Claremont Colleges

Scholarship @ Claremont

HMC Senior Theses HMC Student Scholarship

2000

Combinatorial Proofs of Generalizations of
Sperner's Lemma

Elisha Peterson
Harvey Mudd College

Recommended Citation

Peterson, Elisha, "Combinatorial Proofs of Generalizations of Sperner's Lemma" (2000). HMC Senior Theses. 124.
https://scholarship.claremont.edu/hmc_theses/124

This Open Access Senior Thesis is brought to you for free and open access by the HMC Student Scholarship at Scholarship @ Claremont. It has been
accepted for inclusion in HMC Senior Theses by an authorized administrator of Scholarship @ Claremont. For more information, please contact

scholarship@cuc.claremont.edu.


https://scholarship.claremont.edu
https://scholarship.claremont.edu/hmc_theses
https://scholarship.claremont.edu/hmc_student
mailto:scholarship@cuc.claremont.edu

Combinatorial Proofs of Generalizations of Sperner’s Lemma

by
Elisha Peterson

Francis Edward Su, Advisor

Advisor:

Committee Member:

May 2000

Department of Mathematics

HARVEY MUDD

C O L L E G E



Abstract

Combinatorial Proofs of Generalizations of Sperner’s Lemma
by Elisha Peterson

May 2000

In this thesis, we provide constructive proofs of several generalizations of Sperner’s
Lemma, a combinatorial result which is equivalent to the Brouwer Fixed Point Theo-
rem. This lemma makes a statement about the number of a certain type of simplices
in the triangulation of a simplex with a special labeling. We prove generalizations
for polytopes with simplicial facets, for arbitrary 3-polytopes, and for polygons. We
introduce a labeled graph which we call a nerve graph to prove these results. We also

suggest a possible non-constructive proof for a polytopal generalization.
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Chapter 1

INTRODUCTION

In this thesis, we prove several generalizations of Sperner’s Lemma, and sketch a
proof of a generalization to polytopes which was conjectured by Atanassov in 1996
(see [1]). Sperner’s Lemma is a combinatorial theorem dealing with triangles, or
simplices in dimensions greater than 2, which are divided into many smaller triangles.
It was proved by Sperner in [14] in 1928.

The key idea of Sperner’s Lemma is well-represented by the planar case. Consider
a triangle with vertices labeled 1, 2, and 3. Subdivide the triangle into several smaller
triangles, and label the new vertices according to a special set of rules known as a
Sperner Labeling. Sperner’s Lemma claims that, in the planar case, there are an odd

number of {1, 2,3} triangles in the subdivision:

Sperner’s Lemma. In a k-simplex with a Sperner Labeling, there are an odd number

of fully-labeled elementary simplices.

Sperner’s Lemma, is stated precisely in Section 2.2, and is proved in Section 4.4.
The full generalization that we consider in this thesis extends the theorem to poly-
topes, the higher-dimensional analogue of polygons (see Section 4.1 for a precise

definition):

Generalized Sperner’s Lemma (polytopal conjecture). In an arbitrary k-polytope
P having n vertices, subdivided with a Sperner Labeling, there are at least n — k fully-

labeled elementary simplices.



Here, “fully-labeled” means the elementary simplex has £+ 1 distinct labels. This
result has been proved by Peterson and Su, for polytopes with simplicial facets, using
a topological argument in [11]. Using strictly combinatorial arguments, we will prove
this generalization for polytopes with simplicial facets (Section 4.5), and for arbitrary
polytopes in 3 dimensions (Section 5.3). We will then sketch a non-constructive proof
and suggest a constructive proof for the full generalization (Chapter 6).

Sperner’s Lemma is an existence theorem, and it has several constructive and
non-constructive proofs. Although the Lemma is very simple, it has widespread use
in mathematics. For example, it is equivalent to the Brouwer Fixed Point Theorem.
In the proof of this equivalence, the fixed point in Brouwer’s Theorem corresponds to
the {1, 2,3} triangle in Sperner’s Lemma. This equivalence is useful not only because
the proof is rather simple, but also because constructive proofs of Sperner’s Lemma
give an algorithm for finding the fixed point. See [7], [9], [16], and [18].

This lemma is also very useful in game-theoretic problems of fair division, which
deals with the question of how to divide a set among several players so that all players
are happy with the division. Sperner’s Lemma can be used to show that a division

exists in which all players feel they receive the best piece of the set. See [15].

We begin this thesis by acquainting the reader with Sperner’s lemma in Chapter 2,
where we describe Sperner Labeling and state Sperner’s Lemma formally. In Chapter
3, we introduce nerve graphs, a special type of labeled graph that we will use to prove
our generalizations constructively. Our main result in this chapter is the Mazimum

Label Theorem, which states that:

Maximum Label Theorem. Given a connected k-nerve graph (N,f) with N =

(BUC U D, E), which is not necessarily minimal, we have L(N) — k < |C/|.

Here, L(N) represents the number of labels used by the nerve graph, and |C| the

number of “full cells” used. We begin Chapter 3 by with some motivation for nerve



graphs in Section 3.1, and the formal definition of a nerve graph in Section 3.2. We
then introduce minimalized nerve graphs and nerve skeletons in Sections 3.3 and 3.4,
which will help us prove the Maximum Label Theorem in Section 3.5. Finally, in
Section 3.6, we introduce subnerves, which will help prove our generalizations.

In Chapter 4, we prove the generalization of Sperner’s Lemma for a polytope with

simplicial facets, which states that:

Generalized Sperner’s Lemma (simplicial facets). In a k-polytope P with sim-
plicial faces having n vertices, subdivided with a Sperner Labeling, there are at least

n — k fully-labeled elementary simplices.

Polytopes are defined in 4.1, and the Sperner Labeling is described in Section 4.2.
We introduce the simplicial graph, a nerve graph derived from a triangulated polytope
with a Sperner Labeling, in Section 4.3. In Section 4.4 we prove Sperner’s Lemma
itself, which we use in our proof of the generalization for simplicial facets in Section
4.5.

In Chapter 5, we give some further generalizations of the Lemma for dimensions
2 and 3. In Section 5.1, we prove a theorem generalizing the labeling scheme in the
plane and a theorem making a parity claim. In Section 5.2 we conjecture a result
for non-simplicial subdivisions. In Section 5.3 we prove the full generalization for 3

dimensions:

Generalized Sperner’s Lemma (3-polytopes). In an arbitrary 3-polytope P hav-
ing n vertices, subdivided with a Sperner Labeling, there are at least n — k fully-labeled

elementary simplices.

Finally, in Chapter 6, we sketch an alternative, non-constructive method, for prov-
ing the full generalization. This method relies on a technical conjecture regarding
polytopes, and uses a simple induction argument to find the requisite n — k full cells.

We also suggest a constructive proof based on nerve graphs in this chapter.



Chapter 2

SPERNER’S LEMMA

In this chapter, we first describe the Sperner Labeling and Sperner’s Lemma in
the plane. We then expand this to higher dimensions and give a precise statement of
Sperner’s Lemma. We will prove Sperner’s Lemma in Section 4.4 using nerve graphs.

For alternate proofs, see [2] or [15].

2.1 Sperner’s Lemma in the Plane

Suppose we are given a triangle in the plane, with vertices labeled 1, 2, and 3, as
shown in figure (a) below. These vertices are known as main vertices. We will refer
to a vertex labeled by ¢ as simply verter i. Now, subdivide the triangle into several
smaller triangles, as in (b). This is known as a triangulation. The small triangles are

known as elementary triangles or simply as cells.




Finally, label the vertices of these elementary triangles according to the following

two rules:

1. If a vertex is on the edge between the vertex ¢ and vertex j, then the vertex

must be labeled by either 7 or j.

2. If a vertex is in the interior of the triangle, then it may be labeled by 1, 2, or 3.

The figure below shows one possible labeling of the triangle.

The above labeling scheme is known as a Sperner Labeling. We will call a triangle
which is subdivided into smaller triangles and given a Sperner Labeling a triangle with
a Sperner Labeling. We will call an elementary triangle which has all 3 possible labels
a fully-labeled elementary triangle, or simply a full cell. We can now state Sperner’s

Lemma in the plane:

Sperner’s Lemma (planar). In a planar triangle with a Sperner Labeling, the num-

ber of fully-labeled elementary triangles (full cells) is odd.

Note that the existence of an odd number of such simplices requires that there be

at least one. In the figure above, there are 3 such full cells.



2.2 Sperner’s Lemma

The extension of the Sperner Labeling to several dimensions is rather simple, as the
rules are completely analogous. In dimensions greater than 2, Sperner’s Lemma deals
with simplices rather than triangles. A simplex is the equivalent of a triangle in an
arbitrary dimension. For example, a 1-dimensional simplex (1-simplex) is just a line

segment, a 2-simplex is a triangle in the plane, and a 3-simplex is a tetrahedron.

SaVANRA N\

1-simplex 2-simplex 3-simplex 4-simplex

Formally, a simplex may be regarded as the convex hull of £+1 affinely independent
points in R", for n > k. These points are the vertices of the simplex. A “side” of a
simplex is known as a facet. Facets are spanned by k of the vertices of the simplex,
and are thus (k — 1)-simplices. Also, a k-simplex has k + 1 different facets.

The Sperner Labeling can be described inductively. We have already covered the
base case, so we now consider the case of a k-simplex. We first require that each of the
k+1 vertices of a simplex be given a different label. Next, the simplex is triangulated,
that is, subdivided into several smaller k-simplices. The smaller simplices are known
as elementary simplices or cells. Now, the remaining vertices are labeled according

to the following rules:

1. If a vertex is on the exterior of the simplex, and thus is in one or more facets of
the simplex, then it must obey the labeling rules given by induction for each of

these facets.

2. If a vertex is in the interior of the simplex, it receives an arbitrary label.



Thus, in a tetrahedron with main vertices {1, 2, 3,4}, the vertices on the {1, 2, 3}
facet must be labeled by 1, 2, or 3, while those on the {1, 3,4} facet must be labeled
by 1, 3, or 4. Hence, vertices on both facets, which correspond to those vertices
between 1 and 3, must satisfy both of these requirements, hence be labeled by either

1 or 3. This labeling scheme is demonstrated in the following figure:

There is a shorter, non-inductive way to describe the Sperner Labeling. Suppose
the main vertices in the k-simplex are {1,2,...,k+ 1}. If a vertex v is spanned by a
set of main vertices {i1,1s,...,%n}, then its label must correspond to that of one of
these main vertices. We will use this definition later to extend the Sperner Labeling
to polytopes.

With the Sperner Labeling defined for simplices, we can now give the complete
statement of Sperner’s Lemma. In dimension k, a full cell will correspond to an

elementary k-simplex with k£ + 1 distinct labels.

Sperner’s Lemma. In a k-simplex with a Sperner Labeling, there is an odd number

of full cells.

We will prove Sperner’s Lemma in Chapter 4, when we present the generalization

of Sperner’s Lemma for polytopes with simplicial facets.



Chapter 3

THEORY OF NERVE GRAPHS

This chapter develops what we will call the theory of nerve graphs. Nerve graphs
are special kinds of graphs which arise from Sperner Labelings of triangulated poly-
topes. Other types of labeled graphs have been used to prove generalizations of
Sperner’s Lemma (see [4]). Nerve graphs are useful because they give a constructive
method, similar to path-following methods in [2] and [7], to find full cells.

We begin in Section 3.1 by giving the motivation for these graphs. We define
them formally in Section 3.2 and prove some elementary results. In Sections 3.3 and
3.4 we introduce minimalized nerves and nerve skeletons, two types of graphs which
can be derived from nerve graphs. They are both used to prove the Maximum Label
Theorem in Section 3.5, our main result for this chapter. This is the most important
step in obtaining the n — k result for the main theorem. Finally, in Section 3.6 we

describe subnerves, which will be necessary for proving our generalizations later.

3.1 DMotivation

The constructive proof of the generalization of Sperner’s Lemma for simplicial facets
presented in this paper makes extensive use of graph theory. Specifically, it requires
several theorems about a special kind of graph which we will call a nerve graph.
Nerve graphs are basically graphs in which the vertices are labeled, and in which all
vertices have degree 1, 2, or (k+ 1) for some k, with some restrictions on the labeling
of the vertices. This will give us a purely combinatorial description of triangulated

polytopes with Sperner Labelings.



Let us take the planar example to see how Sperner’s Lemma is related to graph
theory. Recall (see Section 2.2) that Sperner’s Lemma asserts the existence of a
full cell in any triangulation of a triangle 7" labeled according to the following rules,
indicated in the figure below:

1. The three main vertices are labeled by 1, 2, and 3.

2. A vertex on the edge between vertices 7 and j is labeled by either ¢ or j.

3. A vertex in the interior is labeled by 1, 2, or 3.

1o0r2 10r3

ANAINTAN
T~2or3—

With any triangulation, we can divide the main triangle 7" into several distinct
regions such that the vertices in each region have the same label, and two adjacent

regions have different labels, as in the figure below.
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Note that the boundaries of these areas form a graph. The vertices of this graph
consist of two types: those points adjacent to three regions, and those points adjacent
to two regions and the exterior. The edges are the boundaries between two regions.

Removing the edges that border the outer area, we can obtain a nice graph from
the subdivided triangle. Then, the first type of vertex (connected to three areas) now
has degree 3, while the second type has degree 1. The figure above shows the graph
obtained from a specific subdivision of a triangle. Note that the degree 3 vertices
correspond to the triangles in the subdivision which have all three labels (since they
border three areas).

Recall the degree-edge relationship from graph theory, which states that the sum
of the degrees of all vertices in a graph must be even. Let the number of degree 1
vertices be |V;|, and the number of degree 3 vertices be |V3|. Then, we know that
V1| = |V3| mod 2. We can show by induction that |V;| is odd, meaning that |V3|
must also be odd, proving the result.

Note the use of graph theory in this argument. Although simpler counting methods
can be used to obtain the same result, this ‘nerve graph’ method is more easily

generalized.

3.2 Definition of a Nerve Graph and Elementary Propositions

Our proof of the generalized Sperner’s Lemma for simplicial facets uses the subdivision
of a polytope to form several graphs, which we call nerve graphs, in a similar manner
to that described above. The details of this will not be given until the next chapter.
We choose to present the theory of nerve graphs in this chapter, as it does not require
any knowledge about polytopes or their triangulation.

There are two types of restrictions which must be placed on nerve graphs so they
can represent the triangulation of polytopes. First, the degree restriction requires

vertices in the graph to have degree 1, 2 or (k + 1), for some k£ > 2. The different
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types of vertices in a nerve graphs correspond to different simplices in the triangula-
tion. Note that the degree 3 vertices are in triangles (2-simplices) with three labels.
Also, although they are outside the triangle in the above figure, the degree 1 vertices
correspond to edges (1-simplices) with two labels. Finally, the degree 2 vertices which

we have added below are in triangles with two labels.

The second restriction is the labeling restriction, which requires adjacent vertices
to have a certain number of labels in common. In the planar case, adjacent vertices
should share two labels, because adjacent triangles in the plane share two vertices.

Of course, the form of a nerve graph in higher dimensions is slightly different.
When the subdivided polytope lies in dimension k, we will have vertices of degree 1,

2, and (k + 1), which receive k, k, and (k + 1) labels, respectively.

3.2.1 Formal Definition of a Nerve Graph

Given an (n, k)-polytope, that is, a polytope with n vertices in k& dimensions, its
corresponding nerve graph will be an (n, k)-nerve graph, or simply a k-nerve graph.
The definition of a nerve graph will depend on both n and k. Note that we must have

n > k + 1, because a k-dimensional polytope must have at least k£ + 1 vertices.
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We now define the label sets used by nerve graphs. Given n and j, where 0 < 7 <

n, we define I" and I7' as follows:

I"={1,...,n}, (3.1)
I={rciI:|r=;j. (3.2)

Thus, I7 is the set of j element subsets of I". As an example, the set I3 consists of

all 2 element subsets of I* = {1,2, 3, 4}
I3 = {12,13,14, 23,24, 34}.

In the theory of nerve graphs, we will be concerned primarily with I}} and I}, ;.

We now give the definition of an (n, k)-nerve graph.

Definition 3.1. Let £ > 1 and n > k + 1. An (n, k)-nerve graph is a pair (N, /),

where N = (V, F) is a graph and ¢ is a labeling function
0:V > LPUIL
such that each vertex v € V satisfies the following rules:
(a) Degree Range Rule: deg(v) € {1,2,k + 1},
(b) Degree k + 1 Rule: deg(v) = k + 1 if and only if £(v) € I}},.
(c) Edge Limit Rule: if £(v) € I}, | and £(w) € I}, then (v,w) & E.
(d) Label Subset Rule: if (v,w) € E, and deg(v) < deg(w), then £(v) C ¢(w).

(e) Three Vertex Rule: if £(v) € I}, and (v,w,) € E, (v,wy) € E with w; # w.,
then £(w) # £(w,).
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We will often refer to the five rules (a) through (e) according to the names given.
Note that this definition will be used very often throughout the remainder of the thesis,
and the reader should study it carefully. We often omit the label n or the label £ and
write simply k-nerve graph or nerve graph in place of “(n, k)-nerve graph.”

Consider the definition of the label function ¢ above. Although we have only
defined it here for a single vertex, we will “overload” ¢ by using it to mean several
different things. Speaking of a set of vertices W = {wy, wo, ..., w;} C V, we let

J
(w) = lws).
i=1
For a nerve graph N = (V, E), we let £(IN) = £(V). Often we are concerned with the
number of labels in a given set. We will denote this number by L(z) = |¢(z)|.

The following figure shows an example of a nerve graph, complete with labelings.

The reader may check to see that the five nerve rules hold for all vertices. If we call

the nerve graph (N, £), then £(N) ={1,2,3,4,5} and L(N) = 5.

The next few sections will explain the five conditions above. They will also give

some simple combinatorial results based on the definition of a nerve graph.

3.2.2 The degree of the vertices

The degree range rule (a) states that the degree of any vertex has three possible
values: 1, 2, or k + 1, for some positive k. We can classify the vertices according to

their degree, as in the following definition.
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Definition 3.2. Given a nerve graph (N, ¢) with N = (V, E), we define the sets B,
C, and D as follows:

B ={v eV :deg(v)

1} (3.3)
k+1} (3.4)

2}, (3.5)

C={veV:deg(v)
D ={v eV :deg(v)

Thus, B consists of all degree 1 vertices, which we call boundary vertices; C' consists
of all degree k + 1 vertices, which we call connecting vertices or cell vertices; and D

consists of all degree 2 vertices, which we call door vertices. This is demonstrated in

| G

connecting boundary door
(cell) vertices vertices vertices

the figure below.

The labels for these sets are drawn from the corresponding simplices in the trian-
gulation of a polytope, in which the boundary simplices correspond to vertices in B,
the full cells to vertices in C, and the door simplices to vertices in D. These labels
also make some sense in terms of the graph itself. The outer (boundary) vertices are
those with degree 1, and one might pass to the main (cell) vertices by passing through
degree 2 vertices (doors).

Are there some combinatorial conclusions we can draw from the form of such a
graph? Certainly! Suppose we have a connected nerve graph. Recall from graph
theory that, for a graph G = (V, E),

) " deg(v) = 2|E]. (3.6)

veEV

In the case of nerve graphs, this can be written as

Z deg(b) + Zdeg(c) + Z deg(d) = Z 1+ Z(k +1)+ Z 2.

beB ceC deD beB ceC deD
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It is thus clear that
|B| +2|D|+ (k+1)|C| =2|E|, (3.7)

and hence

B| = (k+1)|C| mod 2. (3.8)

What does this tell us? In the case where k is even, |B| and |C| must have the same
parity, and in the case where k is odd, |B| must have even parity! Thus, we are
already starting to see some results regarding the possible numbers of the different

types of vertices. We give this result formally in the following observation:

Observation 3.1. In a connected k-nerve graph with vertices V. = BUC U D, we
know that |B| = |C| mod 2 if k=0 mod 2, and |[B|=0 mod 2 if k=1 mod 2.

3.2.8 The Labeling Rules: Edge Perspective

We will now examine the labeling rules for nerve graphs, from both an edge perspective
and a neighbor perspective. The former involves looking at the relationship between
the labelings of two connected vertices. The latter, covered in the next section,
involves looking at how the labeling of a vertex is related to the labelings of its
neighbors.

Observe that the degree k + 1 rule (b) of nerves, which states that
deg(v) = k + 1 if and only if £(v) € I}, ,,
just indicates how many labels each type of vertex receives.

|5 = {1,2,31415}
15 = {1234,1235,1245,1345,2345) —— @C

15 ={123,124,125,134,135,145, <:’OD
234,235,245,345} eB
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Vertices in B (degree 1) and D (degree 2) receive k labels out of I, while vertices
in C' (degree k+1) receive k+1 labels. In the figure above, in which n =5 and k = 3,
the vertices in B and D receive 3 labels, while the vertices in C' receive 4 labels.

Now, consider the label subset rule (d), which states that
if (v,w) € E, and deg(v) < deg(w), then ¢(v) C ¢(w).
Given (1, 5y C {B,C, D}, let

(B1, B2) = {(v,w) : v € B, w € Ba}.
Note that (C,C) = (). We make the following observations:
Observation 3.2. If (v,w) € (BU D, BU D), then £(v) = {(w).

Proof. Recall that L(v) = |[¢(v)|. We know that L(v) = L(w) and also that either
£(v) C £(w) or £(w) C ¢(w). Hence, £(v) = £(w). O

Observation 3.3. If (v,w) € (BUD,C), then £(v) C £(w).
Proof. Consequence of label subset rule (d). O

What can we say about the figure below, where v € C, wy,wy € D, and w3 € B?

The above observations tell us that £(ws) = ¢(ws) C ¢(v), and £(w,) C £(v).

Note that these labeling rules are very restrictive, as adjacent vertices will always
share at least k labels. This makes sense, of course, when thinking about two adjacent
simplices; in k£ dimensions, they have k£ + 1 vertices, and if they are adjacent they will

share a face, which has k vertices.



17

These observations allow us to prove the following proposition, which indicates
that a connected k-nerve graph with no vertices in C' has only k labels, while a

connected k-nerve graph with at least one vertex in C' has the same label set as C.
Proposition 3.4. (a) Let (N,£) be a connected k-nerve graph with |C| = 0. Then
L(N) = [{((N)| = k. (3.9)

If |B] > 0, then £(N) = £(B). If |D| > 0, then £(N) = £(D).
(b) Let (N, ) be a connected k-nerve graph with |C| > 0. Then,

U(N) =£(C). (3.10)
Equivalently, ¢{(B) C £(C) and £(D) C £(C).
Proof. (a) Suppose |C| =0, and let v,v" € N. By connectedness, there is a path
(vo,V1,...,v5) 1 Vo =v, V=0

between v and v'. Note that v; € B U D for all 4, since |C| = 0. Observation 3.2
tells us that £(v;) = ¢(v;11) for 0 <4 < j—1 and so ¢(v) = £(v'). Since v and o'
were arbitrary, all vertices in N must have the same label set. Thus, ¢(N) = £(v) for
any vertex v, proving the three claims. In the figure below, since £(vy) = {2, 3,4}, we

must have £(v;) = {2, 3,4}, and we eventually obtain ¢(v;) = {2, 3,4}.

(b) Now, suppose |C| > 0, and let ¢ € C. Then, by connectedness, for any vertex
v € BU D, there is a path

(Vo,V1,..-,05) 1 Vg =wv, V;=c
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between v and c¢. Choose m such that v; € BU D for ¢+ < m, but v, € C. Then,
L(v) = L(vg) = £(vm—-1) C L(vm) C L(C).

Hence, ¢(v) C ¢(C) for all v € BU D. Thus, {(N) = £(B)UL(C)U (D) = £(C). In
the figure below, we have i = 2. In this case, we know that ¢(vy) = £(v1) C £(vz). O

3.2.4 The Labeling Rules: Neighbor Perspective

The restrictions imposed by the label subset rule (d) can be alternately expressed in

terms of neighbors. We can classify the neighbors of a given vertex by degree.

Definition 3.3. Given a vertex v € V, we define b(v), ¢(v), and d(v) by

b(v)={w e B: (v,w) € E} (3.11)
c(v)={we C: (v,w) € E} (3.12)
dlv)={w e D: (v,w) € E}. (3.13)

These just represent the set of vertices adjacent to the vertex v in one of the sets
B, C, or D. For the vertex v above, the sets b(v) and d(v) are indicated. Of course,
since v € C, ¢(v) is empty.

We make the following observations regarding a vertex and its neighbors:

Observation 3.5. Let v € BU D, and let w € b(v) Uc(v)Ud(v). Then, £(v) C £(w).
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b(v)

d(v)

Proof. Consequence of the label subset rule (d). O

Observation 3.6. Let v € C. If W = b(v) Ud(v), then
()= | L(w). (3.14)
weW
Proof. Let wy,wy € b(v) Ud(v) with wy # wy. Then, by the three vertex rule (e) of
nerves, {(wy) # £(ws), and so |[£(wy) Ul(ws)| > k+ 1. Note that £(wq) U £(wy) C £(v)

as well. Looking at the corresponding sizes of these label sets, we see that
k+1< [€(w) Ul(ws)| < |€(v)| = L(v) =k + 1.
Thus, L(v) = [f(w1) U l(we)| = k + 1, and so
0(v) = €(wy) UL(ws) C | J £(w) C £(v),

weWw

since £(w) C £(v) for all w € W. This proves our claim. O

This last observation is probably the most non-intuitive, but important, basic
result in this theory. It allows us to follow a certain label set £(v) for a vertex v € D
along a path to another vertex v, € D, where the path consists of vertices all of which
contain £(v) as part of their label set. Returning to the applications of this theory to
Sperner’s Lemma, remember that graphs really represent paths of simplices, and we
are essentially trying to figure out how to find all the vertices in C' (the full cells),
while starting at a vertex in D (full facets). This path-following method will be useful
for finding full cells.
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3.3 Minimal Nerve Graphs

In the above section, we have seen that the labelings of vertices in B and those in D
are essentially the same. Also, adjacent vertices in BU D are labeled identically. This
is indicative of some redundancy in the nerve graph. It seems as though we could
combine adjacent vertices in BU D without really affecting the graph. Minimal nerve
graphs eliminate this redundancy. They will also be useful for the Maximum Label
Theorem, in the next section.

We will first define nerve reductions.

Definition 3.4. Let (v,d,w) be a path in a nerve graph (N, /) with v € BUC U D,
d € D, and w € BU D. Then, the nerve reduction of N with respect to (d,w) is the
nerve graph defined by (N~ (d,w),¢~) where N~ (d,w) = (V—, E7) with V- = V\{d}
and E- = E'\ {(v,d), (d,w)} U{(v,w)}. We let £~(v) = £(v) for all v € V', and we

will refer to £~ as simply /.

Thus, the nerve reduction removes one of the extra vertices in D and connects its

two neighbors together, as shown below.

Observation 3.7. A nerve reduction of (N, ) is still a nerve graph.

Proof. All properties of nerves except the label subset rule (d) follow because neither
the degrees of the vertices v and w nor their labelings change. In a nerve reduction,
the label subset rule is valid because if deg(v) = k + 1 then £(w) = £(d) C £(v), and
if deg(v) € {1,2} then £(w) = 4(d) = £(v). O
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The following observation notes that, despite taking away vertices, the label set
of a nerve reduction and the number of its vertices in C' is the same as that of the

original nerve graph.

Observation 3.8. Let (N~ (d,w),¢) be a nerve reduction of a nerve graph (N,{).
Then, {(N) = £(N~) and |C| = |C~|, the number of degree k + 1 vertices in N~.

Proof. By Observation 3.2, £(d) = {(w) C ¢(N~). Thus, {(N) = {(N™)U¥(d) =
¢(N7). Also, |C| = |C~| holds since the vertex d removed is in D. O

If there does not exist a nerve reduction of some nerve graph (N, {), we will call
(N, £) a minimal nerve graph. Note that there are three types of minimal nerve graphs.
The first type consists of two connected vertices in B. The second type consists of a
single vertex in D, connected to itself. The last type consists of nerve graphs having

vertices in C. Examples of these three types are shown below.

N, ©

We make the following observation regarding minimal nerve graphs:

Observation 3.9. Let (N, ¢) be a minimal nerve graph, with (v,w) € E. If deg(v) =
2, then deg(w) = k + 1; if deg(v) = 1 and (v,w) € E, then deg(w) € {1,k + 1}.
Proof. 1f one of these statements did not hold, then it would be possible to find a

nerve reduction. O

By this observation, we see that no vertex in D is adjacent to a vertex in either

B or D. Hence, all vertices in D must be adjacent to exactly two degree (k + 1)
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vertices (in C), and all vertices in B must be either adjacent to another vertex in B,
or adjacent to a single vertex in C'. This excludes, of course, the case when a vertex

in D is connected to itself. These observations are reflected in the figure below.

v minimal H minimal
Q minimal O\O minimal

not not
. % *  minimal O % *" minimal

Suppose we have a nerve graph (N, /). Consider any nerve reduction (N, ¢) of
(N,£). This new nerve graph might also have a reduction, call it (N~2,¢). Because
(N, £) is finite, we must eventually obtain a minimal nerve graph (N~™, ¢) for some
m. We will call a minimal nerve graph obtained in this way (IV,#). Note that this
is not a well-defined process; there might be several different minimal nerve graphs
which can be obtained in this way. This will not matter, so we will simply use (N, )

to mean one of the possible minimal nerve graphs.

Definition 3.5. Given a nerve graph (N, /), a minimalized nerve graph of (N,?),
denoted by (IV, ), is a minimal nerve graph in the sequence (N, ¢), (N, £), (N~2,/),

(N73,4), ..., obtained by iterating nerve reductions as long as possible.
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As we have stated, the minimalized nerve graph is not necessarily unique. The
figure above shows two possibilities for the minimalized nerve graph for the nerve
graph we have been using in this section.

The following lemma, which will be used in Section 3.5, follows directly from

Observation 3.8.

Lemma 3.10. Let (N,{) be a minimalized nerve graph of a connected nerve graph

(N,0). If |C| > 0, then |C|y = |C|5, £(N) = £(N), and L(N) = L(N).

3.4 Nerve Skeletons

In this section, we study nerves skeletons, which are labeled graphs derived from nerve
graphs. Nerve skeletons are easy to work with, but have the same number of labels,
and the same number of vertices in C, as their parent nerve graphs. The Skeleton
Lemma, which we prove later in this section, verifies these properties. We can derive

a nerve skeleton from any minimal nerve graph:

Definition 3.6. The nerve skeleton (Ng,fs) of a connected minimal nerve graph
(N, £) is defined by Ng = (C, Eg), where Eg = {(v,w) : (v,d), (d,w) € E for some d €
D}. We let £g(v) = £(v) for v € C, and will refer to £g by simply £.

2345
1234 1345 1235
minimalized nerve graph nerve skeleton

The nerve skeleton consists only of vertices in C', and basically serves as a descrip-

tion of paths between vertices. An example of a nerve skeleton is shown above. The
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following proposition gives some important properties of nerve skeletons:

Proposition 3.11. Given a nerve skeleton (Ns,£), with Ns = (Vs, Es), of a con-
nected minimal (n, k)-nerve graph (N,£), then Ng is connected and £ : Vg — I}} ;.

Moreover, if (v,w) € Eg, then [¢(v) N L(w)| > k.

Proof. Note first that all vertices in Ng had degree k£ + 1 in the original nerve graph
(N,¢),and so £ : Vg — I} |. Now, if (v,w) € Eg, then (v,d) € E and (w,d) € E for
some vertex d. By the label subset rule (d) of nerves, ¢(d) C £(v) N ¢(w), and so

[£(v) N e(w)| = [€(d)] = k.

Finally, we verify that Ng is connected. If ¢ and ¢ are two vertices in Ng, then there
is a path

/
(Ca d07clad17 s '7Cj7djac)

in N connecting them. Observation 3.9 shows that, because N is minimal, we must
have d; € D and ¢; € C. But this means that (c,c1,¢p,...,¢j,¢) is a path in Ng

connecting ¢ and ¢’. Hence, Ng is connected. O

We define a skeleton graph to be a pair (Ng, ¢) with Ng = (Vs, Es) satisfying the
three properties above. Thus, Ng is connected, £ : Vg — I}, and if (v, w) € Eg then
|(v) N l(w)| > k. Clearly, a nerve skeleton is a skeleton graph.

We now give the Skeleton Lemma, which shows that the number of cell vertices
|C'|y in a nerve graph is the same as the number of vertices | Ng| in its nerve skeleton.

Also, the label set of the nerve graph is the same as the label set of its nerve skeleton.

Skeleton Lemma. Let (Ngs, f) be the nerve skeleton of a connected minimal nerve

graph (N, £). If |C| > 0, then |C|n = |Ng|, £(N) = £(Ns), and L(N) = L(Ng).

Proof. First, |C|y = |Ns| by definition. Second, since |C| > 0, (3.10) in Proposition
3.4 gives {(N) = £(C) = ¢(Ng). But this means that we must have [{(N)| = |{(Ng)|
or L(N) = L(Ng). O
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3.5 The Maximum Label Theorem

This section contains the most important theorem for nerve graphs, which we call the
Mazximum Label Theorem. This theorem gives an inequality which is used directly
to demonstrate the minimum number of full cells in our generalizations of Sperner’s

Lemma. The main result of the theorem is that
|C| > L(N) — k. (3.15)

That is, the number of vertices in C' is at least the total number of labels in the nerve
graph, minus k. From the perspective of Sperner’s Lemma, this means that the total
number of fully-labeled simplices is greater than or equal to the number of vertices n
on the polytope, minus the dimension k. Proving this theorem will bring us most of
the way to proving our generalizations of Sperner’s Lemma.

In this section, we will first review maximal paths. Then, we will prove the
Maximum Label Theorem for skeleton graphs, which will imply the Maximum Label

Theorem itself.

3.5.1 Mazimal Paths

We first review some results from graph theory regarding maximal paths. Recall that
a path is a sequence of vertices (vg,v1,...,v;) in a graph such that no vertices are

repeated, and two successive vertices v; and v;,; are connected.

Definition 3.7. A path P = (v, v1,...,v;) in a finite graph (or skeleton graph) C
is said to be a maximal path if it is not strictly contained in any other path in the

graph (skeleton graph).

This means that if a vertex v € C is not in a maximal path P = (v, vy, ...,;),
then (v,v9) € E and (v,v;) ¢ E. Simply put, no more vertices can be tacked on to
the beginning or the end of P.

The following lemma gives a fundamental result for maximal paths.
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------- maximal
path

Lemma 3.12. If P = (vy,...,vy) is a mazimal path in a connected graph G, then

G — vy 18 connected.

Proof. We proceed by contradiction. Suppose that G — vy were not connected. Then,
there exist two vertices w; and w)} which do not have a path connecting them. How-
ever, since GG is connected, they must both have a path to vy: let these paths be
(wi, ws, ..., wj,vy) and (Wi, ws, ..., w,, vn).

Now, we cannot have both w; € P and wj, € P, because this would give a path
between w; and wj, in G —vy, and hence between w; and w. Let w € {w;,w}} be the
vertex which is not in P. Then, (v,..., vy, w) is a path which contains our maximal

path P, a contradiction. Hence, G — vy must be connected. O

3.5.2 The Mazximum Label Theorem

We will first prove the Maximum Label Theorem for skeleton graphs.

Maximum Label Theorem (skeleton graphs). Let (Ng,t) be a skeleton graph
with Ng = (Cs, Es). Then, L(Ns) — k < |Cs|, where L(Ng) is the number of labels

used in the skeleton graph and |Cs| is the number of vertices in the skeleton graph.

Proof. We proceed by induction on |Cg|. For the base case, |Cs| =1, we have
L(Ns)—k=L(Cs)—k=k+1—-k=1=|Cg].

For the induction step, note that, by Lemma 3.12 above, there is a vertex ¢ € Cg
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such that Ng — ¢ is connected. But since Ng — ¢ is also a skeleton graph, we have
L(Ns —¢)—k<|Cs—c|l=|Cs|— 1.
Now, (¢, d) € Es for some d € Cg, since Ng is connected and |Cs| > 1. Note that
{(Ng) = €(Ng—c) U £(c) = £(Ns—c) U (L(c)N (ﬁ(d))c),

where ¢(c) N (£(d))¢ consists of the vertices in ¢ but not in d. Because ¢ and d share

k labels, we know that |[¢(c) N (¢(d))¢| < 1. Hence,

L(Ng) = [((Ns—c)U (£(c)n (¢(d))°)] < L(Ns—c)+1<|Cs| +k.

We can now prove the Maximum Label Theorem.

Maximum Label Theorem. Given a connected k-nerve graph (N,{) with N =

(BUCU D, E), which is not necessarily minimal, we have L(N) — k < |C/.

Proof. Note that for |C'| = 0, we have shown in Proposition 3.4 that L(N) = [¢{(N)| =
k,and so L(N) —k=0<0=|C|.

Now, if |C| > 0, let (N, £) be a minimalized nerve graph of (N, ¢), and let (N, £)
be the nerve skeleton of this minimalized nerve graph. According to the Skeleton
Lemma, |C|y, = |C|x, and L(Ng) = L(N). Also, by Lemma 3.10 above, |C|y = |C|y

and L(N) = L(N). We have already proved that, since (Ng, ) is a skeleton graph,
L(Ng) — k < |C|y,- By the equalities above, this gives us L(N) — k < |C|. O

3.6 Subnerves

We now consider subnerves, which consist of those vertices of a nerve graph which

include all the labels in a certain label set. Formally, we make the following definition:
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Definition 3.8. Given a label set I’ C I"™ and a nerve graph (N, /) with N = (V, E),
the subnerve induced by I' is the induced graph (N(I'),¢') with N(I') = (V', E'),
where

Vi={veV:Icl)}
Welet B =BnNnV' C'"=CnV' and D' = DNV’ Also, the edge set is defined by
E' = {(v,w) : v,w € V'}, and the labeling function by ¢'(v) = £(v) for all v € V'. We
will refer to ¢' by simply /.

An example of a nerve graph and two of its subnerves is shown below:

nerve graph

123
123
123 123
O\.1234 1235
{1,2,3} subnerve {1,3} subnerve

Note that subnerves of connected nerve graphs may be disconnected. Also, note
that the form of the subnerves depends on the size of the label set. The one with
k labels (the {1,2,3} subnerve in the figure), for example, consists of a vertex in C
connected with a string of vertices in D, which ends up at a vertex in B. However, the
subnerve with (k—1) labels (the {1, 3} subnerve in the figure), consists of two vertices
with degree 1, and several with degree 2. This last property is why subnerves are

useful. We can use them to define a path through the nerve graph, or, in terms of the
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polytopal problem, a path through the interior triangles of the subdivided polytope.
These paths will be very useful in proving the main result.

We begin the study of subnerves with a fundamental lemma, which states that for
any k element subset of the label set of a vertex ¢ € C, there is a vertex adjacent to

¢ which has that exact label set.

Lemma 3.13. Given a nerve graph (N,¢) with N = (V,E), if v € C, and {(v) =
{a1,...,ag1}, then for all i,1 < i < k+1, there is a verter w € b(v) Ud(v) such that

t(w) = £(v) \ {as}. (3.16)

Proof. Let wy, ..., wr1 be the vertices connected to v. For a given 7, we know that
[l(w;)| =k, [£(v)] = k+ 1, and £(w;) C ¢(v). Thus, ¢(w;) = £(v) \ {b;} for some label
b; € £(v). However, property (e) of nerves requires that £(w;) # £(w;) if i # j, and
thus b; # b; if i # j.

However, since there are k+ 1 neighbors of v, {by, ..., bx1} must be a permutation

of £(v) = {a1,--.,ars1}. This demonstrates (3.16). O

The following proposition describes the form of a subnerve in terms of the possible

degrees of its vertices.

Proposition 3.14. Given an (n, k)-nerve graph (N,£) with N = (V, E), consider a
subnerve (N(I'),£) with N(I') = (V', E') such that I' € IT for some j, 1 < j < k. If
v € B, then deg'(v) = 1; if v € D', then deg'(v) = 2; and if v € C', then

deg'(v) =k+1—j. (3.17)

Proof. First, note that if v € B'U D', and (v,w) € E, then I' C {(v) C £(w) by the
label subset rule (d) of nerves, and so w € V'. Hence, (v,w) € E'. This demonstrates
that deg’(v) = deg(v) in this case.

Otherwise, let v € C". Let a; € I' be a label in the label set I’. Then, by (3.16) in

Lemma 3.13 above, there is some vertex w such that (v, w) € E and ¢(w) = £(v)\{a;}-
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Hence, w ¢ V'. However, if a; € £(c) but a; ¢ I', then there is some vertex w such that
(v,w) € E and £(w) = £(v) \ {a;} D I'. Hence, w € V'. Thus, of the k + 1 neighbors
connected to v in N, |I'| are not connected to it in N’, while |[{(v)|— |I'|=k+1—j

are connected to it in N'. I

Consider the subnerve N({1,2,3}) induced from a (5, 3)-nerve graph in the figure
below. Since {1,2,3} € I3, for v € C' we have deg'(v) =k+1—-j=3+1-3=1.
For the N({1,3}) subnerve, on the other hand, we have deg'(v) =3+ 1—2 = 2 for

v € C'. Note that the degrees of vertices in B’ and D’ does not change.

123
123 123
1234 1235

{1,2,3} subnerve {1,3} subnerve

This proposition gives the following corollary, which is similar to Observation 3.1

and follows from the degree-edge relationship of graphs (3.6).

Corollary. Given an (n, k)-nerve graph (N, ) with N = (V, E), consider a subnerve
(N(I"),£) with N(I') = (V', E') such that I' € I for some j, 1 <j<k. Ifk—j=0
mod 2, then |B'| = |C'| mod 2. Otherwise, if k —j = 1 mod 2, then |B'| = 0
mod 2.

This completes our discussion of the theory of nerve graphs. Our results here are
based entirely on graph theory, and form the major part of this thesis. The extensive
development of this theory in this chapter greatly simplifies our main result, which

we will discuss in the next chapter.



Chapter 4

GENERALIZATION OF SPERNER’S LEMMA FOR
SIMPLICIAL FACETS

This chapter will demonstrate the proof of the Generalized Sperner’s Lemma for

polytopes with simplicial facets, which states that:

Generalized Sperner’s Lemma (simplicial facets). In a k-polytope P with sim-
plicial faces having n vertices, subdivided with a Sperner Labeling, there are at least

n — k fully-labeled elementary simplices.

In [1], Atanassov proved this result for £ = 2. The case where n = k + 1 is just
Sperner’s Lemma, itself.

We will first define a polytope and a Sperner Labeling for a polytope, expanding
on the earlier discussion in Chapter 2. We will then demonstrate how nerve graphs
can be introduced into the problem. Finally, using the results in the previous chapter,

we will prove the above generalization.

4.1 Definition of a Polytope

We can define a polytope formally:

Definition 4.1. A polytope is a bounded set which is the intersection of finitely many

closed halfspaces in RF.

Although polytopes are not always defined with the boundedness condition, we

will only be concerned with bounded polytopes in this thesis, so this definition is
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sufficient. A polytope can alternately be defined as the convex hull of a finite set of
points in R*. For example, a k-simplex A, can be defined in R**! by

k+1
A = {x € RFF!: sz =1,z; > 0} = conv{ej, ey, ..., €4:1}.
1

Now, a face of a convex k-polytope P is any set ' = PN {x € RF:c-x = ¢y}
where ¢ - x < ¢ for all x € P. A facet of a polytope is a face of the polytope of
dimension k£ — 1, while an edge of a polytope is a face of dimension 1. Thus, for a
3-polytope, facets correspond to the “sides” or polygons on the boundary of the given
polytope.

In this chapter, we will rely on our intuition regarding a polytope and its faces
rather than its formal definition. For a complete discussion of polytopes, see [19].
When we write “polytope” without referring to a dimension, we will assume the

dimension is k.

4.2 The Sperner Labeling

A Sperner Labeling is defined for polytopes which are subdivided into small simplices.

This labeling is a simple extension of the labeling used for a triangle in the plane:
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4.2.1 Labeling Simplices

We can easily generalize this labeling to simplices (that is, higher dimensional tri-
angles). Suppose we are given the standard k-simplex Ay = (FEy, F1,..., F;). This
simplex can be subdivided into several smaller simplices, giving a finite vertex set
V = {v,}. A Sperner Labeling will assign one of k£ + 1 possible labels to each of the

vertices, with a few conditions, as explained below.

Definition 4.2. Given a simplex Ay, = (Ey, E1, ..., E;) which is subdivided, so that
it has a finite vertex set V = {v,}, then a Sperner Labeling of that simplex is a map

¢ :V — I**! guch that:
1. 6({Eo,..., Bx}) = I*1,

2. Given any set {E;,,FE;,,...,E; } such that v € span(E;,E;,,...,E; ), we
must have £(v) € {¢(E;,), ..., L(E;,)}

Here, the first condition requires that each of the main vertices receives a different
label. For the second condition, note that a vertex may be spanned by more than one
set of vertices. For example, if v € span(E;, E,), then v € span(FE;, Es, E3) as well.
Because both of these statements are true, we must have both £(v) € {{(E,),4(Es)}
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and £(v) € {£(E1),£(Es), (E3)}. Thus, we cannot have £(v) = £(F3). Because the
rule must work for any spanning set, it must work for the smallest spanning set. The
figure above shows the labeling scheme in 3 dimensions.

Thus, vertices on the {i, j, k} facet receive either 4, j, or k£ and vertices on the {i,j}
edge receive either ¢ or j. Vertices in the interior may receive any of the possible labels.

An example of a subdivided 3-simplex follows:

Note an interesting feature of this labeling: if we consider a single facet of a
subdivided k-simplex with a Sperner Labeling, it corresponds to a (k — 1)-simplex
with a Sperner Labeling. This property suggests using induction in the proof of

Sperner’s Lemma, and it is indeed used in many proofs of the Lemma.

4.2.2  Labeling Polytopes

The rules for labeling a k-polytope with n vertices are similar; the only difference is
that the n main vertices receive n different labels. The second condition in Definition
4.2 above does not change for a polytope. Note that a vertex in a polytope may have
more than k£ + 1 options for its label. In the cube below, for example, the vertices
on each facet have 4 possible labels, while the interior vertices have 8 possible labels,

even though £+ 1 = 4.
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4.3 The Simplicial Graph

We will now describe how to obtain a nerve graph from a polytope with a Sperner
Labeling. We can create a graph based on the polytope, which we call the simplicial
graph of the polytope. This graph can be shown to be a nerve graph, allowing us to

use the results from the previous chapter.

4.3.1 Preliminaries and Vertex Categories

Suppose we are given a k-polytope P with n vertices, which is subdivided, creating a
vertex set V', and given a Sperner labeling £ : V' — I™. Given an arbitrary elementary
simplex o, we define £(0) to be the set of labels of the vertices of that simplex. Here,
we allow o to have any dimension, from 1 up to k. Thus, it could have anywhere from
2 to k + 1 labels.

We start by defining some special vertices to be used in our graph. These vertices
correspond to simplices in our subdivided polytope (although they are not necessarily

k-dimensional).
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Definition 4.3. Given a triangulated polytope P, we let S be the set of elementary
k-simplices, we let F' be the set of elementary facets on the boundary of the polytope,

and we let F; be the set of elementary facets on the interior of the polytope.

This means elements of F' are adjacent to exactly one k-simplex (which is in 5),
while elements of F; are adjacent to exactly two k-simplices (which are in S). Note
that f € F can be viewed as the facet of a simplex in S, and that f; € F; can
be viewed as the facet of one of two simplices in S. The following figure shows the

classification of simplices and facets in the triangulation of a 2-simplex:

Every simplex in S has exactly k£ + 1 facets, each of which borders either another
simplex in S or an elementary facet. As well, each elementary facet borders exactly
one simplex in S. We will now use these adjacencies to create a graph out of the

vertices in S, F', and F;.

4.8.2  The Simplicial Graph

In this section, we define the simplicial graph. First, we will need to classify the
elements in S, F', and F; to be used. We will first split the vertices in S, F', and F; up
into several categories, corresponding to the vertex sets B, C, and D in the previous

chapter, with the following definitions:
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Definition 4.4. We define the sets B, C, D, and Dy as follows:

1. We will call a simplex o; € F with I(o7) = k a full facet. We denote the set of

full facets by B, for boundary.

2. We will call a simplex o € S with I(0) =k + 1 a full cell. We denote the set of
full cells by C, for cell.

3. We will call a simplex o € S with l(0) = k a semi-full cell. We denote the set

of semi-full cells by D,, for “cell” door.

4. We will call a facet oy € F; with l(oy) = k an interior door, or simply a door-

We denote the set of interior doors by Dy, for “facet” door.

The following figure indicates each of these types of vertices for a sample subdi-
vided polytope (in this case, kK = 2, so the facets are just edges, and the cells just

triangles).

Note how closely these sets of simplices correspond to the sets B, C, and D in the
previous chapter. As before, B and D have k labels, while C' has k+1 labels. We have
two separate groups of simplices for D because there are two types of such vertices:

fully-labeled facets bordering two cells, and cells having only k& different labels. The



38

elements of B and Dy are facets, or (k — 1) simplices, while the elements of C' and
D, are cells, or k simplices.

We can use these vertices to define the simplicial graph, but we still need to
describe the edges to be used. Given two simplices o and 7, we define their intersection
to be o N 7. Note that if ¢ and 7 may or may not be the same dimension. A few

examples of simplex intersections are shown below.

onNt=234
ocnv=4
ocNnn=34

TNV=45=vNo
TNO=345=w

Note that it is possible to intersect a 2-simplex with a 3-simplex, and in general
a ki-simplex with a ko-simplex. It is also possible to have empty intersections. For
example, o N (567) = () in the above figure. This intersection is the basis for our

definition of an edge in the simplicial graph:

Definition 4.5. The edge set E in the simplicial graph of a polytope, with vertex
sets B,C, D,, and Dy, is defined by

E={(o,7):0€e BUD;,Tr€e CUD, 0NT=0}.

Thus, we put an edge between a (k + 1)-simplex 7 and a k-simplex o if o is one
of the facets of 7 and both ¢ and 7 are in our vertex set. This allows us to explicitly

define the simplicial graph:

Definition 4.6. The simplicial graph of a polytope P is the graph G(P) = (A, E),
where A= BUCUD,UDy; and E is the edge set defined above.
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The following figure shows the simplicial graph of the 2-polytope given previously.

Simplicial Graph

Note that each vertex in G(P) has a natural labeling in I} UTI}, : if 0 € A, we let
the labeling be ¢(¢), as defined for simplices. Our next task is to demonstrate that

the simplicial graph, together with the labeling function /¢, is actually a nerve graph.

4.8.83  Simplicial Graph and Nerve Components

We have already created a graph using the polytope P, and now we need to show that
it is a nerve graph. Note that G(P) need not be connected; of course, nerve graphs

do not have to be connected either.

Theorem 4.1. The labeled simplicial graph (G(P),£) of a polytope P is actually a

nerve graph.

Proof. We need to verify each of the five conditions for a nerve graph.

We must first verify the degree range rule (a), which states that
deg(v) € {1,2,k + 1}.

First, if v € B, then v € F as well, so v borders some simplex w € S. Thus,
[l(w)| > |€(v)| = k, and so w € D, U C, giving (v,w) € E. No other edges are

possible because v is the facet of only one simplex. Hence, deg(v) = 1.



40

Similarly, if v € Dy, then v borders two simplices wi,w, € D, U C, so that
(v,wy) € E and (v, ws) € E. Hence, deg(v) = 2.

Now, if v € C, then v has k+ 1 facets. Since L(v) = |[¢(v)| = k+ 1, if w; is a facet
of v, then L(w;) = k. Hence, (w;,v) € E. Since this holds for all facets w;, we must
have deg(v) = k£ + 1. Again, no other edges are possible since any vertex connected
to v must be one of its facets.

Finally, if v € D,, then v has k + 1 facets. However, since L(v) = k, only two of
these facets have k labels. This is because there are two vertices o; and o; with the
same label, and only the facets labeled by £(v) \ £(;) and £(v) \ £(c;) have k different
labels. Thus, v will be connected to these two facets only, so that deg(v) = 2. This
completes the proof of the degree range rule (a).

The degree k + 1 rule (b) is trivial, because the only vertices of degree k + 1 are
those in C, with k + 1 labels. Also, there are only vertices between (B U Dy) and
(CUD.,) by definition, precluding edges between two vertices in C. This demonstrates
the edge limit rule (c).

For the label subset rule (d), we must show that

if (v,w) € E, and deg(v) < deg(w), then £(v) C £(w).

By definition of the edge set, if (v,w) € E then we can assume v € B U D; and
w € C'U D,. In this case, deg(v) < deg(w) and since v is a facet of w, ¢(v) C £(w).

Finally, we must verify the three vertex rule (e), which states that
if £(v) € I} 1, (v, w1), (v, w2) € E with wy # wy, then £(w;) # £(w.).

Note that for these requirements, w; and w, must be two distinct facets of a full cell
v € C. These facets must correspond to distinct k-element subsets of £(v). Since
|¢(v)| =k + 1, w; and wy cannot have the same label set.

This completes the theorem. O

The following corollary allows us to apply the Maximum Label Theorem to the

connected components of G(P):
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Corollary. If N; is a connected component of G(P), the simplicial graph of an (n, k)-
polytope P, then (N;,£) is a connected (n, k)-nerve graph.

Before we move on to a proof of Sperner’'s Lemma, there are a few details of
notation which should be noted. In general N; will correspond to a connected com-
ponent of the simplicial graph G(P). The set of connected components is given by
N1, Ny, ..., Ny,. The label set of a component /N; is thus given by

(N = | o,

o€EA;

which corresponds to the definition of labels given for nerve graphs. We will refer to a
connected component V; of the simplicial graph of a polytope as a nerve component of
that polytope. When we write IV;, we will assume the existence of a labeling function
¢, as in the corollary above. Nerve components which give us the requisite number

n — k of full cells are called full nerve components, and their precise definition follows:

Definition 4.7. A full nerve component of a polytope P is a connected component
N; of the polytope’s simplicial graph G(P) which uses all n possible labels. That is,
L(N;) =n or {(N;) = ¢(P).

In the figure below, we have n = 3 and k£ = 2. Thus, a full nerve component must
use all of the labels, {1,2,3}. The nerve component on the left uses all, making it a

full nerve component, while the one on the right only uses 2 and 3.

2323 23
23 23
23 23

full nerve component not full

We can use the Maximum Label Theorem to show that these full component

graphs have n — k full cells. We will see in the following sections that, in order
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to prove Sperner’s Lemma and its generalizations, it will be sufficient to prove the

existence of a full nerve component.

4.4 Proof of Sperner’s Lemma

Although the theory of nerve graphs is most useful in proving the main theorem, it
can also aid in the proof of Sperner’s Lemma itself. Since it is used in the proof of
the generalized Sperner’s Lemma for simplicial facets, we will now prove Sperner’s

Lemma:

Sperner’s Lemma. In a k-simplex with a Sperner Labeling, there are an odd number

of fully-labeled elementary simplices (full cells).

Proof. We proceed by induction. First, the £ = 1 case just represents the division of

a line segment into several shorter segments, as shown below.

By the labeling assumption in the theorem, these vertices are mapped by ¢ to the
vertex set I?. Let us call these vertices vy, vs, ..., v;, as shown above, with £(v;) =1

and ¢(v;) = 2. Then,

(€(v;) + €(vit1)) = L(v1) +£(v;) =1 mod 2.

1

J
1=

The first equality follows since each of the vertices vy, vs,...,v;_1 is counted twice in

the sum. Thus, there must be an odd number of terms which satisfy

L(v;) +£(vi1) =1 mod 2.
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Of course, each of these terms corresponds to a fully-labeled edge, so we have proved
the base case.

Now, assume the theorem holds for a (k — 1) simplex, and suppose we are given
a k-simplex P, with a Sperner Labeling from I*+1,

Consider the simplicial graph N of the simplex Py, and let (N',¢) with N' =
N(I'),I' = I* be the subnerve induced by the label set I* = {1,2,...,k}. Recall
that this subnerve will include only those vertices in N which have all of the labels
in I*. Then, by the corollary to Proposition 3.14, we must have |B'| = |C’| mod 2.
Since B’ consists of all full facets on the (12---k) facet of the simplex, |B’| is odd by
induction. Also, |C| = |C'], since I* C £(v) for all v € C. Thus, |C| is odd. O

The idea for this proof is shown in the figure below. We look at the induced
subnerve for the simplicial graph, which might not be connected. Then, a proposition
proved in our discussion on subnerves indicates that the parity of |B’| (that is, the

number of full facets on the {1,2} edge) must be the same as the parity of |C|.

12123

induced
simplicial graph subnerve

triangulated simplex

4.5 Generalized Sperner’s Lemma for Simplicial Facets

The primary difficulty remaining in proving the generalized version of Sperner’s

Lemma is finding a full nerve component in the polytope.
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The following lemma will show, in the case where the facets of the polytope are
all simplicial, that there is at least one nerve component which uses an odd number
of full facets on each of its faces. This is, of course, a full nerve component.

Note that the simplicial facet requirement prohibits polytopes such as cubes, as
shown below; each facet of such a k-polytope must be a (k — 1) — simplex, having

exactly k labels. It turns out to be easier to prove the theorem in this case.

simplicial facets non-simplicial facets

We will now show that we can assign a single parity value to each nerve component

N; of a k-polytope. Note the following general observation on subnerves

Observation 4.2. Let N; be a nerve component and suppose I' C £(N;) with |I'| =
k — 1. Then, for the subnerve (N;(I'),£), we have |Bj| = 0 mod 2. That is, the

number of vertices in B; having all of the labels in I' is even.

Proof. By the corollary to Proposition 3.14, since £k — [I'| = 1 is odd, |B'| = 0
mod 2. O
Now, we show that the parity of the number of full facets used by a nerve compo-

nent for two adjacent facets of a polytope is the same. First, we will introduce some

new notation.
Definition 4.8. Given a nerve component N; and a face F' of a k-polytope P, we let
fi(F) = {b € Bi : ((F) C £(b)}].
Note that because F' is a face, and not necessarily a facet of the polytope, it

may have any dimension less than k. Hence, this definition applies for an edge of a

3-polytope, as well as one of its facets.
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Lemma 4.3. Let N; be a nerve component of a k-polytope with simplicial facets, and
let Fy, Fy be two faces of the polytope sharing a common (k — 2)-dimensional face E.
Then, f;(F1) = fi(F3) mod 2.

Proof. Let I' = /(E) be the label set of the edge F, and note that E borders only these
two facets of the polytope. Consider the subnerve (N;(I'), £), the vertices of which all
contain the label set I'. Because the polytope has simplicial facets, |I'| = k£ — 1, and
so |Bi| =0 mod 2 by Observation 4.2 above.

This means that |B}| = f;(F1) + fi(F2), because if v € Bl = B; N N;(I'), then v
must occur on either F; or Fy. As well, all vertices in B; on one of the facets Fi or

F, must be contained in N;(I'). Thus, we have f;(F}) = f;(F2) mod 2. O

The figure below shows the consequence of the above lemma. The number of full
facets used on the {1,2,3} facet and the number on the {1, 3,4} facet must have the
same parity. Here, the shared (k — 2)-facet is {1, 3}.

#123 = # 134 (mod 2)

nerve graph N;

What the above lemma means is that each pair of adjacent facets of the polytope
has some parity associated it for every nerve component. By extension, the parity

must be the same for all facets of the polytope, that is, the parity of f;(F) depends
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only on the nerve component N; chosen and not on the facet F. Thus, if we define
p(N;) = fi(F) mod 2 for some facet F', then p(N;) = fi(F;) mod 2 for all facets Fj.

If we can show the sum of the parities of all nerve components is odd, then there
must be some nerve component with odd parity. In the following theorem, we show

the existence of an odd nerve component, and show that it must be full.

Full Nerve Component Theorem. Given the simplicial graph G(P) of a polytope

P with nerve components Ny,..., N, there is some full nerve component Nj.

Proof. According to Sperner’s Lemma, a facet F' of P must have an odd number of
full facets, since it is a simplex with a Sperner labeling, and so Y * | fi(F) = mod 2.

In terms of the nerve components, this gives

m

Zp(NZ-) = Zf,(F) =1 mod 2.

i=1
Hence, there is at least one nerve component NN; with p(N;) = 1. This nerve compo-
nent must then use at least one full facet from each facet of the polytope and therefore

all possible labels. Thus, N; is full. O

Of course, a full nerve component will give us the desired number of full cells. We

can now present the generalization in the case of simplicial facets.

Generalized Sperner’s Lemma (simplicial facets). In a k-polytope P with sim-
plicial faces having n vertices, subdivided with a Sperner Labeling, there are at least

n — k fully-labeled elementary simplices.

Proof. Let N; be the full nerve component in P’s reduced simplicial graph. Then,
¢(N;) = k, and so |C;| > n — k, according to the Maximum Label Theorem. O

Given the machinery we developed for nerve graphs, it is easier to prove this
theorem. Note that this proof is constructive. In order to find all full cells in the
polytope, it is sufficient to find all the nerve components, and this is possible since,

by induction, we can find all full facets of the polytope.
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GENERALIZATIONS FOR DIMENSIONS 2 AND 3

This chapter describes how Sperner’s Lemma can be further generalized in di-
mensions 2 and 3. Specifically, in Section 5.1 we can show that in a polygon with n
vertices but only m < n labels, there are still at least m — 2 full cells. We also prove
that the parity of full cells is the same as that of m in the planar case. In Section
5.2, we make a conjecture regarding the subdivision of a polygon into n-gons rather
than triangles. In Section 5.3, we prove the existence of at least n — 3 full cells in the

triangulation of an arbitrary 3-polytope.

5.1 Parity and Arbitrary Labeling in 2 Dimensions

There are a number of planar generalizations of Sperner’s Lemma which can be proved
using the theory of nerve graphs. In this section, we extend Sperner’s Lemma in the
plane to allow for more general labelings of the main vertices, and we also prove the
parity claim.

We begin with some notation. When referring to a vertex v; with j ¢ {0,...,m}
in a set of vertices {vg,v1,...,Vn}, we will mean v, where j/ = j mod (m + 1).
This notation allows us to denote a 2-polytope, or polygon, by (vg,v1, ..., vy), with
the condition that E; = (vj,v;41) is an edge of the polygon for all i. Note that this
includes the case E,, = (v, v0) = E_1.

Now, given a polygon P = (vg,v1,...,VUn_1), we will say that the main vertices
of P are properly m-labeled if they are labeled by ¢ : {v; ;-:01 — IMfor3<m<n
such that £(vg) = 1, l(vp—1) = m, and if 0 < j <1 < n —1 then £(v;) < ¢(v;). This
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restriction makes sure that main vertices having the same label are adjacent. For
example, figure (a) below has an illegal labeling because the vertices labeled by 2 are

separated, while the octagon in figure (b) is properly 5-labeled.

(a) not properly 5-labeled  (b) properly 5-labeled

Based on the labeling rules for the main vertices of a properly m-labeled polygon,

we make the following observation:

Observation 5.1. Given a properly m-labeled polygon P = (vg, ..., vm_1), if0 < j <
m — 1, then there is a unique edge Ej = (vjr,vjr41) with £(Ey) ={j,j + 1}.

Given 0 < j < m — 1, we let E/ = E; for the edge E; defined as in the above
observation. Note that these edges correspond to the edges of the above octagon
having 2 different labels. With the above restriction on the labels of the main vertices,
the Sperner Labeling is completely analogous. For example, on a (23) edge, a vertex
may be labeled by either 2 or 3, while on a (33) edge, it must be labeled by 3.

Recall that in Definition 4.8 we defined f;(F') for a nerve component N; and a face
F' of a polytope by

fi(F) =|{be B : ((F) C £(b)}],

the number of full facets in the nerve component /NV; containing all the labels of F.

We now present our first theorem:
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Theorem 5.2. Let P = (vg,v1,...,0,-1) be a properly m-labeled polygon with edges
EJ defined as above. If P is triangulated and given a Sperner Labeling, and there are

|C| full cells in the polygon, then |C| > m — 2.

This generalization extends the proof to an arbitrary number of labels (not nec-
essarily equal to the number of vertices). The case where n = m was proved by
Atanassov in [1]. In the figure below, we have a hexagon with 4 different labels,

which must have at least 2 full cells.

For the theorem above, it suffices to prove the existence of a full nerve component.
Note that with the conditions given, the simplicial graph will be an (m, 2)-nerve graph

rather than an (n, 2)-nerve graph, because there are only m labels.

Full Nerve Component Theorem (2 dimensions). There is some full nerve
component in any properly m-labeled polygon P which is triangulated and given a

Sperner Labeling.

Proof. Let j € I™. Suppose that, as in Observation 5.1, £(E’71) = {j — 1,j} and
¢(E7) = {4,7 +1}. By the corollary to Proposition 3.14, for the subnerve (N',¢) with
N' =N(I"),I' = {j} we must have |B’| =0 mod 2. Since facets in B containing the
vertex j can occur only along the E/~! or E7 edge, for any nerve component N; we

must have f;(E’~') = f;(E’) mod 2.
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By extension, we see that f(E’) = f(E') mod 2 for any j,1. Thus, if we define
p(N;) = fi(E°) mod 2 for a nerve component N;, then we have p(N;) = f;(EY)
mod 2 for all j.

Now, suppose the simplicial graph N has m components Ny, Ny, ..., N,,. Then,
since Y iv | fi(E®) is odd by induction, we have

Zp(N,-) = ZfZ(EO) =1 mod 2.

Hence, there is some odd nerve component /V;. Since this uses a full facet from every

full edge of the polygon, it must be a full nerve component. O

The figure below shows the simplicial graph for a properly 4-labeled hexagon.

Note that it has two nerve components, one of which must be full.

14

124

24 34

234

full nerve component

Of course, the existence of this full nerve component of the (m, 2)-nerve graph N
gives us m — 2 full cells, by the Maximum Label Theorem, proving Theorem 5.2.

We now prove a theorem regarding the parity of the number of full cells.

Theorem 5.3. Let P = (vg,v1,...,0,_1) be a properly m-labeled polygon with edges
EJ defined as above. If P is triangulated and given a Sperner Labeling, and there are

|C| full cells in the polygon, then |C| =m mod 2.
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Proof. Note that, as Observation 3.1 states, |B| = |C| mod 2. Since the number of
full facets in B on any full edge E’ of the polygon is odd, we must have |B| = m
mod 2. Hence, |C| =m mod 2. O

5.2 Arbitrary Subdivisions in 2 Dimensions

It is possible to consider the subdivision of a polygon in the plane by n-gons rather

than triangles, as in the following hexagon subdivided into small 4-gons.

The simplicial graphs created from such figures are not nerve graphs, because
vertices may have any degree from 1 up to ¢, and any number of labels from 2 up
to g. It would be worthwhile to study the kind of graph which arises from such
subdivisions. By extending the results of Chapter 3 to this new type of graph, we

believe the following conjecture can be proved:

Conjecture. Let P = (v1,vs,...,v,) be a properly m-labeled polygon which is sub-
divided into several smaller q-gons and given a Sperner Labeling. Then, there are at
least m — q + 1 full cells in the subdivision, and the number of full cells has the same

parity as m —q + 1.

The existence of a cubical full cell in cubical subdivisions of hypercubes is well-

known. Cubical subdivisions are studied in [4] and [5].
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5.3 Generalized Sperner’s Lemma in 3 Dimensions

In this section, we will demonstrate the existence of a full nerve component in any 3-
polytope, giving us a constructive proof for the full generalization of Sperner’s Lemma
to polytopes in dimension k& = 3.

We must come up with a new notion of nerve component parity p(NN;), and thus
a new notion of parity for a given facet (possibly non-simplicial) of a 3-polytope.

It will be necessary to expand the definition of f;. For a nerve component N;, a

face or set of vertices F/, and a facet F', we define
fi(E)[F]=1|{b€ B; : £(FE) C £(b),b occurs on F}|.

Thus, fi(E£)[F] is the number of full facets occurring on F' with the label set E.
Our presentation of the main proof of this section is similar to that in Section 4.5.
We begin with some lemmas establishing the notion of parity for a nerve component

of a 3-polytope.

Lemma 5.4. Let F' = (v, v1,...,vy) be a facet of a 3-polytope. Given a nerve
component N;, if |j — | > 1, so that (vj,v;) is not an edge of the polytope, then
fi(vj,v)[F] =0 mod 2. Also, f;(E;j_1)[F] = fi(E;)[F] mod 2 for all j.

Proof. First, suppose that [j —{| > 1, and thus (v;, v;) is not an edge of the polytope.
Let I' = ¢(vj) U £(v;). Since |I'| = 2 = k — 1, Observation 4.2 shows that |Bj]| is
even in the subnerve (N',¢) with N’ = N;(I'). But since (v;,v;) is not an edge of
the polytope, the only full facets in the 3-polytope using both of these vertices must
occur on the facet F. Hence, f;(v;,v)[F]=|Bi =0 mod 2.

Now, consider the case with edges E; and E;1,. Note that any full facet (v;, v;,, vj,)
with the label v; is counted in both the sum f;(v;, v;,)[F] and the sum f;(v;, v;,)[F].
Thus, the sum of all full facets with the label v;, which is just fi(v;)[F], can be

computed by

2fi(w))[Fl = > fi(v;,0)[F].

vEFyw#v;
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Thus, the sum on the right is even. Since many of the terms f;(v;, v)[F] will also be

even, we see that
0= > filv;,0)[F] = fi(B; )[F] + fi( E))[F] mod 2,
vEF w#v;

since (v;,v) is an edge only if it is E;_; or E;. Thus, f;(E;_1)[F] = fi(E;)[F] mod 2,

proving our second claim. O

Consider the (12345) facet in the figure below. Let n(jij2j3) denote the number

of full facets with the labels ji, 72, and j3 used by some nerve component. The above

lemma tells us that

n(132) +n(134) + n(135) =0 mod 2,
since the left side of the equation is just the number of full facets containing the labels

1 and 3. Moreover, we have

n(123) 4+ n(124) + n(125) = n(234) + n(235) + n(231) mod 2.

10 8

Since this result holds for any adjacent edges E;_; and E;, we have:

Corollary. Given a facet F = (vg,v1,...,0n) and a nerve component N; of a 3-

polytope, f;(E;) = fi(E;) mod 2 for all j,1.



o4

Thus, the parity of a facet is determined not by the number of full facets occurring
there, but by the number of full facets containing the labels of an edge of that facet.

This gives us a notion of parity for the whole polytope:

Lemma 5.5. Let N; be a nerve component of a 3-polytope, and let Fy and F5 be
two facets of that polytope sharing a common edge E. Then, f;(E)[F1] = f;(E)[F5]
mod 2.

Proof. Let I' = £(E) be the label set of the edge. Note that E borders only these
two facets of the polytope. Consider the subnerve (N, ¢) with N’ = N;(I'). Because
the polytope has simplicial facets, |I'| = k — 1, and so by Observation 4.2, |B}| =
fi(B)[Fi] + fi(E)[F2] =0 mod 2. Thus, f;(E)[Fi] = fi(E)[F>] mod 2. O

This means that, in the above figure,
n(271) + n(276) = n(273) + n(278) mod 2,

because the two facets (1267) and (2378) share the common edge (27). We can extend
this equivalence throughout the polytope:

Corollary. Let N; be a nerve component of a 3-polytope P. Given any two edges E
and Ey of P, if E1 occurs on a facet Fy of the polytope, and Ey occurs on a facet Fy
of the polytope, then f;(F1)[Fi] = fi(Ey)[F»] mod 2.

Thus, given a nerve component Nj, if we define the parity by p(N;) = fi(E)[F]
mod 2 for any edge E of any facet F, then p(N;) = f;(E;)[F;] mod 2 for any edge
E; of any facet F;. This allows us to prove the full nerve component theorem for

arbitrary 3-polytopes.

Full Nerve Component Theorem (3 dimensions). Given the reduced simplicial
graph N of a 3-polytope P with nerve components Ny,..., N,,, there is some full nerve

component N;.
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Proof. Let f(E)[F]=3Y_", fi(E)[F] for some E on a facet F of the polytope. Then,

m m

Zfz(E)[F] = f(E)[F] mod 2.

=1 i=1

(]
=
=
Il

Now, consider the simplicial graph of the facet F', call it Ng. Then, in the 2-
subnerve (N, £) with N, = Np(I') induced by the label set I’ = ¢(E), we must have
|Bi:| = |C%| mod 2, by the corollary to Proposition 3.14. Note that |C| = f(E)[F],
because both represent the number of full facets on the F' facet containing the label set
of E. Since |Bj|, the number of full edges on the edge F, is odd by the 1-dimensional
Sperner’s Lemma, we see that f(E)[F] = 1 mod 2. Hence, p(N;) = 1 mod 2 for

some ¢, and this gives the full nerve component. O
This, of course, proves the generalization of Sperner’s Lemma in 3 dimensions.

Generalized Sperner’s Lemma (3-polytopes). In an arbitrary 3-polytope P hav-
ing n vertices, subdivided with a Sperner Labeling, there are at least n — k fully-labeled

elementary simplices.

In the next chapter, we will take on the case of a polytope with non-simplicial
facets. Additional technicalities arise in this case, making the proof more difficult and

requiring some new ideas.
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METHODS FOR FURTHER GENERALIZATION

In this chapter, we suggest two purely combinatorial methods which can be used

to prove the full generalization of Sperner’s Lemma:

Generalized Sperner’s Lemma (polytopal conjecture). In an arbitrary k-polytope
P having n vertices, subdivided with a Sperner Labeling, there are at least n — k full

cells.

The first method, which uses induction on the number of vertices, is short and non-
constructive. The second method uses the machinery of nerve graphs. The difficulty
in the case of arbitrary polytopes arises from the non-simplicial facets, which make

the use of induction difficult.

6.1 A Non-Constructive Method

The first method we give relies on induction on the number of vertices n. The base
case is covered by Sperner’s Lemma. For the general case, we create a new polytope
by identifying two main vertices, use induction, and then find an additional full cell
in the original polytope.

In an arbitrary polytope, we have not found a way to easily determine when a
vertex v; can be relabeled by the label of some other vertex vy, such that the result
is equivalent to a polytope with 1 less vertex. By “equivalent,” we mean that the
polytope and its subdivision can be deformed into another polytope, with one less
vertex, such that the new labeling scheme describes a Sperner Labeling on the new

polytope.
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For example, taking the case of a square pyramid below, we can change all the 2
labels in the triangulation to 1’s. Although we still have a square pyramid, we can
just push in the vertex to obtain a polytope (here, a tetrahedron). We can then apply

induction.

polytope new polytope
P P(1\2)

Given a triangulated (n, k)-polytope P with a Sperner Labeling, we let P(a; \ as)
be the object obtained by changing all a; labels in the triangulation to a;. The

following conjecture would allow us to prove the full generalization.

Conjecture. Given a triangulated (n, k)-polytope P with a Sperner Labeling, there
erist main vertices ay, ag, by, and by of the polytope such that ay & {a1,b1,b2} and
by & {a1,as,b1}, and both P(ai\az) and P(b;\bs) are equivalent to (n—1, k)-polytopes

with Sperner labelings.

In the square pyramid above, we could take a1 = 1,09 = 2,b; = 3,b, = 4, for
example. Now, assuming this conjecture is true, we can prove the full generalization.
We begin with a lemma which, for any edge of the polytope, gives us a full cell using

both the labels of that edge.
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Lemma 6.1. If (aja3) is an edge of an (n, k)-polytope, then there is at least one full
cell in the polytope labeled with both a; and as.

Proof. We prove this by induction on n. The base case, where n = k + 1, holds by
Sperner’s Lemma.

Now, select b; and by according to the above conjecture, so that P(b; \ by) is
equivalent to an (n — 1, k)-polytope. Then, by induction on n, there exists a full cell
with both labels a; and a,, since, by the above conjecture, we did not remove either
of these labels to obtain P(b; \ bg). Of course, this full cell must also be full in the

original polytope. O

Based on the previous conjecture, we can now give the short, non-constructive

proof of Sperner’s Lemma.

Generalized Sperner’s Lemma (polytopal conjecture). In an arbitrary k-polytope
P having n vertices, subdivided with a Sperner Labeling, there are at least n — k full

cells.

Proof. This proof proceeds by induction on n, the number of vertices of the polytope.
The base case, where n = k+1, is covered by Sperner’s Lemma itself, which promises
at least 1 full cell.

Otherwise, let P(a;\a2) be the object given by our conjecture above. By induction,
since P(ay\a2) is equivalent to a triangulated polytope with a Sperner Labeling, there
are at least n — k — 1 full cells in this object. These must, of course, correspond to
full cells in the original polytope.

Moreover, there must exist some full cell using both a; and a9, since they are
connected main vertices, and this cannot be a full cell in P(a; \ ag). This full cell,
together with the n — k£ — 1 cells found above, gives a total of n — k full cells in the
original polytope. O
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6.2 A Constructive Method

We now suggest a method for a constructive proof of the full generalization which
uses nerve graphs. The key to proving the main theorems in the past few chapters

has been the existence of a full nerve component, and we propose the following:

Conjecture. Let N1, Ny, ..., N, be the nerve components of a triangulated polytope

P with a Sperner Labeling. Then, there exists a full nerve component N;.

Thus, our proposed constructive proof would be very similar to that used in Sec-
tions 4.5 and 5.3. In Section 4.5, where we proved the generalization for simplicial
facets, we were able to define the parity of a nerve component using a single facet. In
Section 5.3, where we proved the generalization for dimension 3, we were able to de-
fine the parity of a nerve component using a facet and an edge. With an appropriate
definition of the parity of a nerve component for an arbitrary polytope, we should be

able to prove the full generalization.



Chapter 7

CONCLUSION

Although much was answered in this paper, a number of questions remain and
there are several areas for possible future work relating to the generalizations we

proved.

7.1 Remaining Questions

There are a number of outstanding questions which can still be answered regarding
Sperner’s Lemma, its generalizations, and nerve graphs.

For example, what can we say about the parity of the number of full cells? In
Section 5.1 we proved that for the plane, where £ = 2, the number of full cells has
the same parity as n — 2. Can we say that in the general case, the number of full
cells has the same parity as n — k? There are a number of cases for which this parity

claim does not hold. For example, consider the figure:

1 1

Here, there are three full cells, but n—k = 5—3 = 2. The reason for this oddity is

that the figure is equivalent to three separate tetrahedrons glued together, each with
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a separate triangulation and Sperner Labeling. Note that the vertices 1 and 5 are
connected together by the triangulation, rather than on the exterior of the polytope.
We propose that, in the absence of such “bridges” across the polytope, the number
of full cells in the polytope has the same parity as n — k.

Also, what can we say about subdivisions other than triangulations? This was
discussed in Section 5.2, where we conjectured that a planar polygon with n labels
subdivided into ¢g-gons will have at least n — ¢+ 1 full cells. It would be interesting to
study how this can be further extended to non-simplicial subdivisions of polytopes.

Finally, it also remains to complete the constructive and the non-constructive
proofs of the full generalization which were presented in Chapter 6. We conjectured
in that chapter that an arbitrary triangulated polytope with a Sperner labeling has a
full nerve component, and this full nerve component would provide us with all n — &
full cells. Perhaps the topological argument proving the generalization for polytopes

with simplicial facets (see [11]) could also be extended to prove the full generalization.

7.2 Possible Applications

There are a number of questions unrelated to the details of the proof which also arise,
and could prove to be productive research topics. For example, there are several
generalizations of Sperner’s Lemma in literature, and variations on the lemma. It
would be worthwhile to apply the theory of nerve graphs to other generalizations of
Sperner’s Lemma. Numerous other generalizations are given in [3], [8], and [18]. It
would be interesting to see how many of these generalizations fall out of our polytopal
generalization.

Also, there are several other combinatorial theorems, such as Tucker’s Lemma,
which are similar to Sperner’s Lemma (see [13] and [17]). It is likely that nerve
graphs, or a similar type of labeled graph, would be useful in proving such theorems

and their generalizations.
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It would also be nice to have an application for our generalization. There are
many areas of mathematics which use Sperner’s Lemma, such as game theory and
fixed point theory (see [9] and [15]). For example, it would be very nice to find a
fair division question that can be answered using this generalization, in the same way
that Sperner’s Lemma can be applied to these kinds of problems (see [15]). Also,
since Sperner’s Lemma is equivalent to the Brouwer Fixed Point Theorem, perhaps

our generalization may prove a stronger fixed point result.
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