1.
We will show that at least one of the following occurs:

(i) y(B) is dominated by some y’ € A, or is a strict convex combination of some
y!, y? € A, or there exists a maximal lattice-free split or Type 3 triangle M (B’)
such that y (B") = y(B).

(i1) Either Case d;, Case d,, or Case d3 occurs.

First note that if there exist distinct p/!, p/2 € PNvert(B)NF3,then[p/!, p2] = F3
and#([p/t, p/2]NZ?) > 2 since F3 contains multiple integer points, and thus violating
the assumptions. Therefore #(P N vert(B) N F3) < 1.

Recall that F3 is the facet of M (B) that contains at least 2 integer points and
consider the sub-lattice of Z? contained in the linear space parallel to F3. We use
the notation v(F3) to denote the primitive lattice vector which generates this one-
dimensional lattice and lies in the same direction as the vector pointing from F; N F3
to F> N F3. Since #([pjl, p-/Z] NZ?% < 1 for all pjl, p-/2 € P N F3, there exists
y3 e F3NZ2%suchthat PN F3 C (y° — v(F3), y° + v(F3)). Let y* = y3 + v(F3)
and let y° = y3 — v(F3) and so P N Fj is a subset of the open segment (y°, y*). Note
that y*, y° are not necessarily contained in F3. In Step 1 we will analyze the case with
no corner rays on F3 and see that we always arrive in conclusion (i), whereas in Step
1 we will analyze the case with a corner ray on F3 and see that we will also arrive in
conclusion (i), except for the last step, Step 2d, where we arrive in conclusion (ii).

Step 1. Suppose that F3 has no corner rays, i.e., vert(B) N P N F3 = (.

Step la. Suppose P N (F) U F>) \ Z?* # @, i.e., there exists an index j € {1, ..., k}
such that pf e (FTUR)\(F3 UZ?). We will use the tilting space to show that y (B) is
a strict convex combination of points in A. Let Y] = {yl}, Y, = {y2}, Yz = F3N7Z2,
% = {Y1, Y2, Y3}. Let r’ be a corner ray that points from f to the vertex F; N F> and
let R ={r',...,r% r'}. Since R’ O R, we have A (B, % ,R') C N (B, %, R).

We first count the equations that define .4 (B, %, R’). The equation a® = b3 is
implicit in .7 (B, %, R’) since there are multiple integer points on F3. There are two
other equations for integer points on F; and F,. The null space A4 (B, %, R’) is given
by the equations
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Fig. 8 Steps la and 1by. The left figure depicts Step la where P N (F1 U F,) # ¥ and there are no
corner rays on F3, and shows that y (B) is a strict convex combination of other points in A by finding two
lattice-free triangles through tilting the facets F; and F>. The right figure depicts Step 1by, where we find
the split M (S3) such that y (S3) dominates y (B)

s 3 4 .
Sy Yy By Sy

s

Fig. 9 Step 1by. In this step we consider f ¢ M(S3). On the left we see that P N F3 C [yS, y3] and
both y5, y3 € F3, which allows y (B) to be dominated by y (S). This split satisfies y(§) € A because
f ¢ M(S3), meaning that f is located somewhere on the top of the triangle, which is completely contained
by M(S). On the right, y5 ¢ F3, which means that the split S cuts off the top corner of the triangle,
potentially leaving f outside the split. This is problematic, so instead, we use Lemma 3.16 to create a new
Type 3 triangle M (B’) such that y (B’) dominates y (B)

al-(yl—f)=0, az-(y2—f)=0, a' v =a*-r, a3 =0.

Since A (B, %, R') C R3>*? and there are 5 equations (note that a3 = 0 is actually
two equations), we see dim(.4# (B, %, R)) > dim(# (B, %, R')) > 1. Let A =
(@';a%; a’) e /' (B, %, R)\{0}. Since Z is a covering of the lattice points in M (B),
by Lemma 3.7, there exists ¢ > 0 such that y(B) = %y(B +eA)+ %V(B —¢A)and
M (B + ¢ A) are both lattice-free. See Fig. 8 for these possible triangles.

We next show that y (B — cA) # y(B + ¢A). Observe that a> = 0 since we
are restricted by the equation a® = b>. If a! = 0, then @ must satisfy a> - v’ = 0
and @2 - (y2 — f) = 0, which implies that a? = 0 since ' and y? — f are linearly
independent (since y? € relint(F>) and r’ points to a corner of F3). Similarly, if
a’> = 0, then a! = 0. Since A # 0, we must have both al,a? # 0. Then, since
#Y) =#Y>» = land 1,2 € Ig(+') and p/ € (F{ U F>) \ (F3 UZ?), by Lemma 3.7
¥ (B) is a strict convex combination of y (B + ¢A) and y (B — ¢A) and M (B + £A)
are lattice-free triangles.

Step 1b. Suppose P N (F1 U Fy) \ Z? = @, i.e., there only exist rays pointing from
f to F3, yl, y2. Therefore, P C M (S3). We now analyze further subcases.

Step 1b1. Suppose f € M(S3). Then y (B) is either dominated by or equal to y (S3).
If PNF; =@, then P C {y!, y?} C Z?, which s a contradiction with the assumption
of Step 1 that P ¢ Z? (see Fig. 8).
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Fig. 10 Step 1b3. This figure
demonstrates a new triangle
M (B’) that yields the same
inequality as M (B)

Step 1b;. Suppose that f ¢ M(S3) and P N F3 # #. Suppose further that either
PNF;C [y3, y4] orPNF3 C [y5, y3]. These two cases are very similar, so we will
just show the case with P C [y®, y], which is illustrated in Fig. 9.

Ifboth y°, y3 € F3, then y (B) is dominated by y (S) where S is the maximal lattice-
free split with its two facets along [y3, y?] and [y°, y']. This is because P ¢ Z? and
so there exists a ray intersection lying in the open segment (y°, y3).

Otherwise, suppose y> ¢ F3. Note that y> ¢ vert(B), because otherwise since
PN F3 # @, we find that P N F3 C [y, y’] N F3 = {y?}, and therefore, y* € P,
contradicting the fact that there are no corner rays on F3. Thus y3 is the integer point
in rel int(F3) closest to F; N F3. This implies that M (B) satisfies the hypotheses of
Lemma 3.16. Hence there exists B’ such that M (B’) is a Type 3 triangle and either
y (B) is dominated by y (B’) or y (B) = y(B’).

Step 1bs. Suppose that f ¢ M(S3), PN F3 # @, and P ¢ [y>, y*], P ¢ [y°, y°],
i.e., conv(P N F3) contains the integer point y3 in its relative interior.

We define a new triangle M (B’) by choosing its facets F/ = F;(B'), and thus,
uniquely defining the matrix B’ € R3*2. Let F; = F3 N [y°, y*]. Next, let F| and F
be given by lines from the endpoints of F3 through y! and y?, respectively (see Fig. 10).
We will show y(B’) = y(B) and then that y (B’) is a strict convex combination of
other points in A.

Claim B The set M (B’) is lattice-free.

Proof Firstnote that #(F3N[y>, y*]NZ?) > 2 since y? is in the relative interior of F3
and F3 contains multiple integer points. Without loss of generality, suppose y* € Fj.
Let S € R3*2 such that M(S) is the maximal lattice-free split with facets on [yl, y3]
and [y?, y*]. Then M (B’) is lattice-free since M(B’) C M(S) U M(B), which are
both lattice-free sets. O

Claim y We have f € M(B’) and y (B’) = y(B).

Proof Since f € M(B) N M(S) and M(B) N M(S) C M(B") N M(S), it follows
that f € M(B’). Recall that we are under the assumption that all rays point to y!, y?
or F3. Moreover, all ray intersections on F3 are contained in ( y5, y4) and hence the
ray intersections are contained in Fj. Therefore, the set P(B’, R) of ray intersections
with respect to M (B’) is the same as P, and therefore ¥ (B) = y (B’). O
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Fig. 11 Step 2a. Depending on
where f is located in the
triangle, at least one of y(S3) or
y (S1) either dominates or
realizes y (B). In this picture,

y (S3) realizes y (B), while
y(S81) ¢ A since

f ¢ int(M(S1)) )

Since conv(P N F3) contains y> in its relative interior and P N F3 is contained in
the open segment (y>, y*), we must have P Nrelint(F3) \ Z> # @. Furthermore, let
P’ = P(B', R) be the set of ray intersections for M(B’), then P’ N F; = P N F3 by
definition of F3. Therefore, P’ N relint(F3) \ 7% + . Furthermore, P’ N vert(B’) N
F; = ) since M (B) has no corner rays pointing to F3 and there cannot exist rays
pointing to y* or y3 since P N F3 is contained in the open segment (y°, y*). Moreover,
rel int(F3) NZ? = {y3}. Therefore, Lemma 3.8 can be applied to M (B’) with F = Fj,
which shows that y (B’) = y(B) is a strict convex combination of other points in A.

Step 2. Suppose there is a corner ray on F3 and, if necessary, relabel the facets of
M (B) (and the rows of B) such that this corner ray points from f to the intersection
F1 N F3. Recall that we label the integer points y1 € Fi, y2 € F,.Since F{NF3 C P,
observe that y> € F3 (as defined in the paragraph before Step 1) is the closest integer
point in F3 to F; N F3, and since M (B) is a Type 2 triangle, we have y* € F3. Let
Hj 4 be the half-space with boundary containing the segment [ y2, y*] and with interior
containing y' (see Fig. 12).

Step 2a. Suppose y> € F|N F; and recall that there is a corner ray pointing from f to
F1NF3. Note that this implies that PN F>Nvert(B) = @, because #([p/!, p21NZ?*) < 1
for all p/t, p/2 € PN F; for any i € {1,2, 3} and including any corner ray pointing
from f to F| N F, or F, N F3 would contradict this. Therefore, P N F, C relint(F>).

If PN Fy\ Z> = P Nrelint(F>) \ Z? # @, then M (B) satisfies the hypotheses of
Lemma 3.8 with F = F; and y(B) is a strict convex combination of points in A.

If instead P N F> \Z2 =@, then PNF, C {yz}, and since F1 N F3 C P and no two
ray intersections within a facet can contain two integer points between them, we must
have PNF; C [y3, y'1and PNF3 C [y, y*]. Therefore, P C conv({y', y2, y3, y*}).
Since M (S1) U M(S3) D M(B), we must have P U {f} C M(S;) fori =1 or 3, and
hence y (B) is either dominated by or equal to ¥ (S;) (see Fig. 11).

Step 2b. Suppose y* ¢ Fy N F3 and P U {f} C Hy4. Let B’ € R3*? such that
M (B') is the lattice-free Type 2 triangle with base F along [y2, y*], the facet F | given
by the line defining F for M (B) and the facet F,, given by the line defining F3 for
M (B). Let P’ be the set of ray intersections for M (B’) (see Fig. 12).

If P Nrelint(F>) \ {y?} # @, then y (B") dominates y (B) because P U{f} C Hj 4.

Otherwise, y (B) = y(B’) and P Nrelint(F>) \ {y*} = @. This implies that no ray
points from f to the corner F| N F; of M(B’). Recall that P N F3 is a subset of the
open segment (ys, y4), therefore, y* & P. Hence, M(B’) has no corner rays on F;.
Also, since there exists a corner ray pointing from f to Fi N\ F3 = F|{ N F}, we see that
P'N(F{UF;)\Z* # . Hence, M(B') is a Type 2 triangle satisfying the conditions
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Fig. 12 Step 2b. We show that
if PU{f} C H 4, then we can
create a different Type 2
triangle M (B’) such that y (B’)
dominates y (B). If

y(B) = y(B), i.e., the ray
pointing from f to the facet F
does not exist in the above
picture, then the new triangle is
a Type 2 triangle that was
considered in Step la

Fig. 13 Steps 2d; and 2d;. These steps arrive at Cases d1, dp, and d3, which are depicted here. Other rays
may also exist. Cases d; and dp, because of their commonalities, are represented in one picture on the left,
and Case d3 is on the right

considered in Step la, and using the same reasoning from that step, y (B’) = y(B)
can be shown to be a strict convex combination of points in A.

Step 2c. Suppose P N F3 C [F1 N F3, y3], y3 ¢ F) N F3. Recall that y3 is the
closest integer point in F3 to the corner F; N F3. Then M (B) satisfies the hypotheses
of Lemma 3.16 and we can find a Type 3 triangle M (B’) such that y (B) is dominated
by y(B') or y(B) = y(B).

Step 2d. We can now assume that P ¢ 7 (the assumption for Steps 1 and 2),
there is a corner ray pointing from f to F| N F3 (assumption in beginning of Step 2),
V¢ FiNF (negation of the assumption in Step 2a), P U {f} ¢ H» 4 (negation of
the second assumption in Step 2b), and (y3, y*) N P # @ (negation of the assumption
in Step 2¢), which implies y3 € int(conv(P N F3)). Furthermore, we may be in one
of the following subcases.

Step 2dy. f ¢ H» 4. This implies f € M(S3) since M(B) \ H24 C M(S3).If P is
also contained in M (S3), then either y (B) is dominated by y (S3), or y (B) = y(53).
Therefore, we assume P ¢ M(S3), and so there must exist a ray r pointing from f
through (y!, y?).

Suppose there is a ray that points from f to relint(F3). If there is no corner ray
pointing from f to F| N F>, then M (B) would satisfy the hypotheses of Lemma 3.8
with F' = F, since no ray points to F, N F3. Therefore, y (B) can be expressed as the
strict convex combination of points from A. On the other hand, if there is a corner ray
pointing to F1 N F>, then we satisfy the statement of Case d; (see Fig. 13).

Suppose now that no ray points from f to relint(F>). This implies that the ray r
points from f to Fj through (y', y?) and P Nrelint(F>) \ Z? = @. This is Case d».
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Step 2dy. f € Hy 4 and P ¢ Hj 4. Because also P N F3 C H» 4, this implies that
P Nrelint(F>) \ Z* # 9.

If there is no corner ray pointing from f to Fy N F,, then M(B) satisfies the
hypotheses of Lemma 3.8 with F' = F because there is no ray intersection in F> N F3.
Then y (B) can be expressed as the strict convex combination of points from A.

On the other hand, if there is a corner ray pointing from f to F; N F>, then we
satisfy the statement of Case d3.

From the analysis of Steps 1 and 2, we conclude that if P ¢ 72, y is not dominated
by any y’ € A, is not a strict convex combination of any y 1 )/2 € A, and there does
not exist a maximal lattice-free split or Type 3 triangle M (B’) such that y(B’) = y,
then one of the following holds:

(i) There exist ray intersections p/!, p/2 € P N F; with #([p/!, p/2]1 N Z?*) > 2 for
somei € {1,2,3}.
(i1) We are in Case d.

Proof steps 3 and 4: remaining cases We now assume that y = y (B) is not dominated
by any y’ € A, is not a strict convex combination of any y 1 y2 € A, and there does
not exist a maximal lattice-free split or Type 3 triangle M (B’) such that y(B’) =
y (B), and we are not in Case d, and we are not in Case a (so P ¢ 72). Therefore,
from our previous analysis, there exist ray intersections p/!, p”2 € P N F; with
#([p/1, p21N7Z%) > 2 for some i € {1,2,3}. We will show that either Case by, by,
¢y, or ¢ occurs. In Step 3 below, we analyze the case when i = 3, and in Step 4, we
analyze the case wheni = 1l ori = 2.

Step 3. Suppose P ¢ Z? amdthereexist.pj','pj2 e PNF3ywith#([p/', pi21nZ?) >
2. Let pJt, p/2 be such that P N F3 C [p/!, p/2].

Step 3a. We first show that there exists a matrix B such that M (B’) is a lattice-free
Type 2 triangle that has a corner ray on F3, and y (B) = y(B').

If either p/! or p/2 is a vertex of M (B), then we let B’ = B and move to Step 3b.

We now deal with the case that p/!, p/2 ¢ vert(B), i.e., there are no corner rays
pointing from f to F3.

Claim 8 If there exists a ray r/ € R such that p/ € F| U F, \ (F3 U Z?), then y(B)
is a strict convex combination of other points in A.

Proof Wedefine” = (Y, Y2, Y3)asY| = {yl}, Y, = {yz} and Y3 = F3NZ2. Hence,
% is a covering of Y (B). Define a new ray r’ to be a corner ray pointing from f to the
intersection F; N Fy and let R' = {r', ..., r* r'}. Then A (B, %, R') C N (¥).

Since there are no corner rays pointing to F3, there is only one independent equa-
tion coming from a corner ray condition in the system defining .4 (B, %, R"). The
integer point sets Y and Y> each contribute one equation. Since Y3 contains two inte-
ger points, it contributes a system of equalities involving a> with rank 2. Therefore,
dim A4 (B,%,R)=6—-5=1.

Note that the equations from Y3 impose that @> = 0. Therefore, either @' # 0 or
a’> # 0. Since p’/ € relint(F;) \ Z? for either i = 1,2, we have that i € Iz(r/) for
either i = 1, 2. Then, since #Y| = #Y> = 1, by Lemma 3.7, there exists ¢ > 0 such
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(a) (b)

F{NF,

pjl y3 F3’ y4 p/‘z

M(S)

Fig. 14 Step 3a. Either F} or F; is tilted to give a new triangle M (B’) (dotted). a Here F, cannot be used
because tilting would remove f from the interior. b Instead, F| needs to be used

that y (B) is a strict convex combination of y (B + eA)andy (B—eA)and M(B+¢eA)
and M (B — ¢A) are lattice-free. m]

We now show that either F; or F, can be tilted to create a new Type 2 triangle
M (B’) that has a corner ray pointing to the facet that contains multiple integer points,
F3(B’),and y(B’) = y(B). Let y!, y? be the integer points in rel int(Fy), rel int(F>),
respectively. Since, by Claim 8, there are no rays pointing to Fy U F» \ Z?, tilting F;
with fulcrum y’ does not change y (B) unless f is no longer on the interior of the
perturbed set. For i = 1,2, consider changing F; to now lie on the line through p/i
and y’. At most one of these facet tilts puts f outside the perturbed set, and therefore,
at least one of these changes is possible. This is illustrated in Fig. 14. We can assume
that the tilt of facet F| is possible (by exchanging the rows of B, if necessary). Let
B’ € R3*2 such that M(B’) is the new set after this tilting operation. The facets
F! = F;(B’) of M(B') are chosen such that F| corresponds to the new tilted F and
F;, F; correspond to F, F3 respectively.

We claim that M (B’) is lattice-free. To see this, we will show that int(M (B’)) is a
subset of the union of interiors of two lattice-free sets. Let y3, y* € [p/!, p2]1 N Z?
be distinct integer points adjacent to each other. Then consider the maximal lattice-
free split M(S), where S € R2*2, whose facets contain the segments [y3, y'] and
[y*, y?1, respectively. Since [y3, y*] € (p/', F» N F3) is a strict subset, the former
and new intersections F; N F, and F 1/ N Fz’ are contained in the split M (S). Observe
that int(M (B")) "M (S3) € int(M(B)) and int(M (B’)) \ M (S3) C int(M(S)). Hence
int(M(B")) C int(M(B)) U int(M(S)). Therefore M (B') is lattice-free since M (S)
and M (B) are both lattice-free.

Therefore, we have shown that y (B) = y(B’) where M(B’) is a Type 2 triangle
that has a corner ray pointing to the facet F3. Note that since y (B) = y (B’), the sets
of ray intersections coincide, that is, P(B’, R) = P.

Step 3b. After Step 3a, we now focus on the new triangle M (B’) with facets F/ =
F;(B’) fori = 1,2, 3 that has a corner ray pointing from f to the vertex at F{ N F.
We will show that the conditions of Case b are satisfied.

If P(B’, R) Nrel int(Fz’) \ Z? # () and there are no corner rays on F;, then M (B’)
satisfies the hypotheses of Lemma 3.8 and y(B) = y(B’) could be expressed as a
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Fig. 15 Proposition 3.17, Step

5: Uniquely determining Type 2

triangles that are in Case b using

a facet of (C(rj1 s er)I) and the

integer points y1 and y2 ¥y

strict convex combination of points in A. Therefore, if P(B’, R)Nrelint(F,) \Z? + @,
then there must be a corner ray pointing from f to F; (and thus pointing to a vertex
different from F| N F).

Hence, the conditions of Case b are met for B’ (instead of B). Furthermore, if P U
{f} C M(S3), then y (B) = y(B’) is dominated by or equal to y (S3), a contradiction
to our assumption; hence, either Case b; or Case b occurs.

Thus, from the analysis of Step 3, when there exist points p/1, p/2 € P N F3 with
#([p/', p21 N Z*) > 2, then M(B’) is a Type 2 triangle satisfying the statement of
Case b.

Step4. Suppose P ¢ 7% and there exist p/!, p/2 € PNF; with#([p/', p21NZ?) > 2,
fori = 1 ori = 2. After a relabeling of the facets of M (B) and the rows of B, we
can assume i = 1. Since M (B) is a Type 2 triangle and F; is a facet with at most
one integer point in its relative interior, we must have #(F N Zz) < 2. In order for
#([pjl, pjz] N Zz) > 2, it has to equal exactly two, and one of the points, say pjl,
must lie in F; N F3 N Z2. Thus, p/! corresponds to a corner ray.

If P Nrelint(F>) \ Z> # @, then again, there must be a corner ray on F»; otherwise,
Lemma 3.8 shows that y(B) is a strict convex combination of points in A. We can
assume that this corner ray points from f to Fj N F», otherwise we are back to the
assumptions in Step 3 and M (B) will satisfy the conditions of Case b. Thus p/2 can
be chosen such that p/2 € Fj N F>.

Asin Case b, if P U {f} C M(S1), then y (B) is dominated by or equal to y (S7).
Hence, we are either in Case ¢ or Case c».

Proof step 5: Bounding the cardinality of E> by a polynomial Recall that we have
a set of k rays {rl, ok } and P is the set of ray intersections. Given this set of
rays, we count how many distinct vectors y (B) can arise when M (B) satisfies the
conditions in Cases a, b, ¢ and d. We will apply Lemma 3.10 to show that there are
only polynomially many possibilities for y (B) in each case.

Case a. P(B,R) C Z2. Observation 3.12 shows that there is a unique y € &
corresponding to this case.

Case b. We now count the vectors y (B) such that M (B) satisfies the conditions of

Case b with respect to our set of rays {r!, ..., r¥}. Consider any such M (B). From
the conditions stated in Case b, we can assume that M (B) has a corner ray on F3.
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Fig. 16 Proposition 3.17, Step
5: Uniquely determining Type 2
triangles that are in Case c using
a facet of (C(rj1 s er)I) and the
integer points y~ and y

We label as /1, 772 the two rays whose corresponding ray intersections are on F3, so
that /1 points to F; N F3 and the ray intersection of ri2 is closest to F» N F3; and
so /1 is a corner ray by the statement of Case b. There are 2 x (g) ways to choose
rit, ri2 from the set {r!, ..., r*} with one of them as the corner ray (see Fig. 15).
By Lemma 3.11, aff (F3) contains a facet of (C(r, ri2));. By Lemma 3.10, we have
polynomially many choices for aff (F3). Once we choose aff (F3), we consider the
possible choices for y!, y2, which are the integer points on Fj, F», respectively.

In Case by, where f & M(S3), y', y* are given uniquely by where f is. To see this,
we observe a few things. Let y3 and y* be the integer points on F3 that are closest to
F| N F3. The split with one side going through y!, y* and the other side going through
y2, y* contains f. Now consider the family of maximal lattice-free splits with one side
going through y> and the other side going through y*. Observe that since f ¢ M(S3),
only one member of this family of splits contains f. This uniquely determines y'! and
2.
InCase by, P ¢ M (S3), which implies that there exists a ray rJ3 such that /3 points
between y! and y?. Moreover, since y', y? have to lie on the lattice plane adjacent
to F3, we have a unique choice for y!, y? once we choose r/3 from our set of k rays.
Now r#3 can be chosen in O (k) ways and so there are O (k) ways to pick y!, y2.

We already know there is a corner ray pointing to F; N F3. By the statement of
Case b, either P Nrelint(F>) \ Z? # ¢, in which case we have a corner ray of M (B)
pointing to a different vertex, or P N relint(F3) \ 72 = @. If M(B) has a corner ray
pointing to a vertex different from F; N F3, then we can choose it in O (k) ways, and
the triangle is uniquely determined by these two corner rays, aff(F3), y!, and y.

On the other hand, if M (B) has corner rays pointing only to 1 N F3 (one of which
is 7/1), then the facet F> has no non-integer ray intersections in its relative interior.
Therefore, any possible choice of this facet such that no ray points to rel int(F>) \ Z*
will give a triangle that yields the same vector y (B).

Hence, there are only polynomially many possibilities for Case b.

Case c. We now count the vectors y (B) such that M (B) satisfies the conditions of
Case ¢ with respect to our set of rays {r!, ..., r¥}. Consider any such M(B). Then
there exist /1, r/2 such that p/1, p”2 € Fy and #([p/', p”21NZ?%) > 2, where p/1, p2
are the ray intersections for r/1, 2, respectively. Moreover, p/! is an integer point on
the facet F3. There are 2 x (g) ways to choose rJt, r2 from the set {rl, el rk} with
rJ1 pointing from f to Fy N F3 (see Fig. 16).
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We next choose aff(F}) as the affine hull of a facet of (C(r1, r/2))1, which can
be done because of Lemma 3.11. Since p/! is the integer point that rJ1 points to, one
of the facets of (C(r/1, r/2)); that is incident to the vertex p/! is unbounded and lies
on the infinite ray f 4+ R r/!, while the other facet is bounded. Since F; must be
bounded, there is a unique choice of aff (F7) as the affine hull of the bounded facet
of (C(r/t, r72)); that is incident to the vertex p/!.

Now we pick the integer points y2, y* where y? is the integer point on the facet
F, of M(B) and y4 is the integer point in the relative interior of F3 that is closest to
pj I. This analysis is the same as with Cases b; and b;. In Case cy, these points are
uniquely determined by f. In Case c,, these are uniquely determined by one of the
rays pointing between them. There are O (k) ways of choosing this ray.

The statement of Case c implies that either there is also a corner ray pointing to
F1 N F,or P Nrelint(F,) \ Z*> =

If there is a corner ray pointing to | N F3, then the triangle is uniquely determined
by the two corner rays, aff (1), y2, and y4.

On the other hand, if P N relint(F>) \ Z? = @, then F> can be chosen in any
possible way such that no ray points to rel int(F,) \ Z>. Then the triangle is uniquely
determined by r!, aff (F7), aff (F»), y%, and y*.

Therefore, there are only polynomially many possibilities for Case c.

Case d. We consider Type 2 triangles with a corner ray /! pointing from f to Fy N F3.
We label the closest integer point in rel int(F3) to F; N F3 as y3, and the next closest
integer point in rel int(F3) as y*. Also, since P N (y3, y*) # @, there exists a ray r/3
that points from f through (y3, y*) (we use the notation 773 to remind ourselves that it
points to F3). Moreover, the condition that no two ray intersections on F3 can contain
two (or more) integer points between them implies that the ray intersections on F3 are
contained in the segment [ F] N F3, y4]. As before, yl and y2 will denote the integer
points on the facets Fj and F5.

Case d1 and Case d,. For these two cases, there exists a ray /2 that points from f
through (y', y2) to F (for example, in Case d; this will be the corner ray pointing from
fto Fi ﬁFz) Observe that [p/!, pﬂ]ﬂZ2 {y'Yand [p/', p21NZ? = {y3}, where
y! and y3 lie in (p7!, p#2) and (p7', p73), respectively. We now count the choices of
these triangles.

First pick rays rJU, 2 r 73, for which there are (g) ways to do this. Pick y1 as avertex
of (C(r/', r2)); and pick y? as a vertex of (C(r/!, r/3))y, utilizing Lemma 3.11 (i).
By Lemma 3.10, there are only polynomially many ways to do this.

Claim ¢ The vector y (B) is uniquely determined by the choices of r/1, r72 /3 y!,

and y3 in Case d; and Case d,.

Proof First note that [y?, y*] is necessarily parallel to [y!, y*]. Therefore, regardless
of the choice of y2, y*, the half-space H, 4 is already determined by [y!, y3]. Recall
that, by assumption, f ¢ H> 4. Define the family of splits

yl,y3 € M(S), and M(S) Nint(Hy.4) # 0,

_ 3x2
S = { SeR M (S) is a maximal lattice-free split
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For any distinct M (S1), M(S) with S1, S» € .7, since they both contain [y1 , y3], we
find that M (S1) N M(S2) \ Hy4 = @. Since f ¢ H 4, there exists a unique M (S)
with § € .7 such that f € M(S). Therefore, the unique choices for y2, y* are the two
points given by M (S) N dHy 4.

Now we show how to choose M (B). The affine hull of facet F3 is determined by
the segment [y3, y*] C F3, and aff (F}) is determined by [p/!, y'] C Fj, where pJ!
is the corner ray intersection of r/1 on Fs. Lastly, aff (F2) must be chosen. For Case
dy, /2 is chosen as a corner ray pointing from f to F1 N F3, and therefore, aff (F7)
is determined by the ray intersection p/2 of r/2 on Fy, and by y?, i.e., by the segment
[ pjz, yz]. For Case dj, any choice of aff (F,) such that there are no rays pointing from
f torelint(F>) \ Z? and such that f € M(B) will yield the same vector y (B), thus,
we only need to consider one such triangle. O

Since the vector y(B) is uniquely determined by these choices, there are only
polynomially many possibilities for this case.

Case d. For this case, there exists a corner ray r/2 that points from f to
F1 N F,. Since P ¢ H» 4, there also exists a ray r/4 such that it points from f
through (y2, y*). Since /! is a corner ray pointing from f to F; N F3 and the ray
intersections are contained in [F; N F3, y*], r/* must be chosen to point from f
to Fp.

We now count triangles of this description. First pick rays /!, r/2, r/3_ rJ* from the
set {r!, ..., rk}. There are at most (’Z) ways to do this. According to Lemma 3.11 (i),
pick y! as a vertex of (C(r/1, r/2))1, y* as a vertex of (C (r72, r/#))1, and y? as a vertex
of (C(r/1, r73));. By Lemma 3.10, there are only polynomially many ways to do this.
Then y* is uniquely determined since y', yZ, y*, y* form an area 1 parallelogram.
The affine hull of F3 is uniquely determined, since it runs along [y, y*]. Since r/!
is a corner ray pointing to Fy N F3, the choice of y! fixes aff(F}). Finally, since
12 is a corner ray pointing to F| N F,, the choice of y? fixes aff(F>). Therefore,
there are only polynomially many Type 2 triangles satisfying the conditions of this
case.

This concludes the proof of the fact that there are only a polynomial (in the binary
encoding sizes of f, Pl rk) number of vectors y (B) such that M (B) is a Type 2
triangle satisfying Cases a, b, ¢ and d. O

3.3 Proof of Proposition 3.1

Proof of Proposition 3.1 Let & = EgU &1 U &, U &3 using the sets &; from Propo-
sitions 3.13, 3.14, 3.15 and 3.17. We show that for any y € A\ Z, y is domi-
nated by some y’ € A, or y is a strict convex combination of some y;, y» € A. If
y & I1 U A1 U Ay U Az, then y cannot be realized by a maximal lattice-free split
or triangle and so y = y(B) for some B € R3*2 such that M (B) is not a maximal
lattice-free convex set. This implies that there exists B € R3*2 such that M (B’) is a
maximal lattice-free convex set containing M (B) and y is dominated by y (B’).

So we consider y € IT U Ay U Ay U Az. Observe that IT U A1 U Ay U Az =
ITU (A1 \ (IT U Ay)) U A3 U (A \ (A3 U IT)) and so y is in one of the sets IT,
A1\ (IT U Aj), Az or Ay \ (A3 UII). Since y ¢ Eg U E) U 5y U &3, we have
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that y is in one of the four sets (/T \ &p), (A1 \ (&1 U IT U Ap)), (A3 \ &3) or
(A2 \ (B2 U A3 U IT)). Now it follows from Propositions 3.13, 3.14, 3.15 and 3.17
that y is dominated by some ¥y’ € A, or y is a strict convex combination of some
7/1, 7/2 € A. Furthermore, the cardinality #Z, being bounded above by the sum of
the cardinalities of &;,i = 0, ..., 3, is polynomial in the binary encoding sizes of
f,rl,...,rk.

4 Proof of Theorem 1.3

In this section, we will complete the proof of Theorem 1.3. As stated in the introduction,
the only result we will need from Sect. 3 is Theorem 3.2. Apart from this, we will
utilize the results proved in Sect. 2. We first state the following proposition.

Proposition 4.1 Let || - || be a norm on the space of matrices R3*2. Let 2 be a family
of matrices in R3*2. If there exists & > 0 such that B(f, &) € M(B) for all B € 5,
then there exists a real number M depending only on ¢ such that |B|| < M for all
B e %

Proof Since B(f, e) € M(B), the point f + &b’ € M(B), where b’ is the i-th row

of B. Therefore, b’ - (f 4+ &b’ — f) < 1. Therefore, ||b' ||, < \/Lg Since this holds for

every row b', there exists M depending only on ¢ such that || B|| < M. O

We will use the following set to derive a bound on a sequence of matrices to show
there exists a convergent subsequence. For any vector y € RX | define

My = conv({f}U{f + 577 |y; #0)) + cone({r/ |y; = 0}).

Observation 4.2 For all B € R¥*? we have the inclusion Mgy € M(B).

Proof Clearly f € M(B). Next observe that f + mrj e M(B) if yp(r/) > 0.
Finally, ¥3(r/) = 0 implies that 7/ is in the recession cone of M(B). The claim
follows. O

Theorem 4.3 Assume that f € Q? and ri € Q? for all indices j € {1,..., k). If
cone({r', ..., r*}) = R?, then A’ has a polynomial (in the binary encoding sizes of
f, L rk) number of extreme points.

Proof Consider any extreme point x of A’. By Observation 2.5, x € cl(conv(A)). By
Lemma 2.6, there exists a sequence (a") of points from A such that (a”) converges
to x. m}

Claim ¢ There exists a bounded sequence of matrices (B,,) € R3*2 such that y (B,,) =
a" and M (B,,) is lattice-free.

Proof Since (a’) converges to x, there exists N € N such that af < x; + 1 for every
n > Nandi € {1,...,k}. Since (a") is a sequence in A, there exists a sequence
of matrices (B,,) such that (") = (y(B,)) and M(B,) is lattice-free for all n € N.

Consider the sequence of polyhedra M, (p,). Let ¢ = -
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By the definition of N, for every n > N, we have that % > ¢. Since the conical

hull of the rays rl ok is R2, this implies that there exists & such that B(f, ) €
M, (,) for alln > N. By Observation 4.2, M,,(p,) € M (B;). Therefore, for every
n > N,B(f, &) € M(B,). Proposition 4.1 implies that there exists a real number M
depending only on ¢ such that | B, || < M for all n > N. This implies that (B,) is a
bounded sequence. O

By the Bolzano—Weierstrass theorem, we can extract a convergent subsequence
(B,) converging to a point B. The map B > y(B) is continuous because /3 (r) is
continuous in B for every fixed r. Therefore, the sequence (y (B,)) converges to y (B).
By assumpt10n (@) = (y(By)) converges to x and therefore y(B) = x. Moreover,
since M (B,) is lattice-free for all n € N, M(B) is also lattice-free and hence it is
a lattice-free triangle or a lattice-free split. Thus, x = y(B) € A since M (B) is
a lattice-free triangle or lattice-free split. Therefore, we have shown that for every
extreme point x of A’, we have that x € A.

Let Z be the set from Theorem 3.2. Theorem 3.2 implies that the extreme point
x € A\ E. Since we show that x € A, this implies x € &. Since #& is polynomial
in the encoding sizes of f, r!, K, we have shown this property for the number of

extreme points A’ as well. O
Corollary 4.4 Assume that f € Q* and r/ € Q? for all indices j € {1,...,k}. If
cone({r', ..., rk}) = R2, then the triangle closure T is a polyhedron with a polyno-
mial (in the binary encoding sizes of f,r', ..., r*) number of facets.

Proof Lemma 2.4 and Theorem 4.3 together imply the corollary. O

We can now finally prove Theorem 1.3.

Proof of Theorem 1.3 If cone({r', ..., r¥}) = R?, then Corollary 4.4 gives the result.
Otherwise we add rays r<+1, . ..,rk/ such that cone({r ok kL Ry =
R%. Now consider the system (1) with the rays r! We can s1m11arly deﬁne the
triangle closure T’ for this extended system. G1ven a matr1x B € R¥*? leta(B) =
(Wp (), € R (we will continue to use y(B) = (¥5(r)*_,). So T” is defined
as

T = {s € lR]i |a(B) - s > 1for all B such that M (B) is a lattice-free triangle } O

Claim n Wehave T' N {sg31 =0,...,5y =0} =T x (0K =Ky,

Proof Consider any points € T" N {sy41 =0, ..., s = 0} and let s = (s1, ..., 5)
be the truncation of s to the first k coordinates. Considerany a € R¥ suchthata = y (B)
for some matrix B where M (B) is a lattice-free triangle. Consider a’ = «(B). Clearly,

a; =a; fori e {1,...,k}.Sincea’-s > landa’-s =a . sk, we have thata - s* > 1.
So,s e T x {Ok/_k}.
For the reverse inclusion, consider a points € T x {0 Ky and let s = (s, ..., s%)

be the truncation of s to the first k coordinates. Consider any a’ € R¥ such that
a’ = a(B) for some matrix B where M (B) is a lattice-free triangle. Let a = y (B).
Asbefore,a; =q; fori € {1,...,k}. Since a - s > landd -s = a - sk, we have

thata - s > 1.S0,s € T' N {sp+1 =0, ..., s = 0}.
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Fig. 17 Example of a
quadrilateral for which the ratio
condition does not hold, i.e.,
there exists ¢ > 0 satisfying (9).
Here dim A4 (%) # 0

Since cone({rl, ok kL rk/}) = R?, Corollary 4.4 says that T’ is a poly-

hedron with a polynomial (in the binary encoding sizes of f,r!, ..., r*) number of
facets. Since T’ N {sg41 = 0,...,s5¢ = 0} = T x {OK X}, this shows that T is a
polyhedron with a polynomial number of facets. O

This concludes the part of the paper which deals with the result that the triangle
closure is a polyhedron.

5 Proof of Theorems 1.4 and 1.5

We now complete our second result showing that the mixed integer hull conv(R ) has
only polynomially many facets. We first make a counting argument for quadrilaterals
that is similar to the counting arguments in Sect. 3.2. For quadrilaterals, Cornuéjols and
Margot [12] defined the ratio condition as a necessary and sufficient condition to yield
an extreme inequality when all corner rays are present. Suppose p/!, p/2, p/3, p/* are
the corner ray intersections assigned in a counter-clockwise orientation, and y' is the
integer point contained in [ p/i, p/i+1], where we set js = ji. The ratio condition holds
if there does not exist a scalar r > 0 such that

(C))

Iy = pila [t fori=1.3
|yl — pli+t]o % fori =2,4.

This is illustrated in Fig. 17.

Proposition 5.1 (Counting quadrilaterals) There exists a finite set Z4 < R’; such that
ify(B) & By forsome B € R¥*2 where M (B) is a maximal lattice-free quadrilateral,
then y (B) is not extreme. Moreover, the cardinality of E4 is bounded by a polynomial

in the binary encoding size of f,r', ..., rk, Specifically, E4 can be chosen as the set
of all y (B) such that M (B) is a maximal lattice-free quadrilateral satisfying one of
the following:

Casea. P C 7°.
Case b. M (B) has four distinct corner rays and the ratio condition holds.

Proof Step 1. Suppose that y (B) is extreme and that we are not in Case a. Lemma 3.9
shows that all four corner rays must exist. Suppose, for the sake of contradiction,
that the ratio condition does not hold. Lemma 8.1 in Appendix 8 then shows that
dim A (%) > 1. Let A = (a';a%;a’;a*) € /(@) \ {0}. Since A # 0, we have
at # 0 for some i = 1,...,4. Since there are 4 corner rays, pj € F; for some
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j =1,..., k. Lastly, since {yi} = Y;, Lemma 3.7 shows that for some ¢ > 0, y(B) is
a strict convex combination of y (B +¢eA)and y(B— eA)and M(B+¢A), M(B—¢cA)
are lattice-free quadrilaterals. Therefore, y (B) is not extreme, which is a contradiction.
Hence, the ratio condition must hold.

Step 2. We now bound the number of possible vectors in Zy.

Case a. Observation 3.12 shows that there is a unique y € &3 corresponding to
this case.

Case b. M (B) has all four corner rays and the ratio condition holds. By Lemma 8.1,
the quadrilateral we construct must be uniquely determined by the choice of four corner
rays and choice of four integer points that lie on the facets of the quadrilateral. There
are O (k4) ways to pick four rays r1, r2 pJ3 ) r4to be corner rays. By Lemma 3.11 (i),
the four integer points y!, y2, y3, y* are such that y’ is a vertex of (C(r/i, r/i+1))y,
withi = 1,2,3 and y4 a vertex of (C(r/*, r/1));. Lemma 3.10 shows that there are
polynomially many possibilities for y!, ..., y*. O

Proof of Theorem 1.4 We now introduce the set I" of all vectors y (B) that come from
arbitrary (not necessarily maximal) lattice-free polyhedra in R?,

I = U {y(B)|B e R"*2 such that M (B) is a lattice-free convex set }.
neN

Since we consider B € R"*2 for all n € N, this includes all y(B) such that
M (B) is a lattice-free split, triangle, or quadrilateral and all other polyhedra that
are lattice-free in R2. It is easy to verify (see Lemma 1.6 and its proof in [12])
that conv(R ) is a polyhedron of blocking type (see Section 9.2 in [19] for a dis-
cussion of blocking polyhedra). In fact, because of the correspondence (4) between
valid inequalities for the mixed integer hull and lattice-free sets, one can show
that I" is actually the blocking polyhedron of conv(Ry), i.e., conv(Ry) = {s €
Rﬁh/ -5 > 1forally e I'Yand I' = {y € R’j_ly -5 > lforalls € conv(Ry)}.
Hence, by Theorem 9.2(iv) in [19], the facets of conv(Rf) are given by y -s > 1
where y is an extreme point of I". So we need to enumerate the extreme points
of I". Moreover, if y is an extreme point of I, then there does not exist y’ € I'
such that y is dominated by y’. By Propositions 3.13, 3.14, 3.15, 3.17 and 5.1,
the extreme points of I" can only be in &g U &1 U &> U B3 U &4, whose car-
dinalities are bounded above by a polynomial in the binary encoding sizes of
f,rl,...,rk. O

Proof of Theorem 1.5 As established in the proof of Theorem 1.4, we only need to
search in the set Zg U 21 U By U &3 U &4 to find the facet-defining inequalities. The
conditions defining these five sets and the counting arguments presented in Sect. 3
and Proposition 5.1 can be converted into an algorithm for enumerating all the points
in &g U &1 U &y U &3 U &4. This relies on the algorithm by Hartmann [15] for
computing the facets and vertices of integer hulls, which runs in polynomial time in
fixed dimension (cf. Lemma 3.10). Thus we generate a set of valid inequalities (of
polynomial cardinality) that is a superset of all the facets. We can then use standard
LP techniques to select the facet-defining ones from these. O
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6 Conclusion
We conclude this paper with a discussion of some interesting open problems.

Generalized triangle closures A drawback of the triangle closure result presented in
this paper is that it only applies to a system with two integer variables. Here is one
way to generalize to general mixed integer linear programs. Consider the polyhedron
C={(x,y) e RP xR?: Px + Qy < d} for some matrices P € R"*P (Q € R™*4,
We are interested in the mixed integer hull C; = conv(C N (Z? x R?)). We define
the generalized triangle closure in the following way. Consider any two-dimensional
lattice subspace of Z” and consider a lattice-free triangle in this subspace. Let .7 be
the family of all such triangles from all possible two-dimensional lattice subspaces.
Forany T € 7, let bl, ..., bP be a lattice basis for Z” such that b! and b2 are a
basis for the lattice subspace containing 7'. Let L(T') be the linear subspace spanned
by b3,...,b". Then R(T) = (T & L(T)) x RY is a polyhedron which contains no
point from Z? x RY in its interior. We define the generalized triangle closure as

() conv(C \ int(R(T))).
TeT

We would like to show that the generalized triangle closure is also a polyhedron.

Quadrilateral closures Even for the case m = 2, one can ask about the quadrilateral
closure. If one considers this to be the intersection of inequalities derived from all
possible lattice-free quadrilaterals (and not just the maximal ones), then this convex
set can be seen to be the same as the mixed integer hull conv(R r), since every maximal
lattice-free triangle and split can be arbitrarily well approximated by a quadrilateral
(but not necessarily a maximal one). Of course, conv(R y) is known to be a polyhedron,
and so the question for the quadrilateral closure becomes interesting only if we restrict
ourselves to the maximal quadrilaterals. We conjecture that this is also a polyhedron,
but it does not seem to be an immediate corollary of the results of this paper.

On arelated note, we mention that in this paper, we included non-maximal triangles
to define the triangle closure. However, one can see that if we restrict ourselves to only
maximal triangles, we would obtain the same convex set. This is because an inequality
derived from a non-maximal triangle is equal to or dominated by one derived from a
maximal triangle or a split, and a split can be obtained as the limit of maximal triangles.
In this respect, the quadrilateral closure differs from the triangle closure: an inequality
derived from a non-maximal quadrilateral may not be equal to or dominated by an
inequality from a maximal quadrilateral or a limit of such inequalities.

Higher dimensions Many of the tools described in Sect. 3.1 readily extend to m > 3.
This can be used to study the extremality of inequalities arising from maximal lattice-
free convex sets in higher dimension. Unfortunately, it is unclear what results can be
obtained in higher dimensions due to the difficult task of first classifying all maximal
lattice-free convex sets in higher dimensions. Such a classification for m = 3 is only
partially known [4] while even less is known for m > 3. That said, the tools given
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in this paper may be found useful for studying specific classses of lattice-free convex
sets in higher dimensions such as simplices or cross-polytopes. Studying such classes
of inequalities may produce stronger valid inequalities simply because more rows of
the simplex tableau are utilized.

7 Appendix: Uniqueness of a triangle defined by 3 corner rays and a point on
the relative interior of each facet

Proposition 7.1 Any triangle defined by 3 corner rays and 3 points (one on the relative
interior of each facet) is uniquely defined.

Proof The space of triangles with these three corner rays and 3 points is exactly the
tlltmg space of any such trlangle satisfying this. For convenience we deﬁne Vo= =y —f
and p' := p' — f, where p' are the ray intersections. Then p’ =7 (r )r’

We want to show that the solution to the following systems of equations is unique.

a3l =1 y 1
alz-ﬁ2=a2-ﬁ2 P’ —gz | 0
as-y =1 y 2 1
_ 2 = _ =
2 pP=ad P = p R 0
a3.5)3=1 e 1
a3~ﬁ1—al'ﬁ1 _pl pl 0

We then write this down as a matrix equation where every vector in the matrix is a row
vector of size 2, therefore we have a 6 x 6 matrix. We will analyze the determinant of

the matrix.
Since the points ¥', 2, 3> are on the interior of each facet, they can be written as

convex combinations of p', p2, p>.

)_71:0%]314_%’52 p—lzalyl_aPZ
V=it gh =P =5 - bp
V=0 +5p pP=yV—yp!

Therefore, we can perform row reduction on the last row. Just tracking the last row,
we have

[-5'0p'] > [0ap® p']— [00 ' —aBp?].

This matrix now has an upper block triangular form, and the determinant is easily
computed as

det(3'; p?) det(3%; p°) det(3%; p' — aBp).
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The first two determinants are non-zero because those vectors are linearly independent.
The last determinant requires some work:

- 1 = _ 1 _
-1 210
pl—aBp p' —aBp? I —aB| P

Since all the coefficients are positive, the determinant of the first matrix is strictly
negative, and since p', p° are linearly independent, the determinant of the second
matrix is non-zero.

Hence, the determinant of the original matrix is non-zero, and therefore the system
of equations has a unique solution. O

8 Appendix: Ratio condition for quadrilaterals

Lemma 8.1 Suppose M (B) is a quadrilateral with four corner rays r/t, ri2 r3 ri,
The following are equivalent:

(i) The ratio condition holds.
(i) dim A (%) # 0.
(iii) The quadrilateral is uniquely defined by these corner rays and the integer points
lying on the boundary.

Proof We will first analyze the tilting space equations with four corner rays, and then
apply the assumption that the ratio condition does not hold. Label the integer points
on the facets of M(B) such that y' € [p/i, p/i+1] fori = 1,2,3,4 and j5s = jj,
as in Figl. 17. For convenience we define y' := y! — f and p' := p/i — f. Then
pl = wB (rji)rjl .

We want to determine when there is not a unique solution to the following system
of equations that come from the tilting space:

a' -yl =1 y 1
a1~ﬁ _(12‘ =2 132 _132 0
a?-y*=1 y2 a' 1
a2~]3 _(13- =3 or 133 _p-3 a2 B 0
a3 =1 3 a1
aS'ﬁ _a4 =4 ﬁ4 _134 a4 0
614-)_74_1 )—)4 1
a4 3 ]31 Cll ol __p—l p—] ] _0_

as an 8 x 8 matrix equation where every vector shown in the matrix is a row vector of
size 2. We will analyze the determinant of the matrix.

Since the points y', y2, 33, 7* are on the interior of each facet, they can be written
as certain convex combinations of p!, p2, p3, p*. We write this in a complicated form
at first to simplify resulting calculations. Here, &’ = 1 + @, and o > 0, and similarly
for B, y, and §.
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y1:$ﬁ1+%ﬁ2 I;lza/)—)l_aﬁz
V=30 + 50 e 5P =7 -85
V=0 +550 P =y -yt
j §ﬁ4+%ﬁ1 ﬁ4=5/§4—5l31

Now just changing the last row using the above columns
[-5' 005 = [0ap?0p'] = [00—app® p'] = [000aByp* + p']

The resulting matrix, after adding this last row and substituting in ¥*, is

- =1 -

y
p* —p*
)—]2
P -p
)-}3
[34 _p-4
yb* + 5 p"
i aByp* +p'

This is now an upper block triangular matrix, which is emphasized by shading. The
first three blocks are all non-singular, and the last block is non-singular if and only if
there does not exist a ¢ such that

1 3 8 1 1
5/ +8/p —t(cx,Byp +p) = ((?_t)p +(§—ta,3y) = 0.

If such a 7 exists, then t = % since p! and p* are linearly independent. It follows that
aBys = 1if and only if dim A (%) # 0.

Itis easy to see that the ratio condition does not hold ifandonly ifa = % y = %
Therefore, it remains to show that @ = % =y = 1f and only if B8y é = 1. The
forward direction is obvious. We will show that if 1t is not true that o = llg =y = %,

then By $ # 1. To do so, we use ideas from the proof by Cornuéjols and Margot of
Theorem 3.10 in [12].

Let ¥, X € R?*% be the matrices with columns )71, yz, y3, 94 and 131, 132, ]33, 134,
respectively. Next let Y, X € R3*# be the matrices ¥ and X, respectively, after adding
a row of ones at the bottom. Observe that rank(Y) = rank(X) = 3.

Define the matrix S of coefficients as

_JRYY—
R~
2l

‘<\|~< ‘<\| —_
o2 —
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and note that ¥ = XS. Since y!, e y* form a parallelogram by Theorem 1.2,
y! +_)73 = 3% + y*, or equivalently, Yu = 0 where u = (1; —1; 1; —1). This implies

that Yu = XSu = 0. Since we assume that it is not true that @ = % =y = % it

follows that Su # 0. Therefore, Su € ker(X)\ {0}, where ker denotes the kernel. Some
simple linear algebra, made more explicit in [12, Lemma 3.5, proof of Theorem 3.10],
shows that ker(X) € im(S), where im(S) denotes the column space, and that

rank(X S) = rank(S) — dim(ker(X) N im(S))

from which it follows that rank (§) = 4. Therefore, det(S) = d for some d # 0, where

det(S) = Lfﬁofﬁg‘?. Therefore

afys =1—dda'p'y’s

and since o/, 8/, y’, 8’ # 0, we conclude that a8y # 1.

We have shown that the ratio condition holds if and only if dim .4 (%) = 0. Lastly,
note that the set { M(B + A) | Ae N (D) } is the set of all quadrilaterals defined by
the four corner rays r1 pi2 p73 4 and the four integer points yl, y2, y3, y4. Hence,
dim A (%) = 0 if and only if M(B) is the unique quadrilateral defined by these
corner rays and integer points.
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