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ABSTRACT OF DISSERTATION

Deletion-Induced Triangulations

Let d > 0 be a fixed integer and let A C R be a collection of n > d 4 2 points
which we lift into R4*L. Further let k be an integer satisfying 0 < k < n — (d + 2)
and assign to each k-subset of the points of A a (regular) triangulation obtained by
deleting the specified k-subset and projecting down the lower hull of the convex hull
of the resulting lifting. Next, for each triangulation we form the characteristic vector
defined by Gelfand, Kapranov, and Zelevinsky by assigning to each vertex the sum of
the volumes of all adjacent simplices. We then form a vector for the lifting, which we
call the k-compound GKZ-vector, by summing all the characteristic vectors. Lastly,
we construct a polytope Yz(A) C RIAl by taking the convex hull of all obtainable
k-compound GKZ-vectors by various liftings of A, and note that ¥(A) is the well-
studied secondary polytope corresponding to A. We will see that by varying k, we
obtain a family of polytopes with interesting properties relating to Minkowski sums,
Gale transforms, and Lawrence constructions, with the member of the family with
maximal k corresponding to a zonotope studied by Billera, Fillamen, and Sturmfels.
We will also discuss the case k = d = 1, in which we can provide a combinatorial
description of the vertices allowing us to better understand the graph of the polytope
and to obtain formulas for the numbers of vertices and edges present.
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Chapter 1 k£ Deletion-Induced Polytope

1.1 Introduction

In this dissertation, we will discuss the construction and properties of a family of poly-
topes which, in a sense, refines the secondary polytope corresponding to a point set
[13] and which reaches maximum refinement in the form of a zonotope corresponding
to the point set studied in [I]. The secondary polytope corresponding to a point set A
is one which has a vertex corresponding to every regular triangulation of A. We can
define regular triangulations as those which are obtained by taking general liftings of
the point set A into one higher dimension and projecting down the simplices of the
lower hull of the resulting polytope onto the convex A. The zonotope, on the other
hand, has a vertex corresponding to every set of compatible orientations which can
be placed on each of the simplices of a general liftings of the points of A into one
higher dimension.

To obtain polytopes which interpolate between the secondary and the zonotope,
we think of fixing a size k which will determine the cardinality of the sets which we
will delete. We will then consider the set of triangulations that we can obtain from
a particular lifting of A by deleting every k-subset of lifted points in A in turn and
projecting the lower hull triangulations of the convex hull of the remaining |A| — k
points. By adapting the method outlined by Gelfand, Kapranov, and Zelevinsky in
[6] to construct the secondary, we obtain a method to construct a polytope corre-
sponding to the different & deletion-induced triangulations of A, which we will call
the k deletion-induced polytope. We can see that by choosing £ = 0 we obtain the
secondary, and by choosing k large enough to leave only simplices in the lifting, we
essentially record all orientations of every simplex in the lifting, and hence recover
the zonotope.

In the first chapter, we will outline the specifics of the construction of the various
k deletion-induced polytopes and follow up with some structural results regarding
this family of polytopes. In particular, we will see that for each £ > 0, we can
obtain the k deletion-induced polytope as the Minkowski sum of various secondary
polytopes corresponding to appropriate subsets of our initial point set A. This rela-
tion to secondary polytopes will allow us to determine the dimension of the family
of polytopes. We will also examine alternate constructions of the k deletion-induced
polytope which will yield polytopes with equivalent combinatorial structure. We then
examine the construction of the secondary polytope using the Gale transform in [I]
and adapt this construction to study the k deletion-induced polytope. Further, we
uncover a connection between our family of polytopes and the Lawrence polytope,
which will yield yet another construction for the k deletion-induced polytopes.

In the second chapter, we restrict our view to collections A of points in R! and



consider the 1 deletion-induced polytope. For this particular restriction, we are able
to describe a combinatorial structure which underlies the vertices. This allows us
to efficiently determine the various types of 1 deletion-induced triangulations and to
define a combinatorial condition for when two vertices will form an edge in the poly-
tope. We also provide counting arguments which allow us to determine the number
of vertices and edges present in the 1 deletion-induced polytope coming from the set
of the first n integers in R!.

For good general references on polytopes, see [13] and [§].

1.2 Definitions and Notation

Let n > d+2 and k < n—(d+2) be positive integers and let A denote a collection of
points in general position in R? with |A| = n. By general position, we mean that no
set of d+1 points is affinely dependent. Further, let w € R™ be thought of as a “lifting
vector” with coordinate w; being appended to the point v; € A, 1 < i < n, to lift
each point off of the natural embedding of R? C R4*! and into R%*!. We will refer to
the set of lifted points as w(A) and will initially only consider vectors w for which the
lifted points w(A) are general position. We will defer the description of what we mean
by “general” position for a lifting vector until after the first definition. To each w,
we assign a set of triangulations which we will call the deletion-induced triangulations.

Definition 1.2.1 Fix the set of points A and assign to each general lifting vector

w a set of (Z) triangulations via the following method: List the k-subsets of n,

K, Ky, ... K(n> and for ¢ from 1 to (’,;”) disregard the points in the set K; C A and
k

consider only the lifting of the remaining points w (A \ K;). Project the lower hull
of conv (w (A \ K;)) onto the natural embedding of R¢ C R4*! to obtain a (regular)
triangulation 7; of conv(A \ K;). We refer to the set of (}) triangulations assigned
to w in this manner as the deletion-induced triangulations corresponding to w.

Note, a lifting which is in general position with respect to the deletion size k
will be defined as one where no lower hull after a k deletion will have d + 2 points
in affinely dependent position. That is, a lifting w corresponding to A may have
collinearities/coplanarities/etc. and still be considered in general position as long
as these collinearities/coplanarities/etc. are not revealed in the lower hull by any &
deletion. If k = n — (d + 2), however, this forces us to require that no set of d + 2
points in w(A) are affinely dependent.

Example 1.2.2 Suppose we start with the set A =
{(2,-3),(1,-9),(8,7),(=7,-7),(7,—1),(-1,5),(-8,9)} C R~ If we apply
the lifting vector w = (8,5,2,2,4,8,3) to our set A, we obtain the diagram shown
in Figure [I.1I| where the red lines indicate the lower hull and the green lines indicate
the upper hull.
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If we were to take 2 deletions, i.e., set k = 2, we would be considering deletions

such as those shown in Figure
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Figure 1.2: 2 deletions of a point set



Definition 1.2.3 Each triangulation 7; is assigned a characteristic vector, denoted
o(T;), according to the procedure outlined in [6]. Note, this is also referred to as the
GKZ-vector in [3]. Specifically, ¢(7T;) € R™ where coordinate j records the sum of the
d-dimensional volumes of all simplices in the triangulation 7; incident to the point
indexed by j in A . If j € K;, then j is a deleted point and coordinate j of ¢(7;) is
assigned a 0.

Example 1.2.4 Suppose we focus on the particular 2 deletion induced triangulation
T1 3 corresponding K 5 (Figure(1.2i) of A in Example This triangulation, along
with the areas of its triangles, is shown in Figure [1.3]

Figure 1.3: Triangulation 7 3

The characteristic vector corresponding to this triangulation is given by:

&(Tis) = (0,38,0,38+ 1155 + 115+ 38,5,115 +5) = (0,38,0, 153,158, 5, 120).

O

Definition 1.2.5 We collect the information for the entire set of deletion-induced
triangulations corresponding to the lifting w and deletion size k into a single vec-
tor which we call the k-compound GKZ-vector associated to w, denoted by Ek(w)
If7q,... ,7'(2 denote the set of deletion-induced triangulations we obtain under k-

deletion, we set



If a vector v = ¢, (w) for some lifting w, we will say that the lifting w realizes
the k compound GKZ-vector v, or equivalently, w realizes the corresponding set of k
deletion-induced triangulations 71, ... ,7'(n) which compose v.

k

Proposition 1.2.6 Two different general liftings w and W' of A produce the same
k-compound GKZ-vector iff the corresponding deletion-induced triangulations T; and
T, match for deletions i =1,..., (Z)

Proof. In [6] (and [3]), it is shown that if w is a lifting vector in general position
corresponding to some set of points C, then for the triangulation 7’ corresponding
to the lower hull of conv (w(C)) and any other regular triangulation 7 # T’ of C,
we have that w - ¢(T") < w - ¢(T). Extending to k-compound-GKZ vectors, we see
that a set of deletion-induced triangulations will uniquely minimize the inner product
with a general lifting w exactly when the triangulation corresponding to each indi-
vidual deletion K; for 1 < ¢ < (Z) is coming from a projection of the lower hull of
conv (A \ K;). m

For a given regular triangulation 7 of the underlying point set A and lifting w, the
inner product w-¢(7T) can be interpreted as (d+1) times the sum of (d+1)-dimensional
volumes of simplicial prisms whose bases are determined by the triangulation 7 and
heights at each vertex are determined by w. It should be clear that such a sum would
be minimized (for fixed lifting w and varying triangulations 7T) if 7 corresponds to
the lower hull of conv(w(A)), and that such a 7 would be the unigue minimizer if w
is a general lifting (only simplices appear as lower hull facets).

Definition 1.2.7 We construct the k-deletion-induced polytope corresponding to A,
Yk(A), by first forming the set

B = {v|v = ¢,(w) for some lifting w of A},
and taking

Yr(A) = conv (B).

That B is a finite set follows from the fact that ¢, (w) can be uniquely determined
if one knows the orientations of every set of d + 2 points in w(A), which gives the

rough upper bound |B| < 2(<+2). This bound is an overestimate, however, since
not every set of orientations is realizable by a lifting and because two liftings with
slightly differing sets of orientations may still potentially produce the same compound
GKZ-vector for non-maximal k.



Corollary 1.2.8 Each k-compound GKZ-vector is a vertex of L (A). In other words,
no k-compound GKZ-vector lies in the interior of the convex hull of the other k-
compound GKZ-vectors.

Proof. In Proposition [1.2.6] we saw that if w were a lifting which produced the k-
compound GKZ-vector v, then w-v < w- Vv’ for any k-compound GKZ-vector v/ # v.
Thus w-x = w-Vvis a vertex supporting hyperplane for the k-compound GKZ-vector
V. B

Figure shows the family ¥;(A) for A corresponding to a (regular) hexagon,
with & = 0 (the associahedron), k = 1 and k = 2.

1

(i) Zo(A) (i) 21 (A)

(i) S(A)
Figure 1.4: ¥;(A) for a hexagon - k =0,1,2



1.3 Structural Results

If we let vy, Vs, ..., denote the vertices of ¥x(A) (i.e., the distinct k-compound-GKZ
vectors), then each of the vertices v; will satisfy the following d + 1 linearly distinct
relations:

()
o (1,1,...,1)-v; = Z(d+1)vol(conv(A\Kj)),

Jj=1

()
® (T31,%52,...,%sp) Vi = Z(d + 1)vol (conv (A\Kj)) cs,a\k;), s = 1,...,d,
j=1

where x5, denotes the s coordinate of the ¢t

point in A and ¢, (a\x;) denotes the
s™ coordinate of the centroid of conv(A\Kj). This is a natural consequence of the
relations found to be satisfied by “ordinary” GKZ-vectors in [3] and [6]. This tells us

that 3 (A) is not full-dimensional and has at most dimension n — (d + 1).

Theorem 1.3.1 The k' deletion-induced triangulations are uniquely determined by
the k deletion-induced triangulations for any k' < k and fized general lifting w of a
set of points A.

Proof. We induct on the size of k£ and begin with the basis case £k = 1. The claim is
that if we know the d-simplices that appear on the lower hull after each 1-deletion,
then we can determine which d-simplices appear on the lower hull of conv(A). Clearly
any d-simplex that appears on the lower hull of conv(A) must appear in the lower
hull in all single deletions but those of its vertices. This condition is sufficient to
identify the d-simplices of the original lower hull, as any simplex that is not in the
original lower hull will fail to appear in the lower hull of at least one other deletion
than those of its vertices. Specifically, if £ = 1, then d + 3 < n. If a simplex is not
on the original lower hull, then there is a point p in A (not one of the vertices of the
simplex) which lies “below” this simplex, hiding it from view. Since n > d + 3 there
is at least one point which we can delete that is neither p, nor one of the vertices of
our simplex, thus we are guaranteed that this simplex does not appear on the lower
hull under the deletion of this particular point.

Next assume that knowledge of the m deletions up to some m > 1 uniquely deter-
mines the m’ deletions for all 0 < m/ < m and consider the k deletions for k =m +1
(supposing that this k still satisfies & < n—(d+2)). If we collect all of the k deletions
which involve the deletion of some fixed point v; € A, then we see that this set is
exactly the m deletions of the point set A \ v;. By the inductive hypothesis, we can
reconstruct all of the m’ deletions of A\ v; for all 0 < m/ < m. In the original point set
A this means we have determined the deletion-induced triangulations corresponding
to any deletion set which included the point v;. Repeating this process for all v; as



1 ranges from 1 to n gives us knowledge of any non-trivial deletion-induced triangu-
lation. Since this includes all of the 1 deletion-induced triangulations, our base case
gives us that the original lower hull of A may also be determined. m

The following definition and theorem will allow us to extend our definition of
k-compound GKZ-vectors while maintaining the combinatorial structure of the the
polytope that is obtained. This will be useful in new constructions which we will
introduce later in the section.

Definition 1.3.2 Let N, := (8) + (Tf) 4+ o+ (Z) and let S1,5s,..., Sy, enumerate
the subsets of {1,2,...,n} of cardinality < k. Further, let x be a characteristic vector
of length Nj with multiplicity. That is, let x € [0,1,2,...]" such that a y in position
z of x, x(2) = y, indicates that the subset S, appears y times in the collection of

subsets indicated by .

If x is such that x(z) > 1 for all z where S, indicates a subset of {1,2,...,n} of
cardinality equal to k, then we define augmented k-compound GKZ-vectors by

Buw) = 3T,

where 7; is the regular triangulation given by projecting the lower hull of conv(w(A \
S;)) onto RY. We then form the augmented k deletion-induced polytope corresponding
to A and x by

Yy k(A) == conv ({V | v = ¢p(w) for some general lifting w of A})

Theorem 1.3.3 If x is selected according to the conditions in Definition[1.3.3, then
the polytopes X, (A) and X, ,(A) have identical normal fans, and hence have identical
combinatorial structure.

Proof.

It is sufficient to demonstrate that the vertices of the two polytopes can be put into
bijective correspondence and to show that the normal cones for paired vertices are
identical. We will make use of the fact that any normal vector for a vertex supporting
hyperplane to a vertex v of X, ;(A) or a vertex v of X;(A) can be re-interpreted as
a lifting vector which realizes that vertex. In other words, the normal vector must
correspond to a general lifting with respect to k£ deletions, and hence a general lifting
with respect to all lower order deletions, which has lower hulls matching the set of
triangulations corresponding to v or v under the appropriate deletions.

For the bijection, we will map a vertex v of ix,k(A) to the unique vertex v of
Yx(A) which has the same triangulations appearing after corresponding deletions of



size k. Such a vertex is always available to map to as any normal vector for a vertex
supporting hyperplane for v is also a lifting which realizes v, and hence which realizes
a corresponding v (it produces the appropriate triangulations under k deletions, we
simply ignore the lower order deletions). The fact that the lifting is one-to-one follows
from Theorem [1.3.1] and the fact that it is surjective is clear as the same lifting w
which realizes a vector v of 3, (A) will realize an augmented k-compound GKZ-vector
with the same k deletion induced triangulations and determined lower order deletions.

It is clear that for a matched pair of vertices v and v any normal vector for a
vertex supporting hyperplane of v can be considered as a lifting which realizes v,
which must also be a lifting which realizes v, which then serves as a normal for a
vertex supporting hyperplane for v and vice versa. m

Example 1.3.4 If we construct the 1 deletion-induced polytope for a point set A,
¥1(A), and then take the 1 compound-GKZ vectors and append the characteristic
vector for the original lower hull of the corresponding lifting to obtain f]X?k (A), then
the combinatorial structure of the two polytopes will be identical by Theorem [1.3.3]
If we take A = {1,2,3,4,5}, k = 1, and the previously described x, the two poly-
topes are shown in Figure We can see in the pictures that the normal vectors
defining the facets do not appear to change, only the sizes of facets seem to change.
In particular, the rhombus at top front consisting of vertices {15,25, 32,24} appears
to grow in size in this particular augmented k deletion-induced polytope. O

(i) S1(A) (i) Xy.1(A)

Figure 1.5: Comparing ¥;(A) and ix,k(A)

Definition 1.3.5 If P4 and Pp are two polytopes in R% then the vector sum (or
Minkowski Sum) of these two polytopes is defined to be



Py+ Pg = {VA+VB DV € Py, VBEPB}.

The Minkowski sum P4 + Pg of two polytopes is a polytope, and any vertex of
P, 4+ Pp must arise as the sum of two vertices from P4 and Pg, though not all such
sums are guaranteed to be vertices of P4 + Pg. For more references on Minkowski
sums, see [11], [13], [12].

Example 1.3.6 For an example of a Minkowski sum of two polygons, consider the
pentagon P4 and triangle Pg in Figure [1.6]

(i) Pa (i) Pp

Figure 1.6: Minkowski summands

The construction of the Minkowski sum and the final result P, + Pg are shown

in Figure [1.7] O

Figure 1.7: Minkowski sum P4 + Pp

Theorem 1.3.7 The polytope ¥ (A) is equal to the Minkowski sum of the polytopes
Yo(AN\Kyp),X0(A\ Ka),...,50(A\ K(Z))’ where K1, . . ., K(@ denoted the k-subsets
of the points in A. In other words, the k deletion-induced polytope is given by the
Minkowski sum of the secondary polytopes corresponding to the various k-deletions of
the point set A.

Proof.

We first note that the vertices of the polytope obtained by the Minkowski sum
correspond to some sum of (Z) vertices, one from each individual secondary polytope.
In other words, if M denotes the polytope that we obtain from the Minkowski sum
of the secondaries, then every vertex v of M is of the form v =vy + vy +--- + V()
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where v; is a vertex of X(A \ K;) for 1 < i < (). Note, however, that not every
point of this form is guaranteed to be a vertex of M. If we consider the set of all
possible combinations of secondary vertices, we see that we obtain all possible sums

of characteristic vectors ¢x(77) + - - + ¢k(7'(n)), where each 7; can be independently
k.

chosen to be any regular triangulation of the corresponding point set A \ K; for
1<i < (Z) Thus we see that all possible k-compound GKZ-vectors occur as sums
of appropriate vertices of these secondaries. Further, we know that any k-compound
GKZ-vector u will be extremal in M, due to the fact that if w is a lifting which realizes
u, then the set of deletion-induced triangulations which u encodes, 7y 1, - .. ,’7;7@),

will uniquely minimize the inner products w - ¢y (Ty;) for 1 <i < (:) simultaneously.
Thus if we let
V= {V

then we see that the linear function w-x —w-u is uniquely minimized by u if x ranges
over V, and hence w - x = w - u defines a vertex supporting hyperplane for u in M.
Lastly, we note that if v € V does not correspond to a k-compound GKZ-vector, then
v will not be extremal in M. To see why, suppose that v was extremal, then there
would exist a vertex supporting hyperplane with normal w’ such that w'-x > w'-v for
all x € V\ v. This implies that the set of deletion-induced triangulations encoded by
v, Tui,- -, 7:, (1)’ is the only set of triangulations which minimize each inner product

v:v1+v2+--~+v(7]:), where v;
is a vertex of Yg(A\Kj;) for 1§i§(2) ’

w' ¢ (Ty,) for all 1 <4 < (}) simultaneously. Then we would have that w’ is a lifting
which has v as a k-compound GKZ-vector. This demonstrates that the polytopes M
and X (A) are (geometrically) identical. m

Since the dimension of each secondary polytope ¥o(A \ K), for 0 < |K| =k <
n — (d + 2), is guaranteed to be n — (d + 1) for a point set A (and hence A \ K)
in general position, we obtain that the & deletion-induced polytope ¥;(A) must also
have dimension n—(d+1). In other words, every relation satisfied by the k-compound
GKZ-vectors arises as a consequence of the d+1 relations mentioned at the beginning
of the section.

Corollary 1.3.8 The polytope Y(A) is a zonotope if k is assigned the maximal
possible value for the point set A, i.e. if k =n — (d+ 2).

Proof. By Theorem [1.3.7, we are given that X;(A) is given by the Minkowski sum
of the polytopes Xo(A \ K1), XZ0(A\ K3),...,50(A\ K(Z)) Since k =n — (d + 2),
we have that [A \ K;| = d + 2 for each 1 <4 < (}), and hence w(A \ K;) forms a
simplex in R¥*!. Since a simplex can have only two orientations, we see that there
are only two possible lower hulls of conv(w(A \ K;)) and hence only two possible
k deletion-induced triangulations of A \ K; for this size k. This tells us that each

secondary polytope ¥g(A \ K;) is the convex hull of two points and hence forms a
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line segment in R, which implies that ¥;(A) is a zonotope.

The zonotopes arising in Corollary are well studied in [I]. We will see a
second way to construct these zonotopes later in the section.

Next we will discuss how to utilize Gale diagrams to study &k deletion-induced
triangulations and the corresponding polytope Xx(A), but first we will give a brief
review how a Gale diagram is constructed and how it can help us study the set of
regular triangulations, and hence the secondary polytope ¥y(A), corresponding to a
set of points A in R%. What follows is a summary of Gale transforms based on [14],
[1], and [g].

Let vq,...,v, € R? denote column vectors corresponding to the points in A and
form a matrix out of the homogenized coordinates

Vi Vg -V,

M::11...1

(d+1)xn

Since |A| = n > d+2 and no set of d+1 points in A is affinely dependent, we have
that M has full row rank, and hence the dimension of the nullspace of M, N (M), is
n — (d+1). We can then form a new matrix M where the rows correspond to any
set of basis elements of /(M) and label the columns by

M = [ Vi Vg ... V, ]n—(d+1)><n'

The set of n points given by the columns of M: ¥, ...,v, € R* (@1 is referred
to as a Gale transform corresponding to the point set A. (Note that some points may
occur with multiplicity in this collection.) We will use M to refer to refer to both the
matrix as well as the set of columns of the matrix. We consider the corresponding
points v; and V; as being paired for 1 < i < n and note that since the row [1,...,1]
is guaranteed to be orthogonal to every row of M, we have that ¥, + ... + v, = 0.
The Gale transform can be utilized to study the faces of the polytope conv(A) in the
following manner: if some collection of points F = {v;,,...,v;.} € A forms a face of
conv(A) of dimension < d, then there is some hyperplane with normal n such that

n-v, =--=mn-v,, and n-v>n-v, Vvé¢lF.

If welet r = [n, —(n-v;)] € R be a row vector, then we see that we can
interpret the row vector rM as a vector in the set [0, +]". Specifically, coordinate i of
rM is a 0 precisely if v; € F and is positive (+) precisely when v; ¢ F for 1 <i <mn.
We also note that this new row vector rM is in the row span of M, and is hence
perpendicular to each row of M. Thus we have
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If we let F C M be the corresponding collection to F C M, we see that the
above is simply a positive linear combination of the points in M \ F which pro-
duces the origin. With some positive rescaling, we see this implies that collections
of points F C M which correspond to complements M \ F where F forms a face
of conv(A) will capture, i.e., contain, the origin in the relative interior of their con-
vex hull, relint(conv(F)). It is not hard to reverse the argument and show that if
0 € relint(conv(F)), then the collection F C M corresponding to M \ F forms a face
of conv(A). Thus we note that the facets of conv(A) are given as the complements

corresponding to minimal collections F such that 0 € relint(conv(F)).

Further, we note that independently scaling the points in the Gale transform by
some positive scalar factors does not change which collections capture the origin in the
relative interior of their convex hulls. Thus the nonzero points of the Gale transform
are traditionally scaled so that they lie on the unit sphere in R*~(@t1) centered at the
origin. Any new such placement of the n points of M in R"(@*1) which preserves
which sets of points capture the origin in the relative interior of their convex hulls is
referred to as a Gale diagram corresponding to the point set A.

Example 1.3.9 Consider the point set A = {vy,vs,v3,v4} = {0,1,2,3} CR. Con-
structing the Gale transform, we have

1111 M_01—21

If we form a Gale diagram by scaling the points onto the unit circle centered at
the origin in R?, we obtain Figure [1.8]

We see that the minimal sets which capture the origin in the relative interior of
their convex hull are {vy, Vs, V3} and {¥V,, V3, V4}, which correctly indicates that the
only facets of conv(A) are vy and vy. O

AN

To study the regular triangulations of the point set A, we first form the Gale
diagram M associated to A by positively scaling the nonzero points of the Gale
transform so that they lie on the unit sphere. We then insert a new point z on the
unit sphere in the Gale diagram so that z lies on no hyperplane spanned by n —d — 2
elements from {Vvy,...,¥,}, i.e., Z does not lie on the boundary of any cone formed by
elements of M. We see that M U {Zz} is no longer a Gale diagram which corresponds
to A C RY, but instead corresponds to a new point set A’ U {z} C R4*L.

It can be shown that this new set of points A’ is of the form {(vi, A1),..., (Vp, An)}
for some Aj,..., A, € R, and that z corresponds to the point at infinity (see [14] and
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V3

Figure 1.8: Gale diagram for 4 points on a line

[10]). In other words, the point set with Gale diagram M U {Z} can be thought
of as w(A) for a general lifting vector w = (A1,..., \,) together with a point z at
infinity (the fact that the lifting is in general position follows from the placement
of Z in affinely general position). We will think of the points v; in A as being in
bijective correspondence with the points (v;, A;) in A’ and will identify collections
F C A with collections F' C A’ in the natural manner. We see that any facet
given by F in conv(A) will have a corresponding facet F' U {z} in conv(A’), since
0 € relint(conv((M \ F)) before and after the addition of the point Z to the Gale
diagram. These facets of conv(A’U {z}) which contain the point at infinity z can be
thought of as the lateral facets. The only “new” facets that we obtain correspond to
sets M \ S where 0 € relint(conv((S U {Z})). Since Z is placed in affinely general
position, all such new faces M \ S will be simplices, and will in fact correspond to
the simplices in the lower hull of conv(A’ U {z}).

We see that a particular d-dimensional simplex S appears in in the lower hull of
conv(A’ U {z}) exactly when 0 € relint( conv((M \ S) U {z})). This is equivalent to
the condition that the opposite point —z lies in the interior of the cone formed by
the vectors of the set M \ S. Thus if we think about removing the boundaries for
all such cones formed by n — d + 1 elements of M from R* (@D we see that the
sphere is divided into different regions where any two —z, —Z' placed in the same
region would give identical lower hulls for the corresponding sets conv(A’ U {z}) and
conv(A’ U {z'}), whereas two —z, —Z' placed in differing regions would give distinct
lower hulls for the corresponding sets conv(A’ U {z}) and conv(A' U {z'}).

We finally note that there will be a region in this spherical complex for every
possible lower hull of conv(w(A)) for arbitrary general liftings w, as it is possible to
reverse-engineer the lifting w to determine an affinely general placement of Z in the
Gale diagram to make the corresponding A’ match w(A). Thus the regions in this
spherical complex are in bijective correspondence with the set of regular triangula-
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tions of A.

Example 1.3.10 If we return to the Gale diagram discussed in Example [1.3.9, we
see that by removing the boundaries of all possible cones spanned by two elements of
M we divide the surface of the circle into 4 distinct regions depicted in Figure . If
we think of placing the opposite of z, —z, into each of these regions, we obtain the 4
corresponding representative liftings, w(A), pictured in Figure [1.10} Notice that the
lower hulls of these liftings give all possible distinct regular triangulations of A after

projection. O
V4
= IT
V9 I
Vi

v
II1

V3

Figure 1.9: Gale diagram regions - line example

e

(iii)

Figure 1.10: Representative liftings - line example, k = 0

Example 1.3.11 If we consider the hexagon given by

A = {vy,vy,v3, vy} = {(~1,1.5),(=2,0), (=1, -1.5), (1,-1.5),(2,0), (1,1.5)} C R?
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we find that the 2-dimensional Gale transform is given by

-1 -2 -1 1 2 1 1 00
M= |15 0 —-15 —15 0 1.5 |, M=1]010 -2 3 -2
1 1 1 1 1 1 001

If we form a Gale diagram by scaling the points onto the unit sphere centered at
the origin in R?, we obtain Figure [1.11]

Figure 1.11: Gale diagram regions - hexagon example, k = 0

It is not easy to see from the static picture of the 3-dimensional sphere, but by
“removing” the boundaries of all cones of 3 elements of M, we obtain 14 distinct
regions on the sphere which correspond to the 14 possible regular triangulations of
the hexagon. This correctly reflects the number of vertices of the corresponding
secondary polytope, which is also known as the associahedron corresponding to the

hexagon, see [9], [3], and [I3]. This polytope was pictured in Figure [1.4i] O

In [1], Billera, Filliman, and Sturmfels demonstrated another method to construct
the secondary polytope 3(A) corresponding to the point set A. In this construc-
tion, the point set A is translated so that ) _, v = 0 prior to constructing the Gale
diagram M. This way, we can consider the original set of points as the Gale diagram
of M and vice versa. We then think about moving the origin about in the interior
of conv(A) such that it never lies on an affine hyperplane through d elements of A.
Each new placement of the origin in A will correspond to a scaling of the points of
M, thus we can form polytopes P; = conv(M) for i ranging from 1 to R = #(regions
of conv(A) formed by all hyperplanes through d elements). By taking the Minkowski
sum of the polars of these polytopes, we obtain a polytope P whose normal fan is
a common refinement of the normal fans of the polars of Py, Ps, ..., Pg, and which
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was demonstrated to be combinatorially equivalent to the secondary polytope ¥y(A).

The following theorem describes how to alter the Gale diagram construction to
describe the set of k deletion-induced triangulations associated to various general
liftings w of our point set A.

Theorem 1.3.12 Let M be a Gale diagram corresponding to the point set A, rep-
resented by the matrix M, where the nonzero points have been scaled to lie on the
unit sphere centered at the origin in R*~(@*Y  Denote the columns of M, V1, ..., ¥V,
and their opposites, —V1,...,—Vy, as the positive and negative elements of M, re-
spectively, and let z be placed so that it lies on no hyperplane spanned by n — (d 4 1)
elements from {£vy,..., £V, }. Then a collection F C M of points forms a lower
hull facet of the lifting w(A) U {z} (for some placement of z in the Gale diagram)
after the deletion of a cardinality k set K of M iff there exists a (possibly empty)
subset K C K such that 0 € relint(conv((M \ (FUK)) U —K)).

Proof. We have previously seen that if we focus on the Gale diagram consisting of
Vi,...,V, and z in general position, then the polytope P which possesses this Gale
diagram can be thought of as the convex hull of a general lifting w (determined by the
placement of z) of the points of A and a point z at infinity. If 7 = {v,,,...,v;.;} C M
denotes a lower hull facet of P after the k-deletion of some points K = Vi, V), C
M (Fn K = (), then there is some hyperplane with normal n and subset K C K
(possibly empty) such that

n-v=n-v. Vv,v eF, n-v>n-v. VvelF, v ek,
and n-v<n-v' VveF, v e M\ (FUK).

Thus if we let T = [n, —(n-v;,)] € R4 be a row vector, then we see that we can
interpret the row vector rM as a vector in the set [0, 4+, —]". Specifically, coordinate
i of rM is a 0 precisely if v; € F, is positive (4) precisely when v; ¢ F U K, and is
negative (—) when v; € K for 1 < i < n. This new row vector rM is in the row span
of M, and is hence perpendicular to each row of M. Thus we have

0
(Vi Vo ... v, |- (M) = |
0 1xn
which implies that F is a facet of the lower hull of conv(A \ K) precisely when
0 € relint(conv(F U (—K))), where F = M \ (FUK) and —K denotes the nega-

tives of the points in K.

As is the case when studying facets of the lower hull of liftings of A with the Gale
diagram, it is easy to see that if there are some subsets K, F c M, KN F = 0,
K| < k, such that 0 € relint(conv(F U (—K))), then the previous argument may
be reversed to show that the set 7 C M corresponding to M \ (K U F') will form a
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face of the lower hull of P after the deletion of any & point collection K such that
K C K and FN K = (. Similarly, if some set of k deletion-induced triangulations
is realizable by some lifting w of A, then a placement of Z can be determined in the
Gale diagram which will correspond to the set of points w(A) U {z} where z is the
point at infinity, which will hence produce the correct lower hulls after k-deletions.
|

Example 1.3.13 If we alter the Gale diagram for the set of 4 points on a line dis-
cussed in Example by adding in the negatives of every point, we obtain the
diagram in Figure which can be seen to split the circle into eight regions if we
remove the boundaries of all cones formed by two distinct positive points v; and v;
(which tell us which simplices are in the original lower hull) and cones formed by a
positive and a negative point v; and —v; (which tell us which simplices only appear
in the lower hull after deletion of the point v; € A U {z}). Note we do not consider
cones involving more negative elements of M as we only go so far as to take k = 1
deletions for a set of this size in this dimension.

-V 4 V3
Figure 1.12: Gale diagram regions, line example, k = 1

If we place negative Z in each region, then Theorem guarantees that the
collection of representative polytopes conv(w(A) U {z}) corresponding to each place-
ment of —z will contain liftings which realize every possible 1-compound GKZ-vector
corresponding to the point set A. Figure shows 8 representative liftings obtained by
the placement of —z in the corresponding region of Figure [1.12

For an example of how to interpret what sort of lifting is produced from each
region, suppose that —z is placed in region I. Then we see that —z is in the cones
formed by (v4,V4), (V1,V2), and (¥V3,V4), which implies that (vo,v3), (vs,v4), and
(vy,Vvg) are original lower hull facets, respectively. Next we want to consider what
new minimal sets can capture the origin with z when we consider cones with one

18



o
.. |

(iii) (iv)
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I

(v) (vi) (vii) (viii

Figure 1.13: Representative liftings - line example, £k =1

negative element. Since —z in this region does not lie in a cone formed by —v; and
any positive v;, we see no new lower hull facets are introduced after the deletion of vy,
similarly with the deletion of v4 . Since —Z is in the cones (v, —V3) and (Vy, —V3), we
gather that (vg,vy) forms a new lower hull facet after the deletion of v3 and (vy,v3)
forms a new lower hull after the deletion of vs.

To see the particular effects of the further subdivision of the sphere by the addi-
tion of the negative elements of M, focus on regions IV, V, and VI in Figure (.12 We
see that these regions formed the single region III in Figure [I.9) of Example [I.3.10]
This reflects the fact that all representative liftings of regions IV, V, and VI, have
the same original lower hull, but have differing 1 deletion-induced triangulations. ¢

Example 1.3.14 We can also alter the Gale diagram for the hexagon discussed in
Example[1.3.11] by adding in the negatives of every point. In this example, however,
we have the option to choose k as high as 2.

Figure is the diagram that we would use to study the 1-deletions of the
hexagon. In this diagram, we have removed all boundaries of cones formed by 3 posi-
tive elements of M (these corresponded to the original lower hull) and the boundaries
of cones formed by 2 positive elements of M and 1 negative element (these cor-
responded to new lower hull facets which appear after the 1-deletion of the point
corresponding to the negative element used in the cone). We see that some new arcs
(removed boundaries of cones) appear, specifically between positive and negative el-
ements of M. This subdivides the sphere into more regions than were present in
Figure[1.11, and reflects the fact that two liftings w and w’ which had the same origi-
nal lower hulls, i.e., represented the same region in Figure(l.11, may have had distinct
1-deletion induced triangulations, which would require them to lie in distinct regions
of Figure [1.14i. The deletion-induced polytope corresponding to this subdivision of
the sphere was shown in Figure [I.41]
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Figure 1.14: Gale diagram regions - hexagon example, k =1, k = 2

Figure [1.1411] is the diagram that we would use to study the 2-deletions of the
hexagon. We remove the same cones as we did for £ = 1, but now we also remove
cones which are formed by two negative elements and 1 positive element of M. These
cones allowed us to detect the new lower hull simplices which would appear after
the deletion of the two points corresponding to the negative elements of the cone.
We see that the surface of the sphere is subdivided further by arcs connecting two
negatives of elements of M. The polytope corresponding to this maximal subdivision
was shown in Figure O

We have seen that if we choose a maximal value for k, then by removing the bound-
aries of all cones formed by k' up to n — (d + 2) negative elements and n— (d+1) — k¥’
positive elements of M, we obtain the finest possible subdivision of the sphere ob-
tained by deleting the boundaries of cones consisting of any set of n — (d + 1) pos-
itive /negative elements of M. In particular, this finest possible subdivision of the
surface of the sphere can be thought of as being induced by deleting a particular cen-
tral hyperplane arrangement from R™~ (1) which leads us to a second construction
of the zonotope X,,_(442)(A).

The creation of this particular zonotope via a hyperplane argument is discussed
in [I]. In particular, we saw that knowledge of the orientation of every set of d + 2
points in a general lifting w(A) of our point set will determine the k deletion-induced
triangulations for any k; in particular k = n — (d 4 2). The set of sets of compatible
orientations that can be placed on the (d + 2)-tuples of points in A can be put into a
natural bijection with the cells of the hyperplane arrangement given by the zero sets
of the polynomials arising from the (d 4 2) x (d + 2) minors of the matrix
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Vi Vo V3 ... V,
r1T o2 X3 ... Ip s

1 1 1 ... 1 (d+2)xn

where the v; correspond to the points of A in column vector form and the variables

x; give an arbitrary lifting vector w = (x1,xs,...,x,). Thus if we let ny,... SN
d+2

denote the normal vectors to the various hyperplanes in our arrangement, then defin-
ing [; to be the line segment from 0 to the tip of the vector n; in R" for 1 <17 < (diZ),
we have that our zonotope is combinatorially equivalent to the Minkowski sum

), c re ().

Lastly, we outline a construction for deletion-induced polytopes similar to the
method used to construct the secondary in [I], which was described earlier. To
this end, we note that we had considered the positions of the negatives of points
—V1,...,—V, in the Gale diagram when studying the lower hull facets after particu-
lar deletions, but we hadn’t thought of these points as proper members of the Gale
diagram. We see that by considering these points as part of the collection M, then
the corresponding point set A must increase by n points and increase in dimension
by n. In particular, adding the negatives of points in the Gale diagram corresponds
to applying Lawrence extensions to the point set A ([13], [7]).

Definition 1.3.15 If V is a point set in R?, adding the negative of an element —Vv;
into M, for some v; € M, produces a new Gale diagram corresponding to a Lawrence
extension on V. A Lawrence extension o;(V), 1 <i < |V|, is the point set we obtain
from V' by replacing the point v; € V with V;r ‘= vV;+ci-eqpr, and v, = v;+careqiq,
where 0 < ¢; < ¢ € R, and ey, is the (d+ 1)** standard basis vector. Note that the
“lower” point v is assigned a “+” because it corresponds to the positive version of
v; in the Gale diagram, and v; corresponds to —v;. Traditionally, we choose ¢; =1
and c; = 2, but by varying the value of these weights, we end up with a construction
which is combinatorially equivalent (In the sense that the convex hull of o;(V') has
the same combinatorial structure).

For a point set V' C R with no coloops (i.e., the deletion of any single vector from
the set of vectors corresponding to V still leaves a set which spans R?), the Lawrence
Polytope corresponding to the point set V', A(V), is defined by

AV) == 1003000y (V) c RV

Example 1.3.16 The Lawrence polytope A(V) corresponding to V' = {vy,ve,v3}
consisting of three copies of the origin in R? is depicted in Figure [I.15] O

21



Vg 2

Vo
_|_
\25 ~
_|_
V2
0
0 1 2
_|_ _
Vi Vi

Figure 1.15: Lawrence polytope A(V)

This means that for a particular k-subset, K C A, the different possible deletion-
induced triangulations of the set A \ K should be, in some way, connected to the
secondary polytope corresponding to the “k-Lawrence extension” Ly, where

Ly = Owlo...ogwk(A), where K:{Vh,...,vik}CA.

This follows from the fact that both of these combinatorial structures rely on varying
the general placement of Z into the Gale diagram given by the points {vy, ¥, ..., ¥, }U
{-v;|vi€e K}.

Example 1.3.17 Suppose we wish to study the deletion-induced triangulations of
the point set studied in Example [1.8] specifically where we are deleting the element
vo = 1 from A. This means we only consider adding —Vv, into the Gale diagram,
producing Figure [1.16]

If we think of adding the opposite of z, —z, into the various regions depicted
in Figure [1.16], we determine 5 representative liftings which model the only possible
triangulations induced after the deletion of vo =1 € A. Five possible representative
liftings for the corresponding regions in Figure are shown in Figure [L.17] (read
left to right, top to bottom), along with the triangulations induced by their original
lower hulls 7y (top) and lower hulls after the deletion of vo = 1, 75 (bottom).
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Figure 1.16: vo-deletion Gale diagram
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Figure 1.17: vo-deletion-induced triangulations
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The compound GKZ-vectors obtained by adding the characteristic vectors corre-
sponding to the triangulations 7 and 75 for the representative liftings of each region
in Figure [1.16| are shown below:

Region I (1,2,2,1) +(2,0,3,1) = (3,2,5,2),
Region II:  (2,0,3,1) +(2,0,3,1) = (4,0,6,2),
Region III: (3,0,0,3) +(3,0,0,3) = (6,0,0,6),
Region IV: (1,3,0,2) + (3,0,0,3) = (4,3,0,5),
Region V:  (1,3,0,2) +(2,0,3,1) = (3,3,3,3).

Next, we will utilize the same diagram in Figure [1.16] but we will instead use it
to study the regular triangulations corresponding to the Lawrence extension oy, (A)
(using ¢; = 2, ¢3 = 4), pictured in Figure [1.1§

Figure 1.18: Lawrence extension oy, (A)

The 5 regular triangulations of this Lawrence extension corresponding to the place-
ment of —z in the 5 regions of Figure [1.16| are shown in Figure [1.19]
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(iii)

(iv)

Figure 1.19: Regular triangulations of the Lawrence extension

If we order the points in the Lawrence extension by vi,v,, vy, Vs, vy, then the
corresponding characteristic vectors for the triangulations given by the regions of
Figure [1.16| are shown below:

Region I:  (3,4,4,5,2),
Region II:  (4,6,0,6,2),
Region III: (6,6,0,0,6),
Region IV: (4,3,6,0,5),
Region V:  (3,3,6,3,3)

Definition 1.3.18 Let A = {vy,...,v,} be a collection of points in R? of car-
dinality » > d + 2 such that no (d + 1) points are affinely dependent and let
K ={vi,...,v; } C A besuch that |K| = k for some integer 0 < k < n — (d + 2).
Further, let Lx denote the k-Lawrence extension:

Ly == oy, 0...00y, (A)C R,
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For any simplex § in a triangulation of Lg, we see that the simplex must contain

at least one version, v, or v;; corresponding to each point v;; € K, otherwise the
simplex would not have the appropriate dimension. For a particular simplex, we will

define the following sets:

K*(S) = {vi; e K | v €S, v, ¢S},
K=(8) = {vy; e K | v;; €8, V;; ¢ S},
K*(S) = {v;, € K | vit €S, v, €S}

It is easy to see that these sets will partition K. We will also define the support
of S in A, suppa(S), by

suppa (S) = (SNA)UKE(S).

Lemma 1.3.19 Let A and K be defined as in Definition and construct the

k-Lawrence extension so that if Ov,, is the extension from RY~1 to R4HJ | then the
corresponding extension heights ¢; and co are chosen so that Vi =V, + 2(d+ j)ea+;
and Vit = vy, + (d + j)eay;. If vol,(S) denotes the r-dimensional volume of an r-
dimensional simplex S, then we have that for any (d + k)-dimensional simplex S in
a triangulation of Ly,

volgix(S) = 257Gl voly(supp,a (S)),
where K~ (S) is as defined in Definition |1.3.18.

Proof. Note that Figure [1.20[ may be helpful to look at when visualizing this proof.
Fix an arbitrary simplex § in Lg and proceed by induction on k, noting that the
base case for k£ = 0 is trivially satisfied. Suppose the assumption holds up to some
k = r and consider the next case & = r + 1. We break into three cases depending
on which set K(8), K~ (S), or K*(S) the “last” element v;, € K falls into for the
simplex S:

Case 1: v; € K*(S)
In this case, S can be thought of as a pyramid over a (d+k—1)-dimensional simplex

S’ with apex v; at height d+k. Since supp (S) = supp, (§’) and K~ (S) = K~ (&),
we see by induction that the claim is satisfied.

Case 2: v;, € K~ (S)

In this case, S can be thought of as a pyramid over a (d + k — 1)-dimensional
simplex &’ with apex v; at height 2(d + k). Since supp,(S) = supp,(S’) and

i
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|IK~(S)| — 1= |K~ (S|, we see by induction that the claim is satisfied.
Case 3: v;, € K*(S)

In this case, we note that our simplex S may be expressed as the difference of two
pyramids with common base &' = (S\{v;,v; })U{v;, } and with apexes v; and v; ,
with heights 2(d + k) and d + k, respectively. This difference has the same volume

as the pyramid P with base S’ and apex v, which satisfies suppa (P) = suppa (S)

1K)
and |K~(P)| = |K~(S)|. Since this reduces to Case I, we see by induction that our
claim is satisfied. m

A d

4
V5

Figure 1.20: Double Lawrence extension in R?

Theorem 1.3.20 If Lk, ... 7LK(TL) denote the (Z) k-Lawrence extension polytopes

k
of A, then the k deletion-induced polytope ¥ (A) is combinatorially equivalent to
a Minkowski sum of certain projections of the secondary polytopes corresponding to
Lg,,....Lg,, ..
(%)
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Proof. Let A = {vi,...,v,} be given and focus on a particular subset K =
{Vi,,...,vi,} C A of cardinality k. Let M be a Gale diagram corresponding to
A where the negatives of the points corresponding to v;; € K have been added. We
have seen previously that this diagram is not only the Gale diagram corresponding to
the k-Lawrence extension Ly (defined in Definition [I.3.18), but also could be used to
study the possible deletion induced triangulations obtainable by removing K (or any
of its subsets) from a lifting w of A. If we place a new point —z in general position
somewhere into the diagram, we saw that this induced a representative lifting w(A)
which corresponded to a list of deletion-induced triangulations, and also produced a
particular regular triangulation of L.

If we let

u = Tr where Tx corresponds to the lower hull of w(A \ K’
> 6(Tw) p ,

K'CK

and let u’ denote the characteristic vector corresponding to our regular triangulation
of L, our aim is to first produce a projection P : R¥** — R? which will send u’ — u
for —z placed in any general region. First label the set A\ K by {v;,,,...,v; ,}
and assume, without loss of generality, that coordinates of the characteristic vectors
u and u’ are ordered by:

u = (Vij,o s Vi, Vg - Vi 1),
o ot o + oo
u = (vil,vil,...,Vik,vik,vikﬂ,...,vin_k).

The proposed projection P that will map u’ to u is defined by

P = (21,22, ..., Tok—1, T2k, T2kt 1, T2t 2 - - - s Tt k)
— (xl + Ty — VOI(LK>, ceoy Top—1 + Tog — VOI(LK), Tok+415 L2425 - - - ,J,’n)

To verify that this is the correct projection, first note that the presence of a
particular (d + k)-dimensional simplex S in Lg implies that supp,(S) forms a d-
dimensional simplex in w(A) where only the elements in K+ (S) appear “below” the
simplex, and all other elements K~ (S) appear “above” the simplex (recall that in
the Gale diagram we are looking at complements of these sets, this is why elements
vi, € K7(S) appear below, because these correspond to —v;, being used to capture
the origin).

Now, if v.€ A\ K, and S is a simplex which contains v in our triangulation of Ly,
then Lemma [1.3.19 implied that S&’s contribution to the coordinate corresponding to
v in v’ is equal to 2571 . voly(supp, (S)). When we consider the corresponding sim-
plex suppy (S) in w(A), we see that it only contributes its volume to the coordinate
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corresponding to v in u in deletions of sets K/ C K where KT C K'. In other words,
in order for this simplex to be picked up in a lower hull after a deletion, we must
at least delete all of the vertices that appear below this simplex in w(A). There are
21571 such sets K, hence the coordinates corresponding to v in u and u’ will be equal

ifvéekK.

Next, suppose that v;; € K. The only simplices S of Lx which will correspond to
simplices supp, (S) in w(A) which contain v;; are those which have v;, € K=(S). If
we can restrict our view to the contribution of these simplices, Lemma [1.3.19] would
guarantee that the sum of their volumes would appropriately match the coordinate
corresponding to v in u. In order to obtain the sum of volumes of this restricted set of
simplices, we note that every simplex & must be adjacent to at least one of V;: or v
in Lg. Thus if we sum the volumes of all simplices adjacent to V;;_ and the volumes
of all simplices adjacent to \O and subtract the total volume of Ly, we obtain the
sum of volumes of all simplices S adjacent to both V;; and Vi This is equivalent to

summing the coordinates corresponding to V;; and v, in u’ and subtracting the total
volume of Lg. This establishes that P is indeed the correct projection.

Finally, we note that by projecting the secondary of Ly for a particular K, we
are obtaining polytopes whose vertices are of the form u described previously. By
taking the Minkowski sum of these polytopes projected from Lk, ..., Lg @) we will

k

obtain the polytope ix,k(A) where x is defined as follows:

x(z) = (k _:;(m)),

where #(z) denotes the cardinality of the subset corresponding to coordinate x. In
other words, the characteristic vectors corresponding to deletions of k-subsets are each
counted once, characteristic vectors corresponding to deletions of (k — 1)-subsets are
each counted n times, and so on down to the characteristic vector corresponding to
the original lower hull (no deletions) which is counted (}) times. This polytope was

k
proven to be combinatorially equivalent to ¥;(A) in Theorem[1.3.3] m

Example 1.3.21 Consider the secondary polytope corresponding to the Lawrence
extension oy, (A) constructed as the convex hull of the characteristic vectors pro-
vided in Example [I.3.177] Theorem implies that we can construct the following
projection to map the characteristic vectors of the secondary onto the compound

GKZ-vectors also provided in Example [1.3.17]:

P ]RS — R47 (‘1'17 T2, .1’3,%4,33'5) = (‘1'17 Ty + X3 — Area(UV2<A))7 Ty, .1’5),

where coordinates x5 and x3 in the characteristic vector recorder the area of triangles
incident to v, and vj, respectively, and Area(o,(A))=6. We verify the projection
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for each region in Figure [1.16}

Region I:  P((3,4,4,5,2)) = (3,2,5,2),
Region II:  P({(4,6,0,6,2)) = (4,0,6,2),
Region III:  P((6,6,0,0,6)) = {6,0,0,6),
Region IV: P((4,3,6,0,5)) = {4,3,0,5),
Region V:  P((3,3,6,3,3)) = (3,3,3,3),

If we were to repeat this process for elements vi,vs, and vy, then take the
Minkowski sum of each of the projected polytopes, Theorem [1.3.20] would imply that
the result would be combinatorially equivalent to ¥;(A), where A = {0, 1,2,3} C R.

O

1.4 Further Questions

The deletion construct discussed so far gives a method to construct a family of poly-
topes corresponding to a point set A with the secondary polytope corresponding to
A as the “base” member. We have seen that the Gale diagrams of each successive
member in the family correspond to finer and finer subdivisions of the surface of a
hypersphere, and so, in a sense, each polytope in the family is a refinement of the
previous member.

The secondary polytope introduced in [5] was later described as a special case of
fiber polytope arising from the projection of the (n — 1)-simplex onto a polytope with
n vertices. It would be interesting to see what connections, if any, could be made
using this deletion process to study more general fiber polytopes than the secondary.
Of particular interest would be the study of zonotopes, which arise as the projections
of high dimensional cubes.

Copyright®© Clifford Taylor, 2015.

31



Chapter 2 The Case of 1 Deletions of the Line

2.1 Definitions and Notation

In this chapter, we will explicitly focus on point sets A C R, i.e. d = 1. Specifically,
let n > 4 be an integer and let A denote the set of integers {1,...,n}. Asin the pre-
vious chapter, we will let w € R™ be thought of as a “lifting vector” with coordinate
w; being appended to the point v; € A, 1 <7 < n, to lift each point off of the z-axis
and into R?. We will refer to the set of lifted points as w(A) and will initially only
consider w such that no set of 3 points in w(A) are collinear. In this chapter, we will
also fix k£ = 1 and so only consider 1 deletion-induced triangulations. To each w, we
assign the set of 1 deletion-induced triangulations as outlined previously.

Example 2.1.1 Let A = {1,2,3,4,5} and consider the lifting w = (1, 3,2,3,1). The
set of 1 deletion-induced triangulations 7y, T, T3, T, and 75 corresponding to this

w is shown in Figure 2.1} O
3 3 @ 3
- . * 2 °
' ® ! !
o et ¢ 7T ¢
()7 (i) 7o (i) 75
. ° ]
: e :
, : °
B CE S T R S 1 T T ¢
() Ta )T

Figure 2.1: 1 deletion-induced triangulations

32



Example 2.1.2 The following are the characteristic vectors corresponding to the
triangulations given in Figure 2.1}

Qs(ﬂ) = <071737072>7 qb(%) = <4’07070’4>7 ¢(7§>) = <470707074>
(b(,ﬁl) = <470707074>7 (b(,]g) = <27073>170>'

For the lifting w given in Example , we find ¢,(w) = (14,1,6,1,14). For the
rest of this chapter, we will omit referring to the “1-compound” GKZ-vectors since k
will always be fixed at 1. Instead, we will just call them compound GKZ-vectors. To
further investigate the properties of the compound GKZ-vectors when &k =d = 1, we
introduce some machinery.

Definition 2.1.3 We define the orientation function O on the set of lifted points
w(A), as follows:

ik
O, : A> =R, (i, ], k) — det| w(i) w(j) w(k)
1 1 1

where ¢ < 7 < k. We will omit the subscript if it is clear from which lifting we are
considering orientations.

Definition 2.1.4 Utilizing the orientation function described in Definition [2.1.3] we
classify the points (j, w(j)) corresponding to a particular lifting w of A via the
following. The point (j, w(j)) is

o Visible (from below) in w if O(i, j, k) < 0 for all pairs (i, k) with i < j and
k>7j,

e Not Visible (from below) in w if there exists ¢,k such that i < j < k and
O(i,j,k) > 0,

e Semi-Visible (from below) in w if ¢ and k are the positions of the nearest visible
neighbors to the left and right of j, respectively, and O(i, j, k) = 0.

We will extend these descriptions to particular deletions of w in the natural manner
and will usually refer to a particular point (j, w(j)) in a lifting simply as “;”. Note
that initially we only consider liftings which produce points in general position, thus
no point would be semi-visible. We will require this distinction later in the paper.

Example 2.1.5 Consider the lifting w = (4,2, 1,2, 4,4, 2) where we delete the point
3, illustrated in Figure 2.2l The points are classified as follows: points 1, 2, and 7 are
visible, point 4 is semi-visible, and points 5 and 6 are not visible in this particular
deletion of w. O
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Figure 2.2: Visibility example

Definition 2.1.6 We will define the support of a characteristic vector ¢(7) as the
set of indices of nonzero positions in ¢(7), and denote it by supp(¢(7)). Note that we
can determine the entries in the characteristic vector with knowledge of the support
and vice versa, which in turn allows us to reconstruct the triangulation 7.

Proposition 2.1.7 Two different liftings w and W' of A produce the same compound
GKZ-vector iff the corresponding deletion-induced triangulations T; and T match for
deletions 1 =1,...,n.

Proof. This result for characteristic vectors of regular triangulations is given in [3]
and [6], but we will reproduce the spirit of the argument here and extend to sets of
deletion-induced triangulations as it will be useful to reference later in the chapter.
The fact that two liftings with identical sets of deletion-induced triangulations will
produce the same compound GKZ-vectors is clear, as the characteristic vectors will
match at each deletion. Next, for a fixed lifting w and any regular triangulation 7
of the set of points A, consider the inner product w - ¢(7). For liftings into R?, this
inner product records the sum of 2 times the areas of the trapezoids whose bases are
determined by 7 and whose heights are determined by the lifting w. It is an easy
algebraic exercise to show the following:

e If 7 is a triangulation of A satisfying i ¢ supp(¢(7T)) for some position ¢ which
is visible in w, then 77 satisfying supp(¢(7')) = supp(4(7T)) U {i} gives the
relation w - ¢(T") < w-o(T).

e If 7 is a triangulation of A satisfying i € supp(¢(7T)) for some position ¢ which
is not visible in w, then 7" satisfying supp(¢(7”)) = supp(é(7T)) \ {i} gives the
relation w - ¢(77) < w-o(T).
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e If 7 is a triangulation of A satisfying i € supp(¢(7)) for all positions i which
are visible in w, then T satisfying supp(¢(7T')) A supp(¢(7T)) = {j}, for some
position j which is semi-visible in w gives the relation w - ¢(7") = w- (7).

This allows us to conclude that a characteristic vector ¢(7) minimizes w - ¢(T)
exactly when supp(¢(7)) contains all visible positions of w, no non-visible posi-
tions, and some (possibly empty) subset of semi-visible positions of w. Since we
initially only consider general liftings, we do not have semi-visible points, and hence
the support of characteristic vectors must be exactly the set of visible points of w,
which in turn corresponds to selecting the triangulation obtained by projecting the
lower hull of conv(w(A)) in order to minimize this inner product. Since ¢(w) is con-
structed precisely as the sum of these lower hull induced triangulations, we have that
w-p(w) < w-¢(@) for any lifting @. Further, we are given that w-¢(w) = w-d(w'), so
it must be the case that the set of deletion-induced triangulations corresponding to
W', T/, ..., 7T minimize the individual inner products w - ¢(7;) which in turn implies
that the triangulations 7; and 7 must match for ¢ = 1,..., n, as both must be given
by projections of the lower hulls of conv(w(A)\ {i}) fori=1,...,n. =

Definition 2.1.8 We construct the deletion-induced polytope corresponding to A,
Y1(n), by first forming the set

B := {v|v = ¢w) for some lifting w of A},
and taking

Yi(n) = conv(B).

In this particular chapter, we denote the polytope by ¥;(n) and not ¥;(A), since
A will always correspond to n equally spaced points on the line.

That B is a finite set follows from the fact that ¢(w) can be uniquely determined
if one knows the orientations of every set of 3 points in w(A), which gives the rough

upper bound |B| < 92(5). This bound is a large overestimate, however, since not every
set of orientations is realizable by a lifting and because two liftings with slightly
differing sets of orientations may still potentially produce the same compound GKZ-
vector.

Corollary 2.1.9 Fach compound GKZ-vector is a vertex of 31(n). In other words,

no compound GKZ-vector lies in the interior of the convex hull of the other compound
GKZ-vectors.
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Proof. In Proposition 2.1.7, we saw that if w was a lifting which produced the com-
pound GKZ-vector v, then w-v < w- v’ for any compound GKZ-vector v/ # v. Thus
w-X = w-Visa vertex supporting hyperplane for the compound GKZ-vector v. m

If we let vy, va, ... denote the vertices of ¥;(n) (i.e. the distinct compound-GKZ
vectors), then each of the vertices v; will satisfy the following two linearly distinct
relations:

n

o (1,1,...,1)-v; = Z(d—l—l)vol(conV(A\{j})),

=1

n

o (1.2,....n)-v; = Y (d+ 1)vol (conv (A\{j})) cayy,

j=1

where c(a\;) denotes the position of the centroid of conv(A\j). This is a natural
consequence of the relations found to be satisfied by “ordinary” GKZ-vectors in [3] and
[6]. We have established indirectly in Chapter 1 that 3;(n) has dimension n — 2, and
later in Section after we describe and utilize a combinatorial structure underlying
the vertices, we will be able to give a different argument for this fact.

Figure [2.3|shows the family ¥;(A) for A corresponding to 5 evenly spaced points
on a line, with £ = 0,1 and 2.
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(i) T(A)
Figure 2.3: ¥;(A) for 5 points on a line - k =0, 1,2

2.2 Combinatorial Structure

In order to further investigate the properties of ¥1(n), we will outline a combinatorial
structure underlying the compound GKZ-vectors. In particular, we will describe a
map which sends compound GKZ-vectors / representative liftings to words in a special
alphabet.

Definition 2.2.1 Let C denote the set of equivalence classes on liftings of A where
we declare two liftings to be equivalent if they are associated with the same compound
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GKZ-vectors. Consider the map
f:C —=[ML R, LR E]", f(w)— Pw),

which assigns to each lifting w an n-tuple of letters P(w). Each position i from 1 to
n in a particular lifting w will be assigned a letter via the following method:

e i — M if and only if the point (i,w(i)) is a part of the lower hull of conv(w(A)).
Note, this means positions 1 and n will always be assigned an M.

e i — LR if and only if the point (i,w(7)) is not visible in the original lower hull,
but becomes visible after the single deletion of each its nearest “M neighbors”
to the left and right.

e i — L if and only if the point (i,w(i)) only becomes visible after the deletion
of its nearest left M neighbor, but it is not visible after the deletion of its right
M neighbor.

e i — R if and only if the point (i,w(i)) only becomes visible after the deletion
of its nearest right M neighbor, but it is not visible after the deletion of its left
M neighbor.

e i — FE if and only if the point (i,w(7)) is not visible in the deletion of its left M
neighbor nor its right M neighbor, and hence not visible in any single deletion
of A.

It is not difficult to check that this map is well defined on C. We will call the
n-tuple P(w) the deletion pattern associated to w and will interchangeably refer to
a vertex by the compound-GKZ vector which formed it or by its associated deletion
pattern. This is reasonable since two distinct compound-GKZ vectors cannot share
the same pattern.

The letters were chosen as an extension of the combinatorial structure that can
be placed on the vertices of the secondary polytope ([13], [1]) corresponding to points
on a line. The secondary polytope is formed by taking the convex hull of all char-
acteristic vectors corresponding to regular triangulations formed by projecting just
the lower hull of conv(w(A)) and taking no deletions. In the case of the secondary,
the only characteristic that we need keep track of for a particular lifting is whether a
point is a “4” (not visible from below in the lifting), or a “—" (visible from below in
the lifting). This led to the choice of “M” to represent minus. As for the points that
are not visible, we see that the only possible deletions which could reveal them were
the nearest visible neighbors to the left and right which should make the meaning
behind L, R, and LR is self-explanatory. The “E” corresponds to “empty” reflecting
the fact that no single deletion can bring this point into visibility.
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Example 2.2.2 The lifting w = (1, 3,4,2,3,5,1) in Figure will have the associ-
ated deletion pattern P = (M, L, E, LR, R, R, M). O

Figure 2.4: Deletion pattern example

For the proof of the following theorem, when we are considering a particular lifting
w, we will write [(z,7) for 1 < 4,j < n with ¢ # j, to refer to the line through the
lifted points (¢,w(i)) and (7, w(j)).

Theorem 2.2.3 Let P be an arbitrary deletion pattern of length n and let P[i] denote
the i position in the pattern P. The following conditions are necessary and sufficient
for the pattern P to be realized by a lifting, i.e. P = P(w) for some lift w:

i) P[1] and P[n| must both be M ’s.
ii) P[2] must be in the set {M, L, LR} and P[n — 1] must be in the set {M, R, LR}.

iii) Let i < k with P[j] # M for alli < j < k. Then it cannot be the case that both
Pli] belongs to the set {R, LR} and P[k] belongs to the set {L,LR}. In other
words, a term containing an R cannot appear before a term containing an L if
they are not separated by an M.

Proof. It is easy to see that the conditions are necessary for a pattern P to be
realized by a lifting w. In order to show that they are also sufficient, first consider a
pattern P which has only two M’s, M; < M. It is clear that if |P| = 2 or 3 then
a lifting w which supports P is constructible. If |P| > 4, then we are guaranteed
that 2 is assigned an L or LR and n — 1 is assigned an R or LR (though not both
an LR). If pattern P has a position assigned an LR, let j denote the index of this
position. Otherwise, let 7 denote the position exactly midway between the last L
and the first R appearing in P (guaranteed to exist if |P| > 4 and doesn’t have an
LR). Set w(M;) = w(My) = 0 and set w(j) = 1. If we let f(z) = (z — j)*> + 1, then
for positions i assigned an L, we set w(i) = I(j, Ms)(z) + € f(z) and for positions i
assigned an R we set w(i) = (M1, j)(z) + epf(z) for some small €, ep > 0. We see
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that we can shrink €; small enough so that the x coordinate of the intersection of
lines [(2, M) and I(Mj, j) occurs strictly between j and j+1. Similarly we can shrink
er small enough so that the z-coordinate of the intersection of lines [(M;,n — 1) and
[(j, My) occurs strictly between j — 1 and j. This process is depicted in Figure .

Figure 2.5: Single interval construction example

To finish describing the lifting vector w, consider the positions ¢ which are assigned
an . We set w(i) large enough so that (i,w(i)) lies above both lines I(1,n — 1) and
[(2,n). This guarantees that these positions will not be revealed by single deletion,
and we can clearly place the lifted E’s to avoid forming any collinearities with the
previously placed points. It is clear that this lifting w is in general position and will
correspond to the pattern P.

For patterns P with strictly more than 2 M’s, we can build up the corresponding
lifting by an inductive process. We will label the positions of the M’s appearing
in the pattern P with M;, My, Mj, ..., and begin by placing w(M;) = w(My) = 0
as before. This time, however, we will not necessarily be guaranteed positions with
both L- and R-visibility which would be used to “hide” the positions that lack L-
and R-visibility. We get around this by structuring the M’s to hide visibility for the
appropriate points. We notice that if My — M; < 3, it is apparent how to construct
the first interval, so we will focus on cases where My — M; > 4.

If the interval [M;, Ms] has an LR appearing, we will denote this position with
j. If no LR appears, we note that we are guaranteed positions with L-visibility, so
let 7;, denote the last L position in this interval. If there is a first R position in this
interval, let j denote the position exactly halfway between the two, otherwise, set
j = ir + 3. Regardless of how j was picked, we set w(j) = 1. If we let g(z) denote
the equation of line [(j, M) and f(x) = (x — j)*> + 1, then for all positions i assigned
an L with M; < ¢ < j, we can set w(i) = g(i) + ef(¢) for some small € > 0. We
see that we can choose € small enough so that line [(2, M) will intersect [(Mj, j) at
r<j+ }1, which is depicted in Figure Since all positions assigned an R will be
placed above line [(My, j) and have z-coordinate greater than or equal to j + 1, this
guarantees that (2, Ms) hides all of these points from L-visibility. Also, notice that
the point (7, 1) is visible after the deletion of M; since all points with L visibility lie
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above the line [(j, Ms).

Next, we set w(M3) high enough so that this point lies strictly above line I(M, j)
(to ensure that the point (j,1) would be visible under deletion of M, in case this
position corresponded to an LR). If there were positions assigned an L between M
and 7, let 7, denote the rightmost of these positions. We will also want to guarantee
that w(M;) is strictly below I(My,ir), so that [(M;, M3) hides all L positions from
visibility under the deletion of M. Note that w(iz) > w(j) in the case that i, exists,
so it is always possible for w(M3) to fit appropriately between these lines. In practice
we will want to place w(Ms3) very close to [(Mj, j) for reasons which we will outline
shortly. This process is depicted in Figure This extra restriction is not always
necessary to hide the L’s (many times they will be appropriately hidden by other
points), but it will be helpful when we are discussing liftings which support edges of
Yi(n).

To place the R’s, let (2, ym) denote the midpoint of the line segment from (7, 1)
to (M3z,w(Ms3)). We will consider a new point ¢ = (2, ym — €) for some small € > 0
and let P(x) denote the equation of the unique (necessarily upward opening) parabola
between (7,1), (Tm,Ym — €), and (Ms,w(Ms3)). Since Mj lies above I(My, ), we see
that we can choose € small enough so that P(z) > [(My, j)(x) for all = € [j + 1, Mj).
We then set w(i) = P(i) for any position ¢ assigned an R with j < i < My, which is
depicted in Figure . Since the slope of I(Mj, i) must be steeper than the slope
of {(My,1) for any such i, we see that point (j,1) and all points assigned an R be-
tween j and M, must be visible under the deletion of M,. Further note that since
we could place w(Ms) arbitrarily close to the line I(M;,j) and we are free to make
the drop e of point ¢ from line [(j, M3) as slight as we like, we can orchestrate the
placement of the R’s such that if there is a last R position, call it k, we can make
[L(My, M3)(x) — l(k, M3)(x)| as small as we like for any fixed position x > M;z;. We
will utilize this fact when we append more lifted intervals to this one.

For any positions assigned an FE in the entire pattern, we will wish to guarantee
that they lie above both the line (M, n—1) and the line I(2, M,,). Since we do not yet
know the lifting heights of positions n — 1 and M,,, we will assume that the E’s have
been placed suitably high. To recap the construction so far, we note all L positions
and (j,1) are visible after the removal of M;, all R positions and (j,1) are visible
after the removal of My, the line [(M;j, M3) hides the L positions from R-visibility,
and the line [(2, M3) hides all the R positions from L-visibility, as seen in Figure .

Now suppose that we have finished determining the height of our lifting up to
some M, for 2 < m < n and have already reached forward and placed M,,,; to
ensure the appropriate visibility of any L-positions occurring between M,, 1 and M,,
after the deletion of M,,. Further, if there is a last R position in [M,, 1, M,,], which
we will call k£, we will make the assumption that |[(k, M, 1)(x) — (M1, Mppi1) ()]
can be made arbitrarily small over all 1 < x < n without affecting the visibility of
any points in [M;, M,,] (Note that our base case satisfied this condition). We will
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(iii) (iv)

Figure 2.6: First interval construction example

start by assuming that M,,,; < n, so we know that there are additional M’s to
place. Before determining the lifting heights of the non-M positions between M,
and M,,.,, we first locate a position j to separate the L’s from the R’s as we did in
[My, Ms]. We are no longer guaranteed either an LR or last L in this interval, so we
must add a few steps. If the interval [M,,, M,,,1] has an LR, let j denote its position.
If not, then check for the existence of a position i;, denoting the position of the last
L in the interval, and a position iz denoting the first R. If both exist, set 7 equal
to (if +ig)/2. If only ij, exists, set j = i; + 3, and similarly, if only ig exists, set
J=1ip— % Lastly, note that if neither an LR, iy, nor ig exists in this interval, then
either M,, 1 — M, = 1, or all positions in (M,,, M,,,1) are assigned an E. In either
case it is clear how the interval should be constructed, and we only need place M,, 2
so that it lies strictly above {(M,,, M,,11).

Supposing that we are able to find a position j in this interval, then we lift M, o
high enough so that the intersection of lines [(M,,, M,,,2) and (k, M,, 1) occurs on
the line x = j, where k denotes the rightmost position with R-visibility (assigned an
LR or R) in [M,,_1, M,,]. Notice that we may utilize our previous condition on the
lines {(k, My 41) and [(M,,—1, My 41) to assure that the intersection of {(M,,—1, My11)
and [(M,,, My, 12) occurs within some arbitrarily small interval around j. If no such
position k exists, then lift M,, o to the appropriate height so that the intersection of
lines (M., M,,+2) and {(M,,_1, M,,11) occurs on the line x = j. Note this is always
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possible and guarantees that M, o will lie strictly above the line I[(M,,, M,,.1). This
step is illustrated in Figure [2.81]

Within the interval [M,,, M,,.1] our goal is to place any position assigned an L
inside the triangle bounded by lines I[(M,,, M,,12), (Mpy_1, Myyi1), and x = M,,,
any R’s in the triangle formed by (M., M,,12), (M1, Mypy1), and & = M, 11, any
LR’s in the triangle formed by lines {(M,,, Mpy2), (Myp—1, Mpny1), and [( Mo, My,11),
and lastly, any E’s above both lines {(M,,, My, +2) and I(M,,—1, M,,+1). These regions
are outlined in Figure 2.7 and we note that the placement of M,, s dependent on
the position j guarantees that a point can be lifted into the appropriate region when
necessary (not so much of an issue if we failed to assign a position j). Although it is
possible to have a lifting where an R can lie below line [(M,,,_1, M,,+1), for instance, as
long as there are nearby L positions to hide it from visibility when M,, is deleted, we
are avoiding such pathological examples, and will only rely on the positions of nearby
M’s: My,—1, My, My, and M, .2, to restrict visibility to the points in (M,,, My,+1)
appropriately. This is another condition which will become very handy when we are
constructing liftings which support edges of ¥ (n).

MI n—1 Mrn

Figure 2.7: Deletion regions

We first focus on lifting the L’s in interval [M,,, M,,.1] so that not only do they
have the appropriate visibility, but also they do not adversely affect the visibility of
any position with R-visibility in [M,,_1, M,,]. If interval [M,,_;, M,,] had a point
with R-visibility (assigned an LR or an R), let k denote the rightmost such position.
If y denotes the y-coordinate of the intersection of I(k, M,,11) and [(M,,, M,,.2), we
will set w(j) = y — € for some small € > 0 (recall that the intersection of these lines
was orchestrated to occur on x = j). If we let Pp(x) denote the (necessarily up-
ward opening) parabola through (k,w(k)), (4,y —¢€), and (M,11,w(M,41)), then we
note that e can be chosen small enough so that any lifted position with R-visibility
in [M,,_1, M,,] lies above Pp(z). Further, a sufficiently small ¢ will also guarantee
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that Pp(z) > {(My,, Mynyo)(z) for M, < x < j — 1 (this requires the condition that
restricts the z-coordinate of the intersection of [(M,,_1, My, 1+1) and (M, M,,12) to
occur within some arbitrarily small interval around j) . With such an e chosen,
we set w(i) = Pp(i) for any position ¢ assigned an L with M, < i < j. We no-
tice that neither position j nor one of these positions i is capable of hiding an R in
[M,,—1, M,,] from visibility under the deletion of M,,. Further, each of these positions
¢ and position j is visible under the deletion of M,,, and all of these ¢ are shielded
from R-visibility by the line [(M,,, M,,+2). If the previous interval [M,,_, M,,| had
no position k with R-visibility, we repeat this argument with k& = M, 1 (No need to
worry about affecting R-visibility in the previous interval). This step is illustrated in

Figure [2.81]

We invoke a similar process to lift the R’s in [M,,, M,,+1] and consider the (neces-
sarily upward opening parabola) Pg(z) through the points (M,,,w(M,,)), (7,y — €),
and (M40, w(Mpy2)). We can shrink e even further if necessary to guarantee that
Pr(z) > U(My—1, M) (z) for all j+ 1 < x < M4 (again relying on the condition
which forces the z-coordinate of the intersection of {(M,,_1, My,11) and (M, My, 12)
to occur within some arbitrarily small interval around j). Notice that shrinking e fur-
ther will not adversely affect the visibility of the L’s that we had placed previously,
though it will perturb them a bit. We can then set w(i) = Pg(i) for any 7 assigned an
R with j < i < M,,41. This step is illustrated in Figure [2.8iii Notice that when we
delete M,,,1 we are guaranteed that position j and all of these ¢ are visible. Further,
all of these positions i are shielded from L-visibility by the line [(M,,_1, M, +1). Fig-
ure depicts all of the newly lifted points in our interval. We note that if there
is a last R in the interval [M,,, M,, 1], say at position k', we can choose € sufficiently
small enough to guarantee that |I(M,,, M,,.2)(x) — I(K', My, 12)(z)] is as small as we
like for any fixed position x > M,, .o, which will satisfy one of our inductive hypothe-
ses.

Our last case to consider is if M,,.; = n, that is, if there was no need to
reach forward to place M,,,>. In this case, we can put an artificial M,,,» so that
Myvo = M,,+1 + 1 and proceed with the construction of the lifting as we did in
previous intervals. Although we no longer really have the line [(M,,, M,,12) to block
any L’s in [M,,, M,,+1] from R-visibility, we are guaranteed to have some points with
R-visibility (that is, as long as M,,.1 # M,, + 1, in which case this argument would
be unnecessary). We note that for any position ¢ with R-visibility in this interval,
the line I(M,,, ) will serve to hide our L’s from R-visibility.

We see that if we string enough of these constructions together, we will be able
to complete the lifting interval by interval. As was mentioned earlier, we will want
to double check that all E’s are lifted sufficiently high enough so that they lie above
both the line [(M7,n — 1) and the line [(2, M,,) (which are now determined). The last
thing to note is that we may have coincidentally introduced some collinearities while
constructing this lifting. We know, however, that all of the important orientations on
triples of points which determine visibility are strictly positive or negative. Thus we
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Figure 2.8: Middle interval construction

may make small enough perturbations on the points to break any collinearities while
maintaining the appropriate visibility of the points. This will give us a lifting w in
general position which corresponds to the pattern P. m

Although we have established the dimension of these polytopes in the previous
chapter, we can utilize our combinatorial structure to produce an explicit set of
vertices of ¥;(n) whose affine span is n — 2 dimensional. To this end, let P; denote
the length n pattern consisting entirely of M’s and for ¢ from 2 to n — 1 let P; denote
the length n pattern consisting entirely of M’s except for an LR at position i. Clearly
these patterns are all valid, and so correspond to vertices of ¥1(n). Working out the
compound GKZ-vectors gzﬁ(vj) from the given deletion patterns P;, we find:

o(v1) = (n, 2n—2, 2n, 2n, ..., 2n, 2n — 2, n).

o(vy) = (2n—3, 4, 3n—3, 2n, 2n, ... ,2n, 2n —2, n),

o(vs) = (n, 3n—5, 6, 3n—3, 2n, 2n, ..., 2n, 2n — 2, n),

O(Vn_g) = (n 2n —2, 2n, 2n, ..., 2n, 3n—3, 6, 3n —5, n), (the reverse of v3)
O(Un_1) = (n, 2n—2, 2n, 2n, ..., 2n, 3n —3, 4, 2n — 3), (the reverse of vs)

For 4 <1 <n — 3, we have
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o(v;)) = (n, 2n—2,2n, 2n, ..., 2n, 3n—3, 6 ,3n—3,2n, ..., 2n, 2n—2, n).
i—1 i i+1

Next we form a matrix whose rows correspond to the homogenized coordinates of
the compound GKZ-vectors corresponding to our chosen set of vertices:

1 n 2n — 2 2n 2n 2n 2n 2n 2n 2n — 2 n
1 2n-—3 4 3n—3 2n 2n 2n 2n 2n 2n — 2 n
1 n 3n—5 6 3n—3 2n 2n 2n 2n 2n — 2 n
1 n 2n—2 3n—3 6 3n—3 2n 2n 2n 2n — 2 n
1 n 2n — 2 2n 3n—3 6 n—3 - 2n 2n 2n — 2 n
1 n 2n — 2 2n 2n 3n—3 6 2n 2n 2n — 2 n
1 n 2n — 2 2n 2n 2n 2n 6 n—3 2n—2 n
1 n 2n — 2 2n 2n 2n 2n oo 3n—3 6 3n—5 n
1 n 2n — 2 2n 2n 2n 2n 2n 3n—3 4 2n — 3

This matrix is row equivalent to the following full row rank matrix:

1 n 2n — 2 2n 2n 2n 2n 2n 2n 2n—2 n

0 n—3 * * * * * * * * *
0 0 n—3 * * * * * * * *
0 0 0 n—3 * * * * * * *
0 0 0 0 n—3 * * * * * *
0 0 0 0 0 n—3 * * * * x|
0 0 0 0 0 0 o --- * * * *
0 0 0 0 0 0 0O -+ n-—-3 * *

0 0 0 0 0 0 0 0 n—3 * *

which implies that the affine span of our chosen vertices, and hence the polytope
¥1(n), is n — 2 dimensional for n > 4.

2.3 Vertex Count

In order to enumerate the number of distinct possible compound GKZ-vectors, and
hence the number of vertices of ¥ (n), we will utilize the combinatorial structure of
the compound GKZ-vectors outlined in the previous section. To begin, we introduce
the concept of an interval of a deletion pattern and classify 3 different types.
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Definition 2.3.1 An interval in a deletion pattern is a maximal block of consecutive
coordinates where the first (leftmost) coordinate is an M and which contains no other
M’s. Intervals can be partitioned into 3 disjoint types:

i) A type A interval contains either the first M of the deletion pattern or the entry
in position n — 1, but not both.

i1) A type A interval contains every entry of the deletion pattern except the rightmost

M.

i11) A type B interval contains neither the first nor the penultimate M.
The length of an interval will refer to the number of coordinates that it contains.

Example 2.3.2 To illustrate the different types of intervals, consider the following
two patterns:

(M,L,E,R,M,L,E,LR,E,M,L,E,E,R, M _,M)
N AN iy U N~

TV TV
Type-A Type-B Type-B Type-A

(M,L,E,E,L,L,E,LR,E,E,R,R,R,E,E, M)

Type-fl

Note that every pattern is always terminated by a single “M”, which we will refer
to as a trivial interval. O

In order to count the total number of valid deletion patterns of length n, we note
that every such pattern is either: a composition of a type A interval followed by some
number of type B intervals (possibly 0) followed by a type A interval, or a single type
A interval of length n — 1 (each case terminated by a trivial interval). In order to
find the o.g.f. (ordinary generating function) for valid deletion patterns, we will first
find the o.g.f.’s for the intervals of each type.

We will start with type B intervals as they have the least number of restrictions
on their entries. Let b, denote the number of type B intervals of length n and let
B(x) := ), -, bpx™ be the corresponding o.g.f. To determine an expression for b,
we consider two separate cases:

Case 1: The interval has no LR term present.
In this case, there are n — 1 places for the last (rightmost) L to appear in the interval.
After this, we are free to choose whether the remaining n — 2 entries are E or not,
with the non-empty entries being determined by their position relative to the last
L. If there is no last L, then we can freely choose which of the n — 1 entries are F,
with the rest being forced as R. Thus we have (n — 1)2"72 4+ 2"~1 type B intervals of
length n with no LR term. Note that this formula correctly gives one trivial type B
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interval of length 1.

Case 2: The interval has an LR term present.
We have n — 1 positions to place the LR, and we can freely choose which of the
remaining n — 2 entries are E, with the non-empty positions being determined by
their position relative to the LR. This leaves us with (n — 1)2"~! type B intervals of
length n with an LR appearing.

Combining the two cases, we can obtain the closed form of B(x):

X

B(z) = Y ((n—1)2"7? 42" 4 (n—1)2""")a" = Ty

n>1

(2.1)

Next we will consider type A intervals and let a,, denote the number of type A in-
tervals of length n with A(z) := )" ., a,2" as the corresponding o.g.f. We will solve
for a, using a count similar to that of b,, but we must exercise caution, as the 2"
and (n — 1)** entries of valid deletion patterns have some extra restrictions. Without
loss of generality, we will assume that we are counting type A intervals which contain
the first M of the deletion pattern as the other case is symmetric. We will again
break into two cases depending on the entry in the “special” second position, with
the trivial length 1 case being considered afterwards.

Case 1: The second position is an L.
Filling the remaining n — 2 positions is analogous to enumerating the number of type
B intervals of length n — 1, thus we find there are (n —1)2"~2 type A intervals of this
form.

Case 2: The second position is an LR.
We may freely choose which of the remaining n — 2 positions are E, with all non-
empty positions being forced as R’s. This gives us 2”2 type A intervals of this form.

Combining the two cases and noting that we have a single trivial type A interval
of length 1 we obtain the following formula for A(z):
z(1 — 2z + 22?)

(1—22)2

A) = 2+ ((n—1)2" 242" %) 2" =

n>2

Lastly, we consider the type A intervals of length n which have restrictions on
both the 2°¢ and (n — 1)** entries. We will let a,, denote the number of type A inter-
vals of length n and A(z) := d,2" be the corresponding o.g.f. We will consider the
degenerate cases n = 1,2 separately and assume for now that n > 3. This means that
we truly have two separate restricted positions, and we break into cases depending
on the entries in these locations:
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Case 1: The first position is an L and the (n — 1)** is an R.

Filling the remaining n — 3 positions is analogous to enumerating the number of
type B intervals of length n — 2, thus we find there are (n — 2)2"~3 type A intervals
of this form.

Case 2: The first position is an LR and the (n — 1)** is an R.
In this case, we are free to choose which of the remaining n — 3 positions are filled
with an F and the rest must be R’s. This gives us 2”3 type A intervals of this form.

Case 3: The first position is an L and the (n —1)* is an LR.
As in the previous case, we have 2”73 type A intervals of this form.

Noting that there is a single type A interval of length 1 and a single of length 2,
we find that A(z) is given by the following:

Alw) = 2422+ (n—2)2" 4275+ 2n%) 2" =

n>3

z(1 — 3z + 32?%)
=207

Lastly, we let f, denote the number of valid deletion patterns of length n and
F(zx) = Zn21 fnz™ be the corresponding o.g.f. Recalling that deletion patterns are
built up as particular compositions of the 3 types of intervals, we find that

F(z) = (A(x) + A(z) (B°(z) + B'(z) + B*(z) + -+ ) A(as)) x
(23 + 22% — 3z + 1)2?
1 — 5z + 4a? ’
where the middle expression is multiplied by x to account for the trivial length 1

interval that ends all deletion patterns. Our last task is to unpack this o.g.f. to solve
for a formula giving the number of vertices of ¥;(n):

Fla) = (23 + 222 —3x+1)x27
1 — bx + 42

_ T8 135, 1 (1) % 1
~ o256 Tedt T16" T2 T3\1=2) Tres\1—4z )’

—1425.474
:x2+2x3+2( +3 )m”.

n>4

This establishes the following theorem.

—1+25 . 47—
Theorem 2.3.3 For |A| =n >4, ¥1(n) has i 3 vertices.

49



2.4 Edges

In order to derive a formula for the number of edges of ¥;(n) we must first outline
a combinatorial condition to determine exactly when a pair of vertices form an edge
in the polytope. In other words, we must look for liftings w which “support” exactly
two vertices. This means that if we think of the lifting vector as the normal vector
to a hyperplane, we must have w-v = w - v/ = k, for two compound GKZ-vectors v
and v’ and some integer k. Further, for all other compound GKZ-vectors u # v, v/,
we require w - u > k.

Recalling Proposition , we note that a lifting in general position (i.e. one
which possesses no semi-visible points in any of its deletions) will support only a
single vertex, namely the vertex given by the compound GKZ-vector corresponding
to this lifting. If our lifting had some collinearities, however, we saw that two distinct
triangulations could be supported by the same lifting so long as both had supports
containing all visible points, no non-visible points, and which differed only on the
semi-visible points. Example outlines a case where a single lifting can support
two distinct lifting patterns.

Example 2.4.1 Consider the lifting w = (1,3,2,1) and the two distinct deletion
patterns P = (M, L, LR, M) and P' = (M,L,R,M). Figure depicts the four
deletions of the lifting, and the four deletion-induced triangulations corresponding
to each P and P’. We see that the deletions of 2, 3, and 4 have no semi-visible
points, hence when breaking the inner product up into its components w - E(w) =
w-o(T) + -+ w- ¢(T,), there is a single unique triangulation 7; of the appro-
priate point set which minimizes w - ¢(7;) for i = 2,3,4. We see that both P and
P’ have these appropriate triangulations, and so both minimize the inner products
corresponding to these deletions. In deletion 1, however, we have a single point which
is semi-visible. This means that there are exactly two possible triangulations which
could minimize the inner product with w for this deletion, one that includes the semi-
visible point, and another which doesn’t. We see that P produces one of the possible
triangulations and P’ the other.

The end result is that if v and v’ are the compound GKZ-vectors corresponding
to patterns P and P’, respectively, then w-v = w-v’' < w-u, for any other compound
GKZ-vector u. Further, we see that patterns P and P’ are the only two patterns
which minimize the inner product as there are no other sets of triangulations which
would minimize the inner product of each deletion. This means that this lifting w
provides the normal vector for an edge supporting hyperplane of 3 (4). O

The following definition allows us to quantify how many vertices can be supported
by a particular non-general lifting.
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Figure 2.9: Edge-supporting lifting

Definition 2.4.2 An essential collinearity is a triple of collinear points (i,w(7)),
(Jy,w())), (k,w(k)),i<j<k,in w(A) such that there is at least one single deletion
of A in which the outer two points are visible and the middle point is semi-visible.
Note for |A| = n > 4, this means that collinearities where (i,w(7)) and (k,w(k)) are
already visible on the lower hull of conv(w(A)) qualify as essential. We will continue

[1¥¢2]

to refer to a point (i, w(7)) simply by “”.
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Example 2.4.3 Consider liftings wy, wq, w3, and wy depicted in Figure 2.10] We see
in w; we have the single essential collinearity (2,3, 5) revealed by the deletion of point
4. Although w, has a couple of collinearities: (2,3,4) and (4,5,6), neither are essential
because they do not become visible under single deletion. Lifting w3 has two essential

collinearities, namely (2,3,5) and (3,4,6). Lifting w, has the four essential collineari-
ties (2,3,5), (2,4,5), (2,3,4), and (3,4,5). O

|

(]
]

(i) wg = (3,1,2,1,4) (il) we = (4,1,2,3,2,1,4)

(iii) ws = (3,1,1,2,1,4) (iv) wy = (3,1,1,1,1,3)

Figure 2.10: Essential collinearities

Lemma 2.4.4 A lifting can support exactly two compound GKZ-vectors, and hence
an edge in X1(n), if and only if it has a single essential collinearity. Further, if two
compound GKZ-vectors do form an edge, their corresponding deletion patterns differ

from each other in exactly one spot, and the differing labels must form one of the
pairs (M, LR),(LR,L),(LR,R),(L,E) or (R, E).

Proof. If a lifting has no essential collinearities, then that lifting has no semi-visible
points in any of its deletions. This means that the underlying triangulations 7; which
will minimize the inner product w - ¢(7;) in each deletion i are uniquely determined,
which implies that this lifting can only support a single vertex.
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Next suppose that a lifting has at least two essential collinearities. This means
that we must have two distinct positions ¢ and 7 with 1 < 4,5 < n which are semi-
visible in at least one deletion-induced triangulation. We can form at least four
distinct deletion patterns which will be supported by this lifting by independently
choosing to make the two semi-visible points either visible or not (if we incidentally
have more semi-visible positions, these can also be set to visible or non-visible sta-
tus as necessary). The liftings which produce these four sets of triangulations can
be constructed by slight perturbations of the semi-visible points of the original lifting.

Now that we have established that edge supporting liftings must have a single
collinearity, we pick an arbitrary lifting with a single collinearity and show that it
will support exactly two vertices of the form mentioned above. We break into cases
depending on how the single essential collinearity becomes visible. That is, either
the middle point j is already semi-visible in the lower hull, or it must be the case
that it becomes semi-visible in the single deletion one of its nearest M neighbors to
the left or to the right (if j is not semi-visible in the original lower hull, then it is
impossible for it to be revealed by both the deletion of its left and right nearest M
neighbors). Notice that in each case, position j is the only semi-visible position, thus
the presence or absence of all other positions in each deletion-induced triangulation
is determined, and hence their letter descriptor in the deletion pattern is fixed.

Case 1: The middle point j is semi-visible in the original lower hull.

Being visible in the original lower hull forces the letters assigned to ¢ and & to be
M’s, and hence the single deletions of both ¢ and & must make j visible. This rules
out the letters F/, L, and R for position j. We see that a pattern with j set to either
M or LR would be supported. Setting 7 to an M would correspond to perturbing j
downward so that it becomes visible in all deletions but its own. Setting 7 to an LR
would make it visible only in the deletions that it is required to be, namely ¢ and k,
and setting it to be non-visible in the other deletions.

Case 2: The middle point j becomes semi-visible after the deletion of its left M
neighbor and is not visible in the deletion of k.

Here there is only a single triangulation where we have the opportunity to choose
whether to make j visible or not. If we perturb up so that it is not visible in the
deletion of its left neighbor, then it is not visible in any deletions and hence must be
an F. If we perturb down to make it visible in this deletion, then it must be an L.

Case 3: The middle point 57 becomes semi-visible after the deletion of its left M
neighbor and is visible in the deletion of k.

In this case, j is not visible in the lower hull which rules out the possibility of
supporting a pattern with j assigned an M. Since it does become visible after a
deletion of k& (which incidentally forces k to be an M), then we also rule out assigning
j the letters F and L. Assigning j to either LR or R would be supported, however,
and corresponds to perturbing j down or up, respectively.
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Case 4: The middle point j becomes semi-visible after the deletion of its right M
neighbor and is not visible under the deletion of i.

This is analogous to Case 2, and shows that this lifting supports patterns with j
assigned an E or an L.

Case 5: The middle point j becomes semi-visible after the deletion of its right M
neighbor and is visible under the deletion of i.

This is analogous to Case 3, and shows that this lifting supports patterns with j
assigned an LR or an R.

In each case, a lifting with a single essential collinearity supports exactly two ver-
tices which differ in a single position where the differences are exactly of the form
described. m

The previous lemma allows us to observe that for a lifting with a single essential
collinearity, we may still assign letters to describe the deletion pattern on all positions
but the one in the middle of the essential collinearity, call it position j, as the visibil-
ity or non-visibility in each deletion is exactly determined. We can also see that the
inner product of a compound GKZ-vector and this lifting will be minimized exactly
when the deletion patterns match on all positions but j, and the letter assigned to
J in the GKZ vector is one of the two possibilities determined by how the essential
collinearity in the lifting becomes visible.

Definition 2.4.5 The following functions will aid in the proof of Theorem [2.4.6] and
will describe the positions of various neighbors for a given position i and lifting w.
They are defined as follows:

My, Mg, M3, Mz, M;, My, = {1,2,...,n} x R* — {1,2,... , n} U {0},

54



ML(ivw) = ja

MR(i’ (.O) = ju

M} (i,w) — ],

Mp(i,w) = j,

M (i,w) = j,

Mp(i,w) = j,

where j is the position of the nearest visible neighbor (M) to the
left of ¢ on the original lower hull of w. If no such j exists, we
return (,

where j is the position of the nearest visible neighbor (M) to the
right of ¢ on the original lower hull of w. If no such j exists, we
return (,

where j is the position of the second nearest visible neighbor (M)
to the left of ¢ on the original lower hull of w. If no such j exists,
we return (),

where j is the position of the second nearest visible neighbor (M)
to the right of ¢ on the original lower hull of w. If no such j exists,
we return (),

where j is the position of the nearest visible neighbor to the left
of i after the deletion of My (i,w) in w. If My(i,w) =0 or

this new nearest neighbor does not exist, we return (),

where j is the position of the nearest visible neighbor to the right
of i after the deletion of Mg(i,w) in w. If Mg(i,w) =0 or

this new nearest neighbor does not exist, we return ().

Note that the label assigned to a position M (i,w), My(i,w) (assuming it is not )
does not have to be an M. It could be brought into the lower hull after the deletion.
If it is clear from context, we will omit writing which lifting w we are analyzing.

Theorem 2.4.6 There is an edge between two vertices if and only if the two corre-
sponding deletion patterns differ in exactly one coordinate, and the differing entries
are connected by an edge in the following graph.:
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LR
M

Figure 2.11: Diamond swap graph

Note: throughout the rest of this section, we will refer to the replacing of a single
element in a deletion pattern by an adjacent element in the graph depicted in Figure
2.11) as a “diamond swap”. We will refer to the position being changed in the dia-
mond swap as the “swapped position”.

Proof. Lemma provided the necessity of this statement, what remains is to
prove the sufficiency. So suppose that two deletion patterns P4 and Pg are given
which match the conditions claimed to produce an edge. Our goal is to produce a
lifting w with a single essential collinearity that supports these two vertices (the fact
that it can only support two vertices was also established in Lemma .

To produce this lifting, take the patterns corresponding to the two given vertices,
P4 and Pg, and perform the construction outlined in Theorem to obtain two
liftings w4 and wp which support the vertices. For certain types of diamond swaps,
we will require the liftings to satisfy additional properties, so let ws and wg denote
liftings which correspond to the reverse of patterns A and B, respectively, which are
then reflected across the line z = (n 4 1)/2. We will refer to the swapped position
in the two corresponding patterns as position j. Note that in any lifting, M] (j) and
Mp(j) will not be () for positions j with 2 < j <n — 1, but M} (j) =0 if j = 2 and
Mp(7) =01if j =n—1. We will not need the “existence” of M} (j) and Mp(j) in the
liftings w4 and wp in these restricted circumstances due to the fact that the types of
swaps which are allowable at these positions are suitably limited. Lastly, we see that
we need not distinguish between consideration of w4 or wg as My (j,wa) = Mp(j,wp),

MR(ja (")A) = MR(j: wB)? Mi(.ﬂ wA) - Mi(j7wB)7 and Mjl%(.]v WA) = M]/%(j7wB)-

For the various types of diamond swaps, construct w as follows:
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LR—M: w= - + - )
(MA(ML(J)) wa(y) WA(MR(J))> (WB(ML(J)) wa(J) WB(MR(J))>
det My (5) j Mr(j) det Mz (5) J Mr(j)
1 1 1 1 1 1
LR—L: w = wA n wB
or R—E wa(ML(j) walj) @a(Mp(s)) w(ML(4)) wB(j) @WB(Mp()\|
det | Mi(j) j MEp(5) det | MLr(j) J Mg(5)
1 1 1 1 1 1
LR—-R = wA n wB
o L-E° wa(Mp(5)) wa(j) wa(Mg(j)) wp(Mp(5)) ws(j) ws(Mr(j))
det Mil(J) { Mﬂi(j) det Mil(J) Jl Mﬂi(ﬂ)

We see that this new lifting w does indeed create at least one collinearity between
precisely the points required. Since we have taken a positive scaling of two liftings,
we still need to verify that the non-swapped positions in the new lifting still have
the appropriate visibility (recall the letters in the deletion patterns match in every
position but 7). In other words, if a position was an R in both of the original liftings,
we need to make sure that it remains an R in the new lifting. For ease of notation,
we will simply call the lifting which we use to represent P, and Pg by w, and wpg,
i.e. we will drop the bar notation which indicates that the liftings corresponding to
LR — L and R — E swaps came from a reflection process.

Due to the nature of w’s construction, we see that the orientation of any three
points in w is given as the sum of positive scalings of those points’ orientations in the
original two liftings:

Ou(a,b,c) = ¢1-0,,(a,b,¢) + ca-Oyp(a,b,c), where 1 <a,b,c<n, and cy,c2 > 0.

This will immediately give us that (non-swapped) M’s in the original patterns will
be “preserved” (also assigned the letter M) in the new lifting. To see this, suppose
¢ is the position of a non-swapped M in the original liftings for which there exists
h <1 < k such that O,(h,4,k) > 0. This implies that at least one of O, ,(h,i, k) or
Oy (h,i, k) is positive, which is impossible.

A similar argument will show that E’s in the original liftings are also preserved.
In Theorem [2.2.3] we constructed the liftings so that any position ¢ assigned an F
satisfied O(1,4,n—1),0(2,i,n) > 0. This gives O, (1,i,n—1),0,(2,i,n) > 0, which
forces position i to be assigned an E' in the new lifting.

To finish the rest of the argument, we will need to split into two cases depending
on what type of swap is occurring;:
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Case 1: The swap is not between an LR and an M.

We next wish to establish that the only M’s appearing in the new lifting cor-
respond to M’s in the original liftings. Suppose that position ¢ # j in the original
liftings does not correspond to an M, and consider My (i) and Mg(i). With these
types of swaps, we are guaranteed that the positions recorded by M (and Mpg)
match in both w4 and wp, so there is no need to specify the lifting. We have that
Ou, (Mp(i),i, Mg(3)), Ouy (Mp(i),i, Mg(i)) > 0 and hence O, (M (i),i, Mg(i)) > 0,
which guarantees that ¢ cannot be assigned an M in the new lifting.

Next, we wish to show that non-swapped, non-M positions i # j cannot lose L-
or R-visibility. That is, L’s and R’s in the original liftings cannot become E’s in the
new lifting, nor could an LR in the originals become an L or R in the new. Since the
arguments are symmetric, we focus on losing L-visibility and assume that position ¢
was visible under left deletion in the original liftings, but is no longer visible under
left deletion in w. This implies there exist positions h < ¢ < k with h # Mp(i) such
that O,(h,i, k) > 0, which in turn requires that either O,,, (h,i,k) or O, (h,i, k) is
non-negative. This contradicts the fact that ¢ had L-visibility in the original liftings.

The last requirement to check is that no non-swapped, non-FE position could gain
L- or R-visibility. We will first focus on L-visibility and assume that position i # j
does not have L-visibility in the original liftings (assigned an R). To show that i
cannot gain L-visibility, we need to provide fixed positions h < i < k with h # M (i)
such that both O,,(h,i, k) and O, (h,i,k) are strictly positive, which guarantees
that O, (h,i,k) > 0 and hence i cannot gain L-visibility in the new lifting.

If MZ(i,wa), M?(i,wg) # O (we know if they do exist, they match in this
case), then according to the construction outlined in Theorem , we have
O(M?(i),i, Mg(i)) > 0 in both original liftings, which prevents the gain of L-
visibility in w. If this is not the case, then i lies between the first two M’s in the
patters P4 and Pp, and we also note that My (i) = 1 and i # 2 as position 2 cannot
have the label R. We next check whether M; (i,wa) = M} (i,wp) (we know neither
can be ) for these i’s). If this position is fixed in both liftings, then Mj (i), Mg(i)
will serve as viable candidates for h and k. The only way that the position Mj (i) is
not fixed in the original liftings is if we are making an L — ' or LR — R swap. In this
case, we reference Theorem [2.2.3] again and note that if position 2 is not an M, it is
placed so that the line through 2 and the second M in the pattern hide any R posi-
tions between them. Thus we see O, (2,4, Mg(i)) > 0 in both liftings by construction.

The argument that position ¢ cannot gain R-visibility runs similarly, with the
difference being that we may need to utilize the fact that we can construct the
liftings so that if position n — 1 is not an M, we can guarantee that the line between
the penultimate M and position n — 1 hides any L positions between them. This
is accomplished by reflecting the initial pattern, performing the construction, then
reflecting that lifting back across the line x = (n+ 1)/2. Notice that we only need to
perform this reflection process in the event that the swap is from R — F or LR — R,
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which avoids any problems involving an overlap between which side of the pattern is
going to require this special restriction.

Case 2: The swap is between an LR to an M. Again we will establish that the
only M’s appearing in the new lifting w come from M’s in the original lifting. The
difference in this case is that for some non-M, non-swapped position ¢ # j in the
original liftings, we may have My (i,wa) # Mp(i,wp) or Mg(i,wa) # Mg(i,wp)
(we do know that both exist for the ¢’s that we are considering, however). If they
do both match for each lifting, then the argument in Case I shows that position
¢ cannot possibly become an M in the new lifting. The only way that they do
not match is if ¢ is in the same interval as the swapped LR, or equivalently has
the swapped M appearing at the edges of its interval. We have already removed
the possibility of i being assigned an FE in the original liftings, so the only other
possibilities are that i < j, so My (i,wa) = My (i,wp), and is assigned an L or i > j,
so Mg(i,wa) = Mpg(i,wp), and is assigned an R. Any other labeling of ¢ would
render one of the patterns P4 or Pg invalid. We see, however, that if ¢ < 7, then
O(My(i),i,7) > 0 regardless of whether j is an M or an LR, and similarly if i > j
that O(j,i, Mg(i)) > 0 regardless of the labeling on j. This establishes that the M’s
appearing in the new lifting w correspond exactly to the M’s in the original liftings,
with the exception of the swapped M.

Next we will argue that non-swapped, non-M positions ¢ # j cannot lose L- or
R-visibility. We will start off by assuming that position ¢ has L-visibility in the
original liftings, but not in the new lifting. If M (i,wa) = M (i,wp) (recall they
both must exist), then the previous argument shows that the loss of L-visibility will
produce a contradiction. There is the possibility that the position of My (i) may not
be fixed for a position 7 if j = M (i) in one of the liftings, but in this case, we are
guaranteed that the label of + must be an R or an E, otherwise one of the original
patterns is invalid; thus in either case, it is impossible for ¢ to lose L-visibility. The
argument to show that these type of positions cannot lose R-visibility is similar.

Lastly we verify that no non-swapped, non-E position could gain L- or R-
visibility. We start with a position ¢ # j that does not have L-visibility in the
original liftings, which forces ¢ to be assigned an R. Our aim here is the same
as it was in the previous case, to find positions h < i < k with h # M (i,w)
such that O(h,i,k) > 0 in both wy and wg. If M2(i,ws) = M?(i,wp) # 0, then
M?(i,wa), Mg(i,w) will serve as viable candidates for h and k. If MZ(i) # 0 in
at least one of the original liftings, then we can separate into two separate cases.
If swapped position M (i) = j in at least one lifting, then j # M (i,w) and Mg
serve as candidates for h and k as O(j, i, Mg(i,w)) > 0 for i assigned an R whether
jis an LR or an M. If M?(i) = j in one of the liftings, then j # M (i,w) and
Mpg(i,w) will still work as candidates for h and k. We see that O(j,i, Mg(i,w)) > 0
when j is an M by our particular construction; further, O(j,i, Mg(i,w)) > 0 when
j is an LR, because we would have O(My(7),j, Mr(i,w)) < 0 by virtue of j being
an LR, and this would force O(j,i, Mg(i,w)) > 0 for any ¢ assigned an R with
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J <i < Mpg(i,w). This follows from the fact that My (j,wa)) = Mp(j,wp)) = M?(i)
in this scenario. Since the previous two cases cover all possibilities where M7 (7)
exists in at least one lifting, the last case to consider is if M? (i) = 0 in either lifting.
This will force i to occur in a left Type-A interval, but we are guaranteed that
Mj (i,wa) = M} (i,wg) # 0 as we must have j > i. The argument in Case I shows
that this type of ¢ cannot gain L-visibility. The case for not gaining R-visibility is
similar. Notice that when we need to use the existence of Mj (i) or Mp(i) in the
Type-A intervals, we are guaranteed that the position will match in both liftings,
otherwise we would be able to find candidates for h and k with a different argument.
This is why we do not require the reflection tactic that was used in Case I.

The previous cases demonstrate that letters can be assigned to all positions 7 # j
in the new lifting w as their visibility in each deletion is exactly determined. Fur-
ther, we see that the letters applied to position ¢ # j must exactly correspond to the
matching letters assigned to ¢ in P4 and Pg, which in turn demonstrates that the
collinearity that we have constructed in w must indeed be essential. Although w may
coincidentally have other collinearities, the previous argument shows that they cannot
be essential (we may perturb these points slightly to break all other collinearities if
we wish, without affecting the visibility of w). By construction, we see that w - v is
minimized over the set of compound-GKZ vectors exactly when v corresponds to the
compound GKZ-vector corresponding to either P4 or Pg. m

Example 2.4.7 In this example, we will demonstrate why it was useful to have
the liftings in Theorem be constructed via the method outlined in Theorem
2.2.3] Consider the liftings wa = (2.4,0,0.7,0.5,0,2) and wp = (2.4,0,3.7,0.8,0,2),
pictured in Figure which have the corresponding deletion patterns P, =
(M,M,L,R,M, M) and Pg = (M, M,E, R, M, M).

Figure 2.12: Vertex-supporting liftings

Note that if we were to construct a lifting w’; to support P4 via the method
outline in Theorem [2.2.3] we would have that position 4 (which is assigned an R) has
M;(4) = 1 and Mgp(4) = 5, and would satisfy O, (1,4,5) > 0. In the given lifting

which supports pattern P4, however, we have that O,,(1,4,5) < 0 and instead the
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orientation O,,(3,4,5) > 0 denies L-visibility to position 4.

We see that we can perform an L — E diamond swap on position 4 to get from
pattern P4 to Pp, so they should form an edge in ¥,(6). If we utilize the sum of
positive scalings of ws and wp (as described in Theorem to create an edge
supporting lifting w with the appropriate essential collinearity between positions 1,
3, and 5, we obtain

L = (240070502 (240370802
1 3 5 1 3 5
det (2.4 07 0 det (24 3.7 0
1 1 1 1 1 1

= (1.44,0,0.72,0.33,0,1.2).

Figure [2.13| shows the constructed lifting w which contains the appropriate
collinearity, but the visibility of position 4 has changes from an R in the original
liftings to an LR in the new lifting. This prevents the collinearity that we created
from being classified as essential; it is not revealed by a single deletion. Thus the

lifting that we have created is a vertex supporting lifting, corresponding to the
pattern Po = (M, M, E, LR, M, M).

Figure 2.13: Edge-supporting lifting counterexample

The first image in Figure illustrates an altered lifting w’, corresponding
to pattern Py satisfying O, (M7(4),4, Mr(4)) = O, (1,4,5) > 0 (Notice the
construction in Theorem would guarantee a lifting with this property). If
we repeat the edge-supporting lifting construction with «’y and wp, we see that
we obtain the second lifting, w’ in Figure which indeed would be uniquely
minimized by the compound GKZ-vectors corresponding to patterns P4 and Pg.

Corollary 2.4.8 The polytope ¥1(n) is neither simplicial, nor simple for n > 5.
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(i) o’

Figure 2.14: Rectified edge-supporting lifting

Proof. To see that the polytope ¥;(n) is not simplicial, pick an arbitrary face defin-
ing hyperplane and consider its normal vector as a lifting w. If the lifting has one or
fewer essential collinearities, it must support either an edge or a vertex. If the lifting
has two or more essential collinearities, we saw in Lemma that it must support
at least 4 vertices. Since Y1 (n) can have no triangles as faces, it cannot be simplicial
for n > 5.

Having established that ¥;(n) is n — 2 dimensional in Section we need to
find a vertex of ¥;(n) with more than n — 2 incident edges to establish that ¥;(n)
is not simple. To this end, assume n is even and consider the deletion pattern
P=(M,LR,M,LR,M,..., LR, M, M) which corresponds to a vertex. We see that
this vertex has (n — 2)/2 LR’s, with only one in special position 2. Any LR not in
position 2 may be replaced with either an M, L, or an R to produce a valid deletion
pattern, and hence produce 3 edges incident to this vertex, whereas the LR in posi-
tion 2 produces only 2 edges. Thus we see that this vertex has at least 3(n —2)/2—1
edges, which is strictly greater than the required n — 2 for n > 5. The argument if n
is odd runs similarly. m

2.5 Edge Count

In order to enumerate the number of edges of ¥1(n), we wish to count all possible
diamond swaps between valid deletion patterns of length n. We must take care,
however, as performing a diamond swap on a valid deletion pattern may produce a
deletion pattern that no longer satisfies the conditions of Theorem [2.2.3] as illustrated
in Example [2.5.1
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Example 2.5.1 The following is a diamond swap on a valid pattern which produces
an invalid pattern:

( M, L, R, M, R, M )

!
( M, L, R, LR, R, M )

To get around this problem, we will only count an edge when the diamond swap is
made in a particular direction. Specifically, we will take the graph in Theorem [2.4.6]
and turn it into the digraph depicted in Figure [2.15}

E

L R
LR
M

Figure 2.15: Diamond swap digraph

We now consider a particular diamond swap as forming an edge only if the swap
conforms to the direction of the corresponding edge in the digraph. For example, a
swap from an LR to an M will be counted as an edge, whereas a swap from an M
to an LR would not. This serves the dual purpose of avoiding a double-count of the
edges, and preventing us from performing a swap which would result in a non-valid
deletion pattern. For example, any LR can be swapped to an M without violating
the conditions outlined in Theorem [2.2.3] yet we cannot swap an M to an LR if there
is already an LR present in the immediate intervals surrounding the M. The only
case we have yet to be careful of is that we cannot swap an L in position 2 or an R
in position n — 1 to an E, nor can we swap an LR in position 2 or n — 1 to an R
or L, respectively, as this would violate the conditions in Theorem [2.2.3] With these
conditions in mind, we see that LR’s in position 2 or n — 1 generate 2 edges each,
while LR’s in any other position generate 3 edges each. L’s and R’s in positions 2
and n — 1, respectively, do not generate any edges, whereas L’s and R’s in any other
position will generate 1 edge each. We note that E’s and M’s are not considered to
generate edges under our conditions.

Our plan of attack will proceed as follows: We will first go through and count the
total number of LR’s appearing in every deletion pattern of length n. For the time
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being, we will assume that each of these LR’s contribute 3 edges to the total edge
count, one each for a swap with an M, an L, and an R. After the count is finished,
we will need to correct for the fact that LR’s in the special positions 2 and n — 1
actually only contribute 2 edges. We will perform a separate count of these LR’s in
special positions 2 and n— 1 and subtract off the appropriate number of edges. Lastly,
we will perform a count of the total number of L’s and R’s appearing in any length
n valid deletion pattern and note that each occurrence contributes exactly one edge
for a swap with an E. We will again run into the issue of L’s and R’s appearing in
positions 2 and n — 2 being unable to swap, but we can ignore the contributions from
these L’s and R’s directly in the count instead of having to deal with the erroneous
edges after the fact.

The count of all LR’s appearing in a valid deletion pattern of length n will be
the easiest as most of the work is done for us already in Section . Let b{;f,z, aflf,z,

and &ﬁﬁ denote the number of length n intervals of type B, A, and A, respectively,
which have exactly k LR’s appearing, and further, let BLg(z,y) := 3,51 k0 bhia"y",

— LR .n,k A — ALRn, k
ALr(,Y) = 351 40 Gp™ Yy and Apgr(2,y) = 32,51 js0 Gy pa™y” denote the cor-

responding o.g.f.’s. To determine these o.g.f.’s, we simply need to return to the
arguments counting the length n intervals of each type and tag the contributions
that contain LR’s with a y. We obtain:

Buatey) = 22t Dt 4 - 2y = P

n>1 n>2
Arp(z,y) = o+ Z (2"Pn+ (n—2)y2" % 4 2" %y)
n>1
z(1 — 3z + 32* + xy — 2%y)
(2x — 1)? ’
App(z,y) = o+ ys® + Z (2" 42"+ (n=3)2" ) y+2"*(n—1)) 2"
n>3,k>0
r2(1 — 2z +2?)  z(1 — 4z + 52? — 23))
(2 —1)2 (2x — 1)?

Now we let fan denote the number of length n deletion patterns which have
exactly k& LR’s appearing and let Frr(z,y) = 3,51 150 ffaz”yk denote the cor-
responding o.g.f. As in the previous section, we will utilize the fact that deletion
patterns are built by very specific compositions of the three types of intervals to find
that
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Fur(z,y) = (Amor ) (Bia(w,y) + Bin(w.y) +--) - Aur(a.y) + Asn(z.y) ) «

22 (2% — 22y + 42 —4a:+xy—|—1)
1 —bx + ba? — x%y

Now we will use Fpg(z,y) to determine a new O.G.F Fjpr(z) with the property
that [2"|Fyupr(z) records the total number of all LR’s occurring in all valid deletion
patterns of length n. To obtain this new o.g.f. we first consider the function

0
Yay, Frr(z,y) = Z k foi™y",

n>1,k>0

0
which has the property that [:U"yk]ya—F r(,y) records the total number of LR’s
Y

appearing in all length n valid deletion patterns that each contain exactly k LR’s.
This, in turn, will help us count all the edges obtained by performing diamond swaps
on LR’s. Specifically, we find that

0 x*(x® — 22y +4a® —dx +xy+1)  ya*(l — 6z + 112® — 62° + 2*) (2.2)
yay 1 —5x + 522 — 22y a (—=1+ 5z — 522 + 2%y)2 .

Lastly, we note that by setting y = 1 in equation (2.2)), we obtain Furr(x). We
compute

23(1 — 6z — 62° + 2* + 112?%)
(1 — bz + 4x2)?

At this stage we have almost obtained the total number of edges of 3;(n) arising
from diamond swaps originating with an LR. All that remains is to count the number
of LR’s in the special positions 2 and n — 1 as these only contribute 2 edges, as
opposed to the 3 edges contributed by LR’s in non-special positions. Let aS LR
and aS LE denote the number of length n valid deletion patterns with exactly k

Fyrr(z) =

LR’s appearing in special position (i.e. 2 or n — 1) of type A and A respectlvely,

and let Ag.pr(,y) = Y51 k0 nt 2™y¥, and As.pr(z,y) = Dm0 Gy

denote the corresponding o.g.f.’s. /}gam we return to the arguments in Section which
enumerate the type A and type A valid deletion patterns of length n and tag the
pieces which contribute an LR in special positions 2 or n — 1 with a y. We obtain:
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Asir(r,y) = o+ (2" n+ (n—2)2" + 2" %) 2

n>2
z(1 — 3z + zy + 42? — 22%y)
(1 — 22 !
Asrr(r,y) = z+2%" + Z (2" Py 4+ 2"y + (n—2)2" %) 2"
n>3
w?y(2x +y — 2zy) | (1 — 4z + 5z?)
1—2x (1—2z)2

Notice that in AS:LR(m,y), we have the term 22y?, since the deletion pattern
M, LR, M is considered to have 2 LR’s, one for each special position; this is an iso-
lated special case that only occurs in deletion patterns of length 3. As for the type
B intervals, we see they never contribute an LR in special position, so we may use
equation for the following argument.

Let fS ;LR denote the number of length n deletion patterns which have exactly k
LR’s appearing in positions 2 and n — 1 and let Fs.Lr(2,y) = Y., 51 450 [onr 2"y
denote the corresponding o.g.f. We find:

Fs.Lr(z,y)
(ASLR J] y (ZE) + Bl([E) + BQ(ZE) + - ) AS:LR(:L‘7y) =+ AS;LR(x,y)> T

2(—8a y~|—5x 24423 + 4xy — br*y? + 32? —dx + 2y + 1)
42 — br + 1 '

Again we will take a partial derivative with respect to y and multiply by y to
obtain an o.g.f. whose 2"y* coordinate counts the total number of LR’s appearing
in special positions 2 and n — 1 in all length n valid deletion patterns with exactly k
LR’s in special position:

2y(—8x3 4+ 1023y + 42% — 102%y + 2zy)

Y
— Fo. — 2.3
) Dy s:Lr(7,Y) A2 — By + 1 (2.3)

Lastly, we set y = 1 in Equation (2.3)) to obtain Flg..gr(z), the o.g.f. whose x™
coordinate counts the total number of LR’s in special positions 2 and n — 1 in all
length n valid deletion patterns. We compute

2?(22% — 622 + 2x)
2 —br+1

19)
F#S:LR(iU) = ya—yFs:LR(%y) =
y=1

66



Now that we know how many LR’s appear in the special positions 2 and n — 1
and how many total LR’s appear in all length n valid deletion patterns, we can
compute exactly how many edges in ¥ (n) occur as a result of diamond swapping an
LR. We let e£® denote the total number of edges occurring as a result of diamond
swaps of LR’s appearing in length n valid deletion patterns and let Epg(z) be the
corresponding o.g.f. Since each LR in non-special position contributes 3 edges from
diamond swaps, where each LR in special positions contribute only two edges, we
find:

23(1 — 2z + 162° — bt — Ta?)
(1 — ba + 4a?)?

ELR(LL') = ZQI{RI'” = 3F#LR(JZ)—F#S:LR(ZL‘) =
n>1

(2.4)

Now that we have finished counting the edges obtained from diamond swaps on
LR’s, we switch focus to counting the edges coming from diamond swaps on L’s and
R’s. We recall that each L and R in a non-special position generates exactly one edge
when we swap to an F, and L’s and R’s in special position generate none. With this
in mind, we make the following definitions: let bﬁf, aﬁf, and &ﬁf‘ denote the number
of length n intervals with exactly £ L’s and R’s appearing in non-special positions in

type B, A, and A intervals, respectively. Further let Brr(x,y) ==, 51150 bﬁ’,fx"yk,

- L,R k P - ~L,R k
ALr(®,Y) = o1 450 i Y55 and ar r(T,Y) 1= 3, 51 450 @,k ©"y" denote the cor-

responding o.g.f.’s.

We first consider type B and focus on the coefficient of 2™ and note that in this
type of interval we do not have to worry about L’s and R’s in special position. We
break into two cases depending on whether or not an LR appears in the interval:

Case 1: The interval has no LR term present.

In this case, we break into two subcases based on whether or not there is a right-
most L term present in the interval. If the rightmost L is present, we have a y for
that L term, we have n — 1 choices to place the rightmost L, and we have the possi-
bility of 0 to n — 2 of the remaining positions being E or non-FE, where each non-F
position will be tagged with a y. Notice that the value of the non-F positions is de-
termined by their relative position to the rightmost L. Thus this subcase contributes
ay(n—1)>0" 2 (">?)y" to the coefficient of z".

Next, we consider the case where there is no rightmost L present in the interval.

In this case, we need only choose the location of the non-E terms which must all be
R’s. Notice that we may have anywhere from 0 to n — 1 non-E terms. This subcase
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contributes Z?:_ol (";1)y" to the coefficient of x".
Case 2: The interval has an LR term present.

In this case, we have n — 1 locations to place the LR and n — 2 remaining posi-
tions which may be E or non-E. Notice that the location of the term with respect
to the LR will determine whether the non-F term must be an L or an R. Thus if we

sum over all possible choices of non-F vs. E locations, we obtain a contribution of
(n—1)3r2 ("%)y" to the coefficient of 2™

Summing together all contributions to [z"| By r(z,y), we find

Brr(z,y) =
;(y(n_1)§<n;2)yi+g(n;1)y +(n—1) §<H_2> )3:”
B <1-£§-x>

Next we consider type A intervals and focus on the coefficient of ™. Recall again
that we do not append a y for L’s and R’s occurring in the special positions 2 and
n — 1 since these will not contribute any edges. As in the vertex count, we will only
consider type A intervals which contain the first M since the other case is symmetric.
We focus on intervals with n > 2 and break into two cases depending on the value in
special position 2:

Case 1: Position 2 is an LR.
In this case we may freely choose which of the n — 2 remaining positions are

non-F, with the rest being forced to be R’s. Notice that each non-F position chosen
will be tagged with a y. The contribution to the coefficient of x™ from this case is

n—2 (n— 7
Yo (")
Case 2: Position 2 is an L.

We will consider two subcases based on whether or not an LR appears after po-
sition 2 in the interval:

Case 2.a: No LR appears in the interval.
We further break into subcases based on whether or not a rightmost L appears

(ignoring the L in position 2). If such a rightmost L appears, we append a y for that
L, choose from the n — 2 available positions to place that L, and choose which of
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the remaining n — 3 positions will be non-£. This particular situation contributes
y(n—2)>07 (";3) y' to the coefficient of ™.

If no rightmost L appears after the L in position 2, this implies that all non-F
positions must be R’s. We may freely choose which of the remaining (n —2) positions
are non-FE, obtaining a contribution of Z;:Oz (";2) y* to the coefficient of z™.

Case 2.b: An LR appears in the interval.

In this case, we have n — 2 positions to place the LR. After this, we may freely
choose which of the n — 3 remaining positions are non-E. Notice that the relative
placement with respect to the L R will determine the value, L or R, of any non-FE term.

We obtain a contribution of (n—2) 321 ("7%)y" to the coefficient of 2™ from this case.

Summing together all contributions to [2"|AL r(z,y) and noting the special case
n =1, we find

o

z(2?y? + 2%y — 22y + 1)
(vy +2 —1)2 '

Lastly, we consider type A intervals and focus on the coefficient of z". Again we
recall that L’s and R’s in the special positions 2 and n — 1 will not be tagged with
a y and focus on the cases n > 3. We break into 3 cases depending on the values in
positions 2 and n — 1:

Case 1: Position 2 is an LR, position n — 1 is an R.
In this case, all non-E positions are forced to be R’s. We get to freely choose

which of the n — 3 positions are non-E and tag with y’s accordingly. The contribu-
tion from this case is >0 ")y

Case 2: Position 2 is an L, position n — 1 is an LR.

This is the same as Case 1 by symmetry, so we get another contribution of
Z?:_O?’ (”Z_?’) y' to the coefficient of z™.

Case 3: Position 2 is an L, position n — 1 is an R.
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We break into subcases based on whether or not an LR appears in the interval:
Case 3.a: The interval contains an LR.

In this case, we have n — 3 positions to place the LR. Once placed, we may freely
choose which of the remaining n — 4 positions are non-F, with their value, L or R,
being determined by their placement with respect to the LR. For this case we get a
contribution of (n —3) >0 (") v,

1

Case 3.b: The interval does not contain an LR.

If we ignore the L in position 2 and find that there is still a rightmost L occurring,
we will note that there are n — 3 possible locations for this rightmost L. After we
place this L and tag it with a y, we may freely choose which of the remaining n — 4
positions are non-F, with their specific value being determined by their placement
with respect to the last L. This subcase contributes (n — 3)y S.r—' (" Yy

If there is no rightmost L occurring after the L in position 2, this means that all
non-F positions must be filled by R’s. We may freely choose which of the remaining

n — 3 positions are non-E to obtain a contribution of Z?:_(? (";3) Yyt

~

Summing together all contributions to [2"] A r(x,y) and noting the special cases
n =1,2, we find

Apr(z,y) = z+2°) <2§ (n;3)yi+(n_3)j:: (”2_4)yz

n>3 \ =0
n—4 n—3
n—4\ . n—3\ .
_3 i i n
(i)
z(x3y? + 2%y? — 2% + 22% — 22y —x + 1)
B (1 -2y —x)? '

We are now in the position to begin to compute the number of edges resulting
from diamond swaps on L’s and R’s. Let frf ’k,R denote the number of length n deletion
patterns with exactly k£ L’s and R’s appearing, all of which are in non-special posi-
tions. Further, let Fi}f(x,y) D DR f”kR:pnyk denote the corresponding o.g.f.
Utilizing the compositional nature of valid deletion patterns, we find
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Frii(a,y)
= (AL,R(xa y) - (Bg,R(ifay) + Bi,R(%y) + - ) -Apr(z,y) + AL,R(%?J)) x,

22(223y? + 2%y — 23 — 22%y + 32® — 22y —x + 1)
x2y? + 202y + 2?2 — 22y — 3x + 1

Again we will take a partial derivative with respect to y and multiply by y to obtain
an o.g.f. whose 2"y* coordinate counts the total number of L’s and R’s appearing
in non-special positions in all length n valid deletion patterns with exactly & L’s and
R’s in non-special position.

2y2® (22%y* + 32y + 2* — 8xy — Sx + 6)
(x2y? + 222y + 22 — 22y — 3z + 1)

g2
dy

Frr(z,y) = (2.5)

Lastly, we set ¥y = 1 in Equation to obtain Ep g(x), the o.g.f. whose 2"
coefficient counts the total number of L’s and R’s in non-special positions in all
length n valid deletion patterns, and hence all the edges arising as diamond swaps on
L’s and R’s. We compute

0 22°(622 — 13x + 6)
Epr(x) = ya_yFL,R(Ivy) 1 = T —tur1)e (2.6)
y:

If we let e,, denote the total number of edges of ¥;(n) and let E(x) := )" ., e 2"
denote the corresponding o.g.f., we may put together Equations (2.4)) and (2.6) and
find that

E(ZE) = ELR(I) +EL,R(.’L‘)
3(1 — 2z + 162° — Hz* — Tz?) N 22°(62% — 13z + 6)
(1 — 5z + 422)2 (42? — bx + 1)?
23(1 — 2z — 102 + 7a* + 5a?)
(1 — 5 + 422)?

Lastly, we unpack E(z) to determine a closed formula for the number of edges of
Y1(n). We find:
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@ + %Jc + Exz + 11‘3 - 19 — 1745 + !
256 256 32 16 27(1 —x)  27648(1 —4z)  9(1 — z)?
175
T 5216(1 —4x)?’
_ B Z 525 - 4"n — 1220 - 4" + 3072n — 16384$n'
27648

n>4

This established the following theorem.

925 - 4"n — 1220 - 4™ + 3072n — 16384

Th 2.5.2 For |Al=n>4,%
eorem 2.5 or |Al =n >4, ¥1(n) has 5764R

edges.

2.6 Further Questions

Up to this point, we have been able to utilize the combinatorial structure to under-
stand the vertices and edges of ¥;(n), but we have not yet been able to determine
how to describe combinatorial conditions which indicate the structure of the higher
dimensional faces. We strongly suspect that the number of essential collinearities
present in a lifting determines the dimension of the face that it will support in ¥ (n).
In particular, we have seen that a lifting supports a vertex iff it has no essential
collinearities, and that it supports an edge iff it has exactly one essential collinear-
ity. This naturally leads us to suspect that the facets of ¥;(n) are supported by
liftings which are nontrivially maximally collinear. This means that not all points
are collinear, but the addition of one more collinearity in the lifting would force all
points to be collinear.

Example 2.6.1 If we consider n = 6, then the lifting w = <2, 1,0,1,1, %> can be
seen to be maximally nontrivially collinear in Figure [2.16]

T

Figure 2.16: Maximally nontrivially collinear lifting
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It was verified in Polymake [4] that this lifting supports a facet of ¥ (6) consisting
of vertices with patterns

(M,LR,M,E, LR, M),
(M,LR,M,L,LR, M),
(M, M,M,E, LR, M),
(M,M,M,L,LR, M),
(M,M,M,E, M, M),
(M, M, M, L, M, M),
(M,LR,M,E, M, M),
(M,LR,M,L,M,M).

When considering facets of the secondary polytope corresponding to n points on
a line (combinatorially equivalent to a hypercube), it can be shown that each facet
can be supported by a lifting where all but one of the points are set at height 0 and
the remaining point is lifted to height 1. Example shows that maximally non-
trivially collinear liftings may be more convoluted in the case of 1 deletion-induced
polytopes.

Another possible avenue of inquiry would be trying to determine a way to adapt
the combinatorial structure assigned to 1-deletions of a line to study higher order
deletions, like 2-deletions.

Additionally, it would be interesting to determine if a combinatorial structure
could be placed on the 1-deletions of n-gons. The previous chapter outlined a method
to construct these particular deletion-induced polytopes, but we have yet to determine
a formula for the number of vertices they would contain. Unlike the combinatorial
structure used for points on a line, this new structure could not be based on the
“visibility” of the points of A in the lifting, as all of the points of an n-gon would be
visible in every lifting.

Copyright© Clifford Taylor, 2015.

73



Bibliography

1]

L. Billera, P. Filliman, and B. Sturmfels, Constructions and Complexity of Sec-
ondary Polytopes, Adv. Math. 83 (1990), no. 2, 155-179.

L. Billera and B. Sturmfels, Fiber Polytopes, Annals of Math. 135 (1992), 527-549.
J. De Loera, J. Rambau, F. Santos, Triangulations, Springer-Verlag, Berlin, 2010.

E. Gawrilow and M. Joswig. polymake: a framework for analyzing convex
polytopes. Polytopes-combinatorics and computation (Oberwolfach, 1997), 4373,
DMV Sem., 29, Birkhuser, Basel, 2000. MR1785292 (2001f:52033).

I. Gel'fand, M. Kapranov, A. Zelevinsky, Newton Polytopes of Principal A-
Determinants, Soviet Math. Doklady 40 (1990), 278-281.

I. Gel'fand, M. Kapranov, A. Zelevinsky, Discriminants, Resultants, and Multi-
dimensional Determinants, Birkhauser Boston Inc., Boston, MA, 2008

J. Goodman, J. O’Rourke, Handbook of Discrete and Computational Geometry,
Chapman and Hall, London, 2004, 383-406.

B. Griinbaum, Convex Polytopes, Springer-Verlag, New York, 2003.

C. Lee, The associahedron and triangulations of the n-gon, European J. Combin.
10 (1989), no. 6, 551-560.

[10] P. McMullen, Transforms, diagrams, and representations, in Contributions to

Geometry (Proc. Geom. Sympos., Siegen, 1978), Birkhauser, Basel, 1979, 92-130.

[11] R. Schneider, Convex Bodies: the Brunn-Minkowski Theory, Cambridge Univer-

sity Press, Cambridge, 2013.

[12] C. Weibel, Minkowski Sums of Polytopes: Combinatorics and Computation,

Ph.D. Thesis, Ecole Polytechnique Fédérale de Lausanne, 2007.

[13] G. Ziegler, Lectures on Polytopes, Springer-Verlag, New York, 1995.

[14] Applied Geometry and Discrete Mathematics: the Victor Klee Festschrift, Asso-

ciation for Computing Machinery, New York, 1991, 443-456.

74



Vita

Clifford Taylor
Born: April 26, 1988
Hometown: La Salle, MI

Education:

e M.S. Mathematics, University of Kentucky, Lexington, KY (Spring 2012)

e B.A. Mathematics, Summa cum Laude, Grand Valley State University, Al-
lendale, MI (Spring 2010)

Professional Experience:

e Teaching Assistant, University of Kentucky (2010-2015)

e Research Assistant, University of Kentucky (2010, 2014)

Awards & Honors:

e Arts & Sciences Outstanding Teaching Assistant Award, University of Ken-
tucky, Spring 2014

e Van Meter Fellowship, University of Kentucky, Fall 2010 - Summer 2013
e Nominated for the Niemeyer Award, Grand Valley State University, Spring 2010

e Outstanding Graduate Award in Mathematics, Grand Valley State University,
Spring 2010

e Outstanding Senior Award (Mathematics Department), Grand Valley State
University, Spring 2010

75



	Deletion-Induced Triangulations
	Recommended Citation

	Title Page
	Abstract
	Dedication
	Acknowledgments
	Table of Contents
	List of Figures
	1 k Deletion-Induced Polytope
	1.1 Introduction
	1.2 Definitions and Notation
	1.3 Structural Results
	1.4 Further Questions

	2 The Case of 1 Deletions of the Line
	2.1 Definitions and Notation
	2.2 Combinatorial Structure
	2.3 Vertex Count
	2.4 Edges
	2.5 Edge Count
	2.6 Further Questions

	Bibliography
	Vita

