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Abstract

The Birkhoff polytope B, is the convex hull of all (n x n) permutation matrices,
i.e., matrices where precisely one entry in each row and column is one, and zeros
at all other places. This is a widely studied polytope with various applications
throughout mathematics.

In this paper we study combinatorial types £ of faces of a Birkhoff polytope.
The Birkhoff dimension bd(L) of L is the smallest n such that B, has a face with
combinatorial type L.

By a result of Billera and Sarangarajan, a combinatorial type £ of a d-dimensio-
nal face appears in some By, for k < 2d, so bd(£) < 2d. We will characterize those
types with bd(£) > 2d — 3, and we prove that any type with bd(£) > d is either a
product or a wedge over some lower dimensional face. Further, we computationally
classify all d-dimensional combinatorial types for 2 < d < 8.

Keywords: Birkhoff polytope; Birkhoff dimension; Lattice polytope; Elementary
graphs; permutation polytope; face lattice; low dimensional classification

1 Introduction

The Birkhoff polytope B,, C R™*" is the convex hull of all (n x n) permutation matrices,
i.e., matrices that have precisely one 1 in each row and column, and zeros at all other
places. Equally, B, is the set of all doubly stochastic (n x n)-matrices, i.e., non-negative
matrices whose rows and columns all sum to 1, or the perfect matching polytope of the
complete bipartite graph K, ,,. The Birkhoff polytope B,, has dimension (n — 1)? with n!
vertices and n? facets. By construction, each point € B, has only nonnegative entries
and the sum of the entries in each row and each column is 1. This gives 2n valid equations
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and n? valid inequalities for B,,. The Birkhoff-von Neumann Theorem shows that this is
a complete description of B,, and each of the inequalities defines a facet.

Birkhoff polytopes are a widely studied class of polytopes [7, 11, 12, 13, 10, 6, 19,
9, 16, 17] with many applications in different areas of mathematics, e.g., enumerative
combinatorics [38, 1], optimization [39, 27, 2], statistics [37, 26], or representation theory
(34, 8]. Yet, despite all these efforts, quite fundamental questions about the combinatorial
and geometric structure of this polytope, and its algorithmic treatment, are still open. In
particular, we know little about numbers of faces apart from those of facets, vertices, and
edges.

In this paper, we study combinatorial types of faces of Birkhoff polytopes. The combi-
natorial type of a face F' of some Birkhoff polytope is given by its face lattice £. For such
a combinatorial type we can define the Birkhoff dimension bd(L) of L as the minimal n
such that B,, has a face combinatorially equivalent to L.

By a result of Billera and Sarangarajan [7] any combinatorial type of a d-dimensional
face of B, already appears in Bayg, so bd(L) < 2d. Here, we characterize combinatorial
types of d-dimensional faces with bd(L£) > 2d—3. More precisely, we show in Theorem 5.12
that the only combinatorial type £ with bd(L) = 2d is the d-cube (Proposition 5.9). If
bd(L£) = 2d — 1, then £ must by a product of a cube and a triangle (Proposition 5.10).
bd(L) = 2d — 2 allows three new types, a pyramid over a cube, the product of a cube with
a pyramid over a cube, and the product of two triangles with a cube (Proposition 5.11).
Finally, faces with bd(£) = 2d — 3 are either products or certain Cayley polytopes of
products of lower dimensional faces, the joined products and reduced joined products
defined in Section 5.4 (Theorem 5.16).

More generally, we show in Section 5.1 that any combinatorial type £ of a d-dimen-
sional face with bd(L) > d is either a product of two lower dimensional faces, or a wedge
of a lower dimensional face over one of its faces (Corollary 5.2). We further characterize
combinatorial types of faces F' of some Birkhoff polytope for which the pyramid over F
is again a face of some Birkhoff polytope.

Finally, we enumerate all combinatorial types of d-dimensional faces of some B, for
2 < d < 8 This is done with an algorithm that classifies face graphs corresponding
to combinatorially different faces of B,. The algorithm has been implemented as an
extension to the software system polymake [36, 28] for polyhedral geometry (Section 6).
The computed data in polymake format can be found at [35].

Following work of Billera and Sarangarajan [7] we use elementary bipartite graphs
(face graphs) to represent combinatorial types of faces. A graph is elementary if every
edge is contained in some perfect matching in the graph. A perfect matching in a bipartite
graph with n nodes in each layer naturally defines an (n x n)-matrix with entries in {0, 1},
which gives the correspondence to a face of B,,. The correspondence of faces and graphs
is explained in Section 2.2. We use the language of face graphs in Section 3 and Section 4
to study the structure of these graphs and the corresponding faces.

Previously, Brualdi and Gibson have done an extensive study of faces of Birkhoff
polytopes in a series of papers [13, 11, 12, 10]. They used 0/1-matrices to represent types
of faces, which naturally correspond to elementary bipartite graphs by placing edges at
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all non-zero entries. They studied combinatorial types of faces with few vertices, the
diameter of B,,, and some constructions for new faces from given ones. We review some
of their results in Section 4, as we need them for our constructions in Section 5.

A fair amount of work also has gone into the computation of the Ehrhart polynomial
or the volume of the Birkhoff polytope. Until recently, only low dimensional cases were
known [19, 6] using a computational approach. In 2009, Canfield and McKay [16] obtained
an asymptotic formula for the volume, and in the same year De Loera et al. [17] gave an
exact formula by computing the Ehrhart polynomial.

Birkhoff polytopes are a special case of the much more general concept of a permutation
polytope. These are polytopes obtained as the convex hull of all permutation matrices
corresponding to some subgroup G of the the full permutation group .S,,. So the Birkhoff
polytope is the permutation polytope of S,,. Permutation polytopes have been introduced
by Guralnick and Perkinson in [29]. They studied these objects from a group theoretic
view point and provided formulas for the dimension and the diameter. A systematic
study of combinatorial properties of general permutation polytopes and a computational
classification of d-dimensional permutation polytopes and d-dimensional faces of some
higher dimensional permutation polytope for d < 4 can be found in [4].

Several subpolytopes of the Birkhoff polytope have been shown to have an interesting
structure and some beautiful properties. Here, in particular the polytope of even per-
mutation matrices attracted much attention [25, 31, 14], but also many other classes of
groups have been considered [5, 3, 40, 20].

2 Background and Basic Definitions

2.1 Polytopes

A polytope P C R? is the convex hull P = conv(vy,...,v;) of a finite set of points
v1,...,v; € R% Dually, any polytope can be written as the bounded intersection of a
finite number of affine half-spaces in the form P := {z | Az < b}. We repeat some notions
relevant for polytopes. For a thorough discussion and proofs we refer to [41].

A (proper) face F of a polytope P is the intersection of P with an affine hyperplane H
such that P is completely contained in one of the closed half-spaces defined by H. (The
intersection may be empty.) We also call the empty set and the polytope P a face of P.
Any face F is itself a polytope. The dimension of a polytope P C R? is the dimension of
the minimal affine space containing it. It is full-dimensional if its dimension is d.

0-dimensional faces of P are called vertices, 1-dimensional faces are edges. Proper faces
of maximal dimension are called facets. P is the convex hull of its vertices, and the vertices
of any face are a subset of the vertices of P. Thus, a polytope has only a finite number of
faces. Let f; be the number of i-dimensional faces of P, 0 < ¢ < dim P — 1. The f-vector
of a d-dimensional polytope P is the non-negative integral vector f(P) := (fo,..., fa_1)-

Inclusion of sets defines a partial order on the faces of a polytope. The face lattice
or combinatorial type L(P) of a polytope P is the partially ordered set of all faces of P
(including the empty face and P itself). This defines a Eulerian lattice. See Figure 2.1
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Figure 2.1: A triangle and its face lattice.

for an example. It contains all combinatorial information of the polytope. Two polytopes
P, P' are combinatorially isomorphic or have the same combinatorial type if their face
lattices are isomorphic as posets. For any given Eulerian lattice £ we call a subset P C R?
a geometric realization of L if P is a polytope with a face lattice isomorphic to £. Note,
that not all Eulerian lattices are a face lattice of a polytope.

An r-dimensional simplex (or r-simplex) is the convex hull of r+1 affinely independent
points in R A polytope is called simplicial if all facets are simplices. It is simple if the
dual is simplicial. Equally, a d-dimensional polytope P is simple if each vertex is incident
to precisely d edges. The d-dimensional 0/1-cube C? is the convex hull of all d-dimensional
0/1-vectors. This is a simple d-polytope with 2¢ vertices and 2d facets. More generally, we
use the notion d-cube for any d-dimensional polytope that is combinatorially isomorphic
to the 0/1-cube (it need not be full dimensional).

Let P, C R™ and P, C R% be two (geometrically realized) polytopes with vertex sets
V(P) = {vy,...,v:} and V(P,) = {wy,...,w;}. With 0 we denote the d-dimensional
zero vector.

The (geometric) product of P; and P, is the polytope

Py x Py == conv ((v;,w;) € RN |1 <i< k1<

N

).

This is the same as the set of all points (v,w) for v € P, and w € P,. The (geometric)
join of P; and P, is the polytope

P+ P, := conv (P1 X {O(d2)} x {0} U {()(dl)} x Py % {1}) C R +d2+1

More generally, we say, that a polytope P is a product or join of two polytopes P, and
P, if P is combinatorially isomorphic to the geometric product or geometric join of some
realizations of the face lattices of P; and Ps.

If F is a face of a polytope P := {z | Ax < b} C R? and (¢, z) < d a linear functional
defining F', then the wedge wedger(P) of P over F is defined to be the polytope

wedger(P) = {(z,20) ER™ | Az < b, 0< g <d—(c,z) } . (2.1)

See Figure 2.2 for an example. Again, we say more generally that P is a wedge of a
polytope @ over some face F' of @) if P is combinatorially equivalent to wedge(Q).
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Figure 2.2: The wedge over a vertex of a pentagon.
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We also extend these notions to combinatorial types, i.e., we say that a combinatorial
type L (or face lattice) of a polytope P is a cube, simplex, product, join, or wedge, if some
geometric realization (and, hence, also any other) of L is.

With N(v) for a node v of a graph G we denote the neighborhood of v, i.e., the set of
all nodes in GG that are connected to v by an edge. If M is a set of nodes in GG, then we
denote by CN(M) the set of common neighbors of all nodes in M, i.e., the set

See Figure 2.3 for an example.
() [ [ [ o [

Figure 2.3: The common neighbors of the first three nodes in the lower layer are the first two
nodes in the upper layer.

2.2 The Birkhoff polytope

Let S, be the group of permutations on n elements. To any element ¢ € S, we can
associate a 0/1-matrix M (o) € R™" that has a 1 at position (7, ) if and only if o(i) = j.
The n-th Birkhoff polytope is

B, = conv(M(o) | 0 €5, C R"™.

The Birkhoff-von Neumann Theorem shows that B, can equally be characterized as the
set of all non-negative (n xn)-matrices whose rows and columns all sum to 1. Equivalently,
the facets of B,, are precisely defined by the inequalities z;; > 0 for 1 < 4,j < n. It has
dimension (n — 1)? with n? facets and n! vertices.
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More generally, we associate a 0/1-matrix M (X) € R™" to any subset ¥ C S, in the
following way. M (X) has a 1 at position (i, j) if there is some 7 € ¥ with 7(i) = 7, and 0
otherwise. If ¥ = {o} for some o € S,,, then M(X) = M(o).

We can view M(X) as a dual vector in (R™*")*. The functional M (X)) satisfies

(M(X),z) < n foralxeb,.

Any x = M (o) for a o € X satisfies this with equality, so this inequality defines a proper
non-empty face

F(¥) = {M(o) | (M(%), M(0)) =n} .

of the polytope B,,, and all o € X are vertices of that face. However, there may be more.
Namely, any permutation 7 such that for any i € [n| there is 0 € ¥ with 7(i) = o(i) is
also a vertex of F(X). The well-known fact that any face is defined by a subset of the
facet inequalities implies the following proposition.

Proposition 2.1. Any face F of B, is of the type F(X) for some ¥ C S,, and F(X) is
the smallest face containing all vertices corresponding to elements of 3.

Different subsets of S,, may define the same face of B,, so this correspondence is
not a bijection. For example, F(X) is the same square in B, for either of the sets ¥ =
{0,(12)(34)} € Syand ¥ = {(12),(34)} C S, (and the vertices of the square correspond
to the union of those two sets).

For the following considerations there is a different representation of faces that is easier
to deal with. For any subset ¥ C S, we associate a bipartite graph I'(X) = (U + V, E)
with 2n nodes and color classes U and V' with the same number n of nodes to the matrix
M(Y). Let U = {uy,...,u,} and V = {vy,...,v,} be two disjoint vertex sets and draw
an edge between the nodes u; and v; if and only if there is 0 € ¥ with (i) = j. In the
following, we call U the upper layer and V the lower layer. The order of I'(X) is the
total number 2n of nodes, the size of I'(X) is the number n of nodes in each layer (we
will see below that both layers necessarily have the same number of nodes). Figure 2.4
shows an example of a graph of size 4 and order 8. In this example, > can be chosen to
contain the identity permutation and the transpositions (1 2), (2 3) and (3 4). The face
F(X) also contains the vertex corresponding to the permutation (1 2)(3 4). Clearly, the
bipartite graph is just a different representation of the matrix. We can recover the matrix
by putting a 1 at each position (i, j) where node ¢ of the upper layer is connected to node
j of the lower layer, and 0 everywhere else.

Any vertex of the face F(X) corresponds to a perfect matching in the graph I'(X), and
any perfect matching in the graph defines a vertex. Conversely, any bipartite graph with
the property that every edge is contained in a perfect matching defines a face of B, as
the convex hull of the permutations defined by its perfect matchings. In the following, we
will use the term face graph for bipartite graphs such that each edge is contained in some
perfect matching of the graph.

Note, that in the literature graphs in which every edge is in some perfect matching are
called elementary. So a face graph is a bipartite elementary graph. Elementary graphs are
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Figure 2.4: A face of Bs and its graph. The upper layer represents the rows, the lower layer
the columns of the matrix. An edge of the graph represents a 1 in the matrix at the position
corresponding to its end points.

well-studied objects, see, e.g., the work of Lovész [32], Lovdsz and Plummer [33], Brualdi
and Shader [15], and the extensive work of de Carvalho, Lucchesi and Murty [24, 23, 22,
21, 18]. In the special case of bipartite graphs, being elementary implies that both layers
have the same number of nodes. This is the size of the elementary graph. An important
property of elementary graphs is the existence of an ear decomposition, which we will
explain now.

Definition 2.2. An ear decomposition of an elementary graph G is a decomposition of the
graph into edge disjoint paths and cycles Py, P, ..., P, subject to the following conditions:

1. P is a cycle.

2. If P, 1 <1 < risa path, then it has precisely its two end points in common with
the graph P1 UP,U...UP,_1, and these two points are in different layers of G.

3. If P,, 1 <i<risacycle then P, is disjoint from PLU P, U...U P;_;.

See Figure 2.5 for an example. The following result can, e.g., be found in the book of
Lovasz and Plummer [33, Thm. 4.1.6].

Theorem 2.3. A bipartite graph G is elementary if and only if all its connected compo-
nents have an ear decomposition. [

DA

(a) A face graph G with three ears P;, Py, and Ps

o o KX K L X K L X KX KX K
|>< N VIELERRN s 1! LERRN . I><'><| LERRN VIELERRN . N s 1!
N 1 N, 1 1 N, 1 1 1 N 1 N, N, 1
a4 1 ~ 1 1 ~ 1 1 1 a4 1 ~ ~ 1

4 ~ 7’ A 7’ A 4 ~ 7’ A 7’ A
. s s 4 A ! L s s . . s
) [ ) o [ o [ ) [ ) [

(b) The ear Py (¢) The ear P, (d) The ear P;

Figure 2.5: An ear decomposition of an elementary graph
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By a simple counting argument one can show that the number of ears is independent of
the chosen ear decomposition. If n is the number of nodes in each layer, m the number of
edges, and k£ the number of connected components, then the graph has r = m—-2n+k—+1
ears. The ear decomposition also guarantees that an elementary graph is 2-connected and
any node has degree at least 2.

Let FG(n) be the set of face graphs of size n. By the above there is a bijection between
faces of B,, and elements of FG(n). Let ['(F') be the face graph corresponding to the face
F'. For faces E, F' of B,, the face F is a face of F'if and only if I'(F) is a subgraph of I'(F).
Hence, we can read off the face lattice of a face F' from its graph I'(F'). Two graphs that
define isomorphic lattices are said to have the same combinatorial type.

For a face graph G with layers U and V' and any set S C U we have | N(S)| > |S| by
the marriage theorem (as we have a perfect matching in the graph). No edge connects S
with V' — N(S). If |N(S)| = |S| then there is also no edge between U — S and N(5), as
all edges are contained in some perfect matching of the graph (otherwise, in a matching
containing this edge we cannot match all nodes of S). Hence, we even have | N(S)| > |S|
unless the subgraph G of G induced by the vertex set S U N(S) is disconnected from
the subgraph G induced by (U \ S) U (V \ N(95)) (i.e., Gy is a collection of connected
components of ). Furthermore, if G is a face graph then any graph obtained by adding
edges without reducing the number of connected components is again a face graph.

Edges of the face (as a polytope) correspond to unions of two perfect matchings My, Mo
that do not imply any other perfect matchings. Hence, for an edge, M; U M, is a disjoint
union of edges and a single cycle.

To study face graphs and the faces of B,, they define it is sometimes convenient to
consider a more general representation of a face as a graph. A multi-graph G is a graph
where more than one edge between two nodes is allowed. As for simple graphs, a matching
in a multi-graph is a selection of edges such that no vertex is incident to more than one
edge. It is perfect if every node is incident to precisely one edge. Again, we can define
the associated lattice of face multi-graphs and their combinatorial types.

In a face graph we can replace any edge with a path of length 3 without changing the
number of perfect matchings and their inclusion relation. For a face multi-graph G we
define its resolution res(G) to be the graph obtained from G by replacing all but one edge
between any pair of nodes by a path of length 3. See Figure 2.6 for an example.

We can also define a converse operation. Let I'(F') be a face graph. For a vertex v
of degree 2 we introduce the reduction red(I'(F'),v) at a vertex v. Let F be a face graph
with a vertex v of degree 2 and neighbors wuy, us. The reduction red(I'(F'),v) of F at v is
the graph obtained from I'(F') by contracting v. This graph may have double edges. See
Figure 2.7 for an illustration. This construction already appears in the paper of Billera
and Sarangarajan [7]. We summarize the properties of I'(F) and a face multi-graph G.

Proposition 2.4. Let F be a face of some Birkhoff polytope, and G a face multi graph
corresponding to F. Then

1. T'(F) and its reduction red(I'(F')) have the same combinatorial type,

2. G and its resolution res(G) have the same combinatorial type. O
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Figure 2.6: A face multi-graph G, a perfect matching in G, and the resolution res(G) of G.
Expanding in (a) the extra edge between a and b adds a path using the nodes a’ and ¥’, expanding
the two extra edges between ¢ and d adds the two paths using ¢/, d’ and ¢’ and d” shown in (c).

U1 Vg v U1 V2
DESANSY A
o o o e .Xl&.)

Uy Uz U
(a) The graph G (b) The graph red(G, v)

U1 U2 v vy
.WK.
() [ ) [ ) ([ [
u u/ u//
(¢) The graph res(red(G,v)) with two additional
paths of length 3 using v/, v] and u”, v.

Figure 2.7: Contracting a vertex of degree 2

In the next sections we want to study combinatorial types of faces of B, by studying
their face graphs. The following proposition tells us that we can mostly restrict our
attention to connected face graphs.

Proposition 2.5. Let G be a face graph with connected components Gy, ...,Gy, k > 2.
Then G1,...,Gy are face graphs and the face corresponding to G is the product of the

faces corresponding to G, ..., Gy.

Proof. Any perfect matching in G induces a perfect matching in G;, 1 < 7 < k. Hence,

THE ELECTRONIC JOURNAL OF COMBINATORICS 22(1) (2015), #P1.67



any edge in G; is contained in a perfect matching of GG;, so all GG; are face graphs. Perfect
matchings correspond to vertices, and any combination of perfect matchings in the G;
defines a perfect matching of G. Hence, the face of GG is a product. n

In particular, prisms over faces are again faces, and their face graph is obtained by
adding a disjoint cycle of length 4.

The converse statement, i.e., that the face graph of a face that combinatorially is a
product of two other faces is always disconnected, follows, e.g., from [12, Cor. 4.7], where
they prove that the (vertex-edge) graph of two faces is isomorphic if and only if the two
face graphs have the same number of components and there is a correspondence between
the components such that each pair has isomorphic graphs.

We can read off the dimension of F(X) for ¥ C §,, from the graph I'(¥). Assume
first that the face graph is connected with n nodes in each layer and m edges. Then the
Birkhoff-von Neumann Theorem implies that the dimension d is at most m —2n+ 1. On
the other hand, the graph has an ear decomposition with m — 2n 4 2 ears, so we have
at least m — 2n + 2 linearly independent vertices in the face. So d = m — 2n + 1 for a
connected face graph. Using that disconnected graphs define products we obtain

dimF(X)=m —2n+k, (2.2)

where k is the number of connected components of the graph. The following theorem of
Billera and Sarangarajan tells us that we can restrict the search for combinatorial types of
d-dimensional faces to B,, for n < 2d. We repeat the simple proof, as it is quite instructive.

Theorem 2.6 (Billera and Sarangarajan [7]). Any d-dimensional combinatorial type of
face already appears in Bag.

Proof. We assume first that the face graph G of size n is connected. Then G has m =
2n + (d — 1) edges. Let ks be the number of nodes of degree 2. A node in G has degree
at least 2, so

ky = 2n—2(d—1).

We now successively contract all nodes of degree 2 using the above reduction. We obtain
a face multi-graph G’ on 2n’ = 2n — ky < 2(d — 1) nodes, i.e., at most d — 1 on each
layer. Note that one reduction step can remove more than one node of degree 2. Let m/
be the number of edges of G'. G’ defines a face combinatorially equivalent to the one of
G, in particular, its dimension is d = m’ —2n’+1. The graph G’ may have multiple edges.
Let € be the minimal number of edges we have to remove to obtain a simple graph G.
Then G is connected and a face graph corresponding to a face of dimension

0<d=m-2"+1—¢ =d-=¢.

Thus, ¢’ < d, and we can resolve each multiple edge to obtain a face graph G with at most
2(d—1)+2d < 2(2d—1) < 4d nodes. Hence, G defines a face of B, that is combinatorially
isomorphic to the one of G.

The statement for disconnected graphs follows using induction by replacing the graph
in each component with the above procedure. O
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3 Irreducibility

In general, a combinatorial type of a face can occur many times as a geometrically realized
face of B,,. Hence, there are many different possibilities to represent a combinatorial type
of a face as an face graph. Brualdi and Gibson [13, Conj. 1] conjecture that any two
combinatorially isomorphic faces are affinely equivalent, but as far as we know this is still
open.

Let G be a face graph. In the following, we want to examine some version of min-
imality for such a representation. This will, however, not lead to a unique “standard”
representation. We say that a node v in G is reducible, if v has degree 2 in G and the
common neighborhood of the two vertices adjacent to v only contains the node v. v is
called irreducible otherwise. A face graph G is called irreducible, if all its nodes are ir-
reducible, and reducible otherwise. An irreducible representation of a certain d-face of a
Birkhoff polytope need not be unique. Figure 3.1 shows two irreducible representations of
the 4-simplex on a different number of nodes. See Figure 3.2 for an example of a reducible

B ONE-4)-
[ () (] () [ [ ) () () [
Figure 3.1: Two irreducible graphs both defining a 4-simplex.

node. By Proposition 2.4 the face graphs G and G’ := red(G,v), for any node v of G,
define the same combinatorial type. Hence, we can mostly restrict our considerations to

irreducible face graphs.
u
.E o o zo

Figure 3.2: A reducible face graph: The node w incident to the two thick dashed edges is
reducible.

Lemma 3.1. Let G be a face graph, v € G an irreducible node of degree 2 in G and
wy, wo its neighbors. Let

N := (N(wy) N N(ws)) \ {v}.

Then either the graph induced by v, w1, wy and the nodes in N is a connected component
of G (and then necessarily the set N contains a single node u) or all points u € N and at
least one of wy,ws have degree > 3.

Proof. We prove this by contradiction. We are done, if v, wy, ws and the nodes in N form
a connected component. Hence assume this is not the case.
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Assume first that wq, ws both have degree 2. Then there is some node © € N that has
a third neighbor x different from w, ws. However, the edge (u,x) must be contained in
a perfect matching M of the graph. This perfect matching cannot use the edges (u,w;)
and (u,wsy). As both nodes wy, wy have degree 2, M must use the remaining edge on both
nodes. But these both contain v, so M is not a perfect matching.

So one of wy,ws must have degree > 3. Assume this is wq, and let u, = be the two
neighbors of w; different from v. If u would have degree 2, then u and v are contained in
the edges ¢; := (u,w;), f; := (v,w;), i = 1,2, and no other. Hence, any perfect matching
M must choose either e; or ey, and, correspondingly, fs or fi. In either case w; is covered,
hence, the edge (wy, z) can never be chosen, so G is not a face graph. O

If G is an irreducible face graph then we say that a node v is minimal if the degree of
v is 2. For a minimal node v the set

P(v) = EN(N(v)) \ {v}

is the set of partners of the node v. This is the same as the set of nodes connected to v
via two different paths of length 2. A node z € P(v) is called a partner of v.

Note, that all partners of a node always lie in the same layer as the node itself. Not
all nodes are minimal or partner of a minimal node. See Figure 3.3 for an example.
Lemma 3.1 guarantees that any minimal node in an irreducible face graph has at least

XD

Figure 3.3: An irreducible face graph. The nodes u and v are neither minimal nor a partner of
a minimal node in this graph.

one partner. We use the term partner more generally for any node x that is a partner of
some other v, without reference to the node v. In particular, x can be partner of several
different nodes in GG. However, the next corollary bounds this number from above.

Proposition 3.2. Let G be a face graph. Any partner x in G of degree k has at most
k — 1 nodes it is partner for.

Moreover, if x is a partner for precisely k — 1 nodes, then these k — 1 nodes and x are
the upper or lower layer of a connected component in G.

Proof. 1f v is a node that has x as its partner, then in any perfect matching M, v uses up
one of the nodes adjacent to x for the edge covering v. Now also x needs to be covered,
hence there can be at most £ — 1 nodes choosing x as partner.

If z is a partner for precisely k — 1 nodes vy, ...,vx_1, then in any perfect matching in
G, all but one node in the neighborhood of x is covered by an edge that has one endpoint
among the v;, 1 <7 < k—1 or z. But also x needs to be covered, hence, there cannot be
another edge that ends in a node in the neighborhood of . O

THE ELECTRONIC JOURNAL OF COMBINATORICS 22(1) (2015), #P1.67 12



Corollary 3.3. A connected irreducible face graph of dimension d and size n has at most
d nodes of degree 2 in each layer, if n =d+ 1, and at most d — 1 otherwise.

Proof. Let ko be the number of nodes of degree 2 (minimal nodes) in the upper layer. If
all minimal nodes have the same partner, then, by the previous proposition, the graph
has size ky + 1, and 2ks + 1 + ko = 3ko + 1 edges. Hence, d = 3ko + 1 — 2ko — 2+ 1 = k.
Otherwise, we have at least two partners in the upper layer. By the previous proposition
each node that is partner for j nodes has degree at least j + 2. Hence, the sum of the
node degrees in the upper layer is at least 2n + k;. There are d 4+ 2n — 1 edges in the
graph, so this implies 2n + ko < d+2n —1, 1.e., ko < d — 1. O

Corollary 3.4. A connected irreducible d-dimensional face graph G for d > 2 has at most
size 2d — 2.

Proof. By the previous corollary the graph has at most size d if only one node has degree
greater than 2. Otherwise, we have at most d — 1 nodes of degree 2 in the upper layer,
and for each of those we need a partner of degree at least 3, unless the graph has only
size 2. A graph of size 2 corresponds to an edge, so for d > 2 this leaves us with 2d — 2
nodes using up all 2n 4+ d — 1 edges. O

Proposition 3.5. Let G be an connected irreducible face graph of dimension d and size
n. Then the maximum degree of a node in G is 2d —n+ 1 ifn > d+ 1 and n otherwise.

Proof. The bound for n < d + 1 is trivial. If G has dimension d then G has d + 2n — 1
edges, and any node has degree at least 2. Let ko be the number of nodes of degree 2 in
the upper layer and 0 the degree of a non-minimal node v. This node v can be partner
for at most 6 — 2 nodes, as otherwise n < d+ 1. Any minimal node has degree 2, and any
other node at least degree 3. Hence,

§—=3<d+2n—1—- 2k +3(n—ky)) =d—n—1+k,
<d—-n—-14d-1=2d—n-2.

This implies the bound. [

The bound is best possible, see Figure 3.4.

] sEEE]

Figure 3.4: Face graphs with nodes of maximal degree

Corollary 3.6. Let G be a connected irreducible face graph of size n > 4. Then G has at
least 2n + [5] edges.
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Proof. Any node has degree at least 2. By Lemma 3.1 we have to find a partner of higher
degree for each node of degree 2. On the other hand, Proposition 3.2 limits the number
of minimal nodes a node can be partner for. We distinguish two cases:

If there is a node u in the graph that is a partner for all minimal nodes, then necessarily
deg(u) = n, hence the graph has 3n — 2 > 2n + [§] edges.

Otherwise, there are ko minimal nodes and p > 2 partners in the graph. Note that
ks + p < n as no node can be both minimal and a partner. We consider the cases ko > p
and ky < p separately.

In the first case we have ky > p, hence p < | 5], as p + k2 < n. The p partners in the
graph together must be adjacent to at least 2p + ky edges, hence we have at least

2k2—|—2p+k2+3(n—k2—p):3n—p>2n+{g-‘

edges in the graph. In the second case the number of edges is at least

%o +3p+3(n — ks —p) =30 —ky > 2n + {g}

]

Proposition 3.7. An irreducible face graph of size 2 has four edges, an irreducible face
graph of size 3 has at least seven edges.

Proof. The first case is trivial (see Figure 3.5(a)). For the second case just observe that
we need to have at least one node of degree > 3. O

The given bounds are tight, as the graphs in Figure 3.5 show.

Proposition 3.8. Let G be an irreducible face graph of size n and v a node of degree k
in G. Then at most k — 1 neighbors of v can have degree 2.

Proof. The node v must be connected to the partner of all nodes in its neighborhood that

have degree 2. O
X XX XXX
[ [ ([ [ [ [ [ ) [ ) [
(a) The graph of a (b) The graph of (¢) The graph of a
segment a triangle square pyramid

Figure 3.5: Graphs with a minimal number of edges.
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4 The Structure of Faces of B,

Here we review some basic properties of facets and faces of Birkhoff polytopes that we
need for our classifications in the following section.

There is a quite canonical way to split the set of vertices of a face of B, into two
non-empty subsets on parallel hyperplanes at distance one. Let G be a face graph with
some edge e, M, the set of all perfect matchings in G' containing e, and M-, its comple-
ment. Clearly, both M, and M_. define faces of F(G), and G = M, U M_, (not disjoint).
Geometrically, if e connects the nodes ¢ and j, then all vertices of M, satisfy z;; = 1,
while all others lie on the hyperplane z;; = 0.

We start with some properties of facets of a face F' of B, with face graph I'(F). The
face graph of a facet of F' is a face subgraph of I'(F"). We call a set C of edges in I'(F") facet
defining if I'(F') — C' is the face graph of a facet of F'. Brualdi and Gibson [11, p. 204f]
show that a facet defining set C'is a (usually not perfect) matching in I'(F') and that any
two different facet defining sets are disjoint. This leads to the following characterization
of face subgraphs of facets.

Theorem 4.1 (Brualdi and Gibson [11, Cor. 2.11]). Let G be a connected face graph and
S a face subgraph of G. F(S) is a facet of F(G) if and only if either

1. S is connected and differs from G by a single edge, or

2. S splits into disjoint face graphs Si,...,Sg such that there are nodes u;,v; € S;
inducing a decomposition of G as

G = Sl U... Sk U {(uva)v (UQ,Ug), R (Uk,'Ul)} :

Note that in the second case u; and v; are necessarily on different layers of the graph.
See Figure 4.1 for an illustration of the two types.

XXX XXX XX

o o ¢ e o o ¢ e o o o e

(a) A face graph G (b) A facet of the first (c) A facet of the
type of G. The second type of G.
edges not in S are The edges not in S
drawn with dashed are drawn with
lines. dashed lines.

Figure /.1: A face graph with two types of facets.

It follows from a Theorem of Hartfiel [30, Theorem x| that any connected face graph
G with dim(F(G)) > 2 is reducible if all facet defining sets in G have two or more edges.
Geometrically, this implies the following lemma.

Lemma 4.2. Let F' be a face of B,,. If F' is not a product, then F' has a facet that is not
a product.
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Proof. Let G be a connected irreducible graph representing F'. By the above, G has a
facet defining set C' of size one. Hence H := G — (' is connected, as G is 2-connected,
and the facet defined by H is not a product. n

Brualdi and Gibson in their papers also obtained some results about edges and 2-
dimensional faces of B,,.

Lemma 4.3 (Brualdi and Gibson [12, Lemma 3.3 and Lemma 4.2]). Let G be a connected
face graph and ey, es, e3 edges with a common node v.

1. There are perfect matchings My and My each containing one of the edges such that
F(My U My) is an edge in some B,.

2. If there are perfect matchings My, My with e; € M;, i = 1,2, such that F(MyUM) is
an edge, then there is a perfect matching M3 containing e3 such that F(MyUMyUM;3)
s a triangle in some B,.

See Figure 4.2 for an example. More generally, the union of any two perfect matchings

v
([ o, o, [ J - @ ®
~~. S INET €3
IWDQ | b X
° oo e e °
) A face graph G (b) A triangle in G based at v

Figure 4.2: A face graph and a triangle in that graph.

in a face graph is the disjoint union of single edges and cycles. Hence, the minimal face
containing a given pair of vertices is always a cube of some dimension.

Note, that Lemma 4.3 ensures for any two edges sharing a node the existence of two
perfect matchings containing them that form an edge. Hence, any three edges with a
common node define at least one triangle in the polytope. This implies that the only
triangle free faces of B,, are cubes [13, Thm. 4.3].

In fact, any vertex of a face F' of B,, is incident to at least one triangle, unless F' is a
cube. Theorem 4.4 of [12] furthermore tells us that the induced graph of the neighborhood
of any vertex in the polytope graph has k components if and only if the polytope is a
k-fold product. Note that one direction is trivial. If the face is a product, then the union
of the perfect matchings of all neighbors of a vertex is already the graph of the face.

Brualdi and Gibson[13, Thm. 3.3] showed that a d-dimensional face F' := F(G) corre-
sponding to an irreducible face graph G has at most 3(d — 1) facets, which is linear in d.
Further, if F" has exactly 3(d—1) facets, then G is a 3-regular bipartite graph of size d — 1.
Conversely, it is, however, not true that any graph of size d — 1 with constant degree 3
defines a face with 3(d — 1) facets. See Figure 4.3 for an example.
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Figure 4.3: A 3-regular graph for a 7-dimensional face with 17 < 3(7 — 1) facets

5 Face Graphs with Many Nodes

Let £ be the combinatorial type of a face of a Birkhoff polytope. The Birkhoff dimen-
sion bd(L) of L is the smallest n such that £ is the combinatorial type of some face
of B,. It follows from Theorem 2.6 that bd(£) < 2d for a combinatorial type £ of a
d-dimensional face. In this section, we will study some properties of combinatorial types

L of d-dimensional faces with bd(£) > d. In particular we will completely characterize
those with bd(£) > 2d — 3.

5.1 Wedges

In this section we will show that most faces of B,, are wedges over lower dimensional faces.
The following main theorem characterizes graphs that correspond to wedges.

Theorem 5.1. Let G be a face graph of size n = 3 and two connected adjacent nodes u
and v of degree 2. Let G’ be the graph obtained by attaching a path of length 3 to u and v.
Then G' is a face graph and the associated face is a wedge over the face associated to G.

Proof. G’ is clearly a face graph. We prove the theorem by induction over the dimension.
The claim is true if G is the unique reduced graph of size 2 and with four edges. In the
following we assume that the claim is true for face graphs defining a (d — 1)-dimensional
face of B,

Let F' be the face associated to G and F’ that associated to G’. Let v/ and v’ be the
two nodes added in G’ and e; = (u,v), es = (v, 0V), fi = (u,?v'), and fo = (v/,v). See
also Figure 5.1.

ue. fl @/
G @ >< 2
V@ f2 ( Y34

Figure 5.1: A wedge over a face graph G.

Let G be the face graph of all perfect matchings in G that do not contain e; (i.e., the
union of the perfect matchings in M_., ), and R the associated face of F' (see Figure 5.2(a)
and Figure 5.2(b)). As G has at least three nodes in each layer, this is a nonempty face.
We claim that [’ = wedgep(F).

To show that F” is a wedge over F' we have to show that F’ has two facets Fi, Fy
isomorphic to F' that meet in a face isomorphic to R, such that any other facet of F’ is
either
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v
(a) A face graph G (b) The face graph Gy
u oy o gy
IXDEX] e |- IW X
) ° ) Jo °
(% v v
(¢) The face graph G} (d) The face graph G

Figure 5.2: The various face graphs involved in the wedge construction

1. a prism over a facet of F', or
2. a wedge of a facet of F' at a face of R,

and, conversely, any facet of F' (except possibly R) is used in one of these two cases.

Let G be the graph obtained from G by adding v/, v' together with ey, and G
the graph obtained by removing e; and adding u, v’ together with ey, f; and fo. See
Figure 5.2(c) and Figure 5.2(d). Both graphs are subgraphs of G’ and clearly define facets
combinatorially isomorphic to F' that intersect in R.

Let J’ be a subgraph of G’ that defines a facet of F’. There are three possibilities for
edges contained in G’ but not in J":

1. both f; and f5 are missing, or
2. e is missing, or
3. e1, e, f1, and fo are present and some other edges are missing.

Note that the three cases are mutually exclusive, as J’ should be the face graph of a facet.
Hence, not all of ey, fi, fo can be missing in J’ as otherwise J” := JU{e; } is a face graph
properly containing J’ and properly contained in G'.

The first two cases are the two copies of F'. In the last case, if u,u’,v and v’ form a
connected component of J, then we have a prism over a facet of F' sharing no vertex with
R, and a wedge over a face of R by induction otherwise.

Conversely, let K be the graph of a facet S of F'. If ey is missing in K, then R is a facet
and corresponds to K. So we assume that ey is present in K. If one of u, v is connected
to some other node in K (and, thus, necessarily also the other), then the wedge of K over
the intersection of S and R is contained in G’. If u, v form a connected component, then
S and R are disjoint and the prism over S is contained in F”. O
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This gives a first classification of combinatorial types with Birkhoff dimension at least

d.

Corollary 5.2. Let L be the combinatorial type of a d-dimensional face of some B,,. If
bd(L) > d, then L is a wedge or a product.

Proof. Let I be a face of some B, with combinatorial type £, and assume that F' is
not a product. Let G be a reduced graph representing F. Thus, G is connected. Then
d = m — 2n + 1 implies that each layer of G has at least one node of degree 2. By first
completely reducing the graph G and subsequently resolving any multiple edges (similar
to the proof of Theorem 2.6), we can assume that there are two adjacent nodes of degree
2. Now we can use the previous theorem. O

In fact, every d-dimensional combinatorial type £ with bd(£) > n is a wedge if its
graph has a component of size at least 3, i.e., if the face is not a cube.

Theorem 5.3. Let F' be a face of B,,. Then any wedge of F' over a facet or the complement
of a facet is also a face of some B,,, m > n.

Proof. Let G be an irreducible face graph corresponding to F'. Let E be a facet of F' with
facet defining set C'. Let e be any edge in C. The wedge over F' is obtained by adding
a path of length 3 to the endpoints of e, and the wedge over the complement is obtained
by first replacing e by a path of length 3 and then adding another path of length 3 to the
two new nodes. See Figure 5.3 for an illustration of the two operations. O]

([ ) ( ( (]
.« e
.0
G
S
¢ e
() [ [ [

(a) A face graph G with a facet defining set C' of edges
drawn dashed

([ J (] (] (] «® [ J (] [ J (] ([ J [ J
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(] [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J

(b) The wedge over the facet defined by C' (c¢) The wedge over the complement
of the facet defined by C

Figure 5.3: Wedge over a facet and its complement

5.2 Pyramids

We want to discuss the structure of face graphs that correspond to pyramids. This will
be important for the classification of faces with large Birkhoff dimension. In particular,
we will see that for many faces F' of B, the pyramid over F' is again face of a Birkhoff
polytope.

THE ELECTRONIC JOURNAL OF COMBINATORICS 22(1) (2015), #P1.67 19



Lemma 5.4. Let G be a connected face graph containing an edge e that appears only in
a single perfect matching M. Then M defines an edge of F(G) with any other perfect
matching in G.

Proof. Suppose not. Then there is a perfect matching M’ such that M U M’ contains
more than one cycle C, ..., Cy. The edge e is contained in such a cycle, as otherwise M’
would use e. Assume this is C;. However, using the edges of M’ in C,...,C) and the
edges of M in C} defines another perfect matching M” using e and different from both
M and M’. This is a contradiction to the uniqueness of e. O

Theorem 5.5. Let G be a connected irreducible face graph. Then F(G) is a pyramid if
and only if G has an edge e that is contained in a unique perfect matching M .

See Figure 5.4 for an example.
[ ) () () () () ()
Figure 5.4: The thick long edge is contained in only one perfect matching in the graph. The
graph defines a pyramid over a 3-cube.

Proof. If G has such an edge, then the union of all perfect matchings in G except M
defines a proper face R of F(G) containing all but one vertex. Hence, F(G) must be a
pyramid over S with apex M.

If F(G) is a pyramid, then let M be the perfect matching corresponding to the apex.
Assume by contradiction that for all edges e of M there is a perfect matching M, different
from M containing e. Let H be the subgraph defined by the union of these perfect
matchings. Then F(H) is the smallest face S of F(G) containing those vertices. But H
contains M, so S contains the apex. This is a contradiction, as then S is a pyramid with
apex M whose base already contains all vertices corresponding to the M.,. O]

Let G be a face graph with connected components Gy, ..., Gr_1. We define the circular
connection C(G) of G in the following way. For each 1 < i < k, let u’ be a node in the
upper and v’ a node in the lower layer of G;. Then the nodes of C(G) are the disjoint union
of the nodes of G, and the edges of C(G) are those of G; together with edges from u‘™*
to v* for 0 <4 < k — 1 (with indices taken modulo k). See Figure 5.5 for an illustration.

Note that the circular connection is in general not a face graph. It is, if Gy — {u’, v’}
has a perfect matching for all i. If the perfect matchings in G; — {u’,v'} are also unique,
then the circular connection is a face graph whose associated face is the pyramid over the
face of G. This motivates the following definition.

Definition 5.6. Let G be a face graph with connected components Gg,...,Gr_1. A
choice S(G) := {u® 2%, ..., u*~1 v*"1} of nodes u’,v' € G; with u’ in the upper and v’ in
the lower layer for 0 < ¢ < k — 1 is pyramidal if the graph G — S(G) has a unique perfect
matching.

THE ELECTRONIC JOURNAL OF COMBINATORICS 22(1) (2015), #P1.67 20



Gy Go G3

Figure 5.5: The circular connection of a graph.

Corollary 5.7. Let G be a connected irreducible face graph. If G has a node v € U
and v € V such that (u,v) ¢ E and G — {u,v} has a unique perfect matching, then
H =G+ {(u,v)} defines a face graph that corresponds to the pyramid over F(G).

Proof. {(u,v)} is a facet defining set and the facet contains all but one vertex of H. [J

Corollary 5.8. Let G be a face graph with an edge e contained in a unique perfect match-
ing. Then the pyramid over the face of G is again a face of G.

Proof. The apex of a pyramid is the complement of a facet, and by Theorem 5.3 the
wedge over any complement of a facet exists. n

5.3 d-dimensional combinatorial types with bd(£) > 2d — 2.

For the remainder of this section we will study combinatorial types of faces with large
Birkhoff dimension. We have seen above that for a given combinatorial type L this is
bounded by bd(L) < 2d. The next proposition characterizes the case of equality.

Proposition 5.9. Let £ be a d-dimensional combinatorial type of a face of B, with
bd(L£) = 2d. Then L is a cube.

Proof. We prove this by induction. If d = 1, then this follows from Proposition 3.7.

By Corollary 3.4 a connected irreducible graph of a d-dimensional face has at most
size 2d — 2. Hence, the graph G of F' must be disconnected. Let n be the size of G and
m, k its number of edges and connected components. Let G; be the smallest connected
component of GG, and G5 the remaining graph. Both are irreducible graphs. Let G; have
size n; with m; edges and k; components and define a face of dimension d;. By assumption
we know ny < ns.

The dimension formula gives d = m —2n+ k =m —4d + k, so m = 5d — k. We argue
that nqy = 2. Suppose otherwise. If n; > 4, then also ny, > 4 and by Corollary 3.6 we
know that both have at least 2n; + [%5] edges. With this we can estimate

Sd—k = m > 2+ [0 ]+ 2m+ [2] > 2+ D =5d.
As k > 1 this is not possible. Now if ny = 3, then ny = 2d — 3 > 3. By Proposition 3.7
we know my; > 7. If also no = 3 then d = 3, ms > 7, and k = 2. So

13 =5d—k =m > 14
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a contradiction. So ny > 4 and by Corollary 3.6 also my > 2ny — [%W and we can compute

2d —2

No

5d—k:m>7+2n2+(2W2 T4 4d—6+ — 5d.

which again contradicts £ > 1. So n; = 2, and G defines a segment. (G5 now is an
irreducible graph of dimension d — 1 and size 2(d — 1). By induction, this must be a
cube. O

Proposition 5.10. A d-dimensional combinatorial type L of a face of a Birkhoff polytope
with bd(L) > 2d — 1 is a product of a cube and a triangle.

Proof. As in the previous proof, our graph has d+2n—k=d+4d—-2—-k=5d—2—k
edges. Let ni,...,n; be the sizes of the components of the graph. Let ky/3 be the
number of components of size 2 or 3 and k, the number of components of odd size. Using
Corollary 3.6 we can estimate the number of edges in the graph by

k
TL,L 1 kO 5 kO
e>;(2ni+{ﬂ)—k2/3 = dd—24d— 5+ ks = b=+ k.
Hence,
5 k, k,—1
€:5d—k‘—2>5d—§+5—k‘2/3 <~ k<k2/3_ 5 y

and we conclude ky/3 = k and k, < 1. So at most one component has size greater than 2.
However, 2d — 1 is odd, hence k, = 1. This implies the proposition. O

Proposition 5.11. A combinatorial type L of a Birkhoff face F' of dimension d > 3 with
bd(L) > 2d—2 is either a product of two lower dimensional faces or a pyramid over a cube
of dimension d — 1. For 1-dimensional and 2-dimensional types L we have bd(L) = 3.

Proof. Assume that F'is not a product. We first consider the case that d > 4. In this case
F corresponds to an irreducible face graph G of size 2d—2 with e = d+2(2d—2)—1 = 5d—5
edges. By Proposition 3.5 the maximum degree of a node in the graph is 3. Hence, in
each layer we have d — 1 nodes of degree 2 (i.e., minimal nodes, as G is irreducible) and
d — 1 nodes of degree 3.

Consider the nodes in the upper layer. By Proposition 3.2 a node of degree 3 in this
layer is a partner for at most one minimal node. As we have the same number of minimal
nodes and potential partners we conclude that the pairs of a minimal node and its partner
form a partition of the nodes in the upper layer.

For each such pair of a minimal node and its partner we have two paths of length two
connecting them. As all nodes in the lower layer have degree at most 3 no such node can
be on two such paths.

We split the graph according to these paths. Let uq,...,u4_1 be the minimal nodes in
the upper layer, and for each 1 < i < d — 1 define N; to be the graph induced by u;, its
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unique partner, and the two paths of length 2 between them. By the above argument, the
graphs V; are pairwise disjoint. Hence, their union N := [J N; defines a face subgraph of
G whose corresponding face is the product of d — 1 segments, i.e., it is isomorphic to a
(d — 1)-dimensional cube.

The graphs N and G have the same number of nodes, and G has d — 1 additional
edges. N is disconnected, so those d — 1 edges must connect the d — 1 components of
N. As G is a face graph, i.e., each edge must be contained in some perfect matching of
G, the graphs N; can only be connected circularly. Hence, up to relabeling and flipping
upper and lower layer in the graphs /V;, the graph G must look like Figure 5.6. This is

the circular connection of the N;.
DX o e f><
o o o o ‘o ¢ e

X

Figure 5.6: The only connected irreducible face graph on 2d — 2 nodes (here d = 7). The face
set defining the base is drawn with dashed lines. Those edges appear in the unique matching
corresponding to the apex.

For d = 3 and n = 4 there is a second irreducible graph on four nodes, see Figure 5.7(a).
This graph defines a tetrahedron. However, the graph in Figure 5.7(b) also defines a

tetrahedron, so this face already appears in Bs. O
XK ey
) [ ) [ o o [ ) [
(a) A second 3-dimensional face with an (b) A smaller representation of the same
irreducible graph on four nodes. face.

Figure 5.7: Two representations of the same combinatorial type of face.

We can combine the three previous Propositions 5.9, 5.10, and 5.11 into the following
slightly extended theorem.

Theorem 5.12. Let L be a combinatorial type of a d-dimensional face of a Birkhoff
polytope with bd(L) > 2d — 2. Then L is a

1. a cube, if bd(L) = 2d,
2. a product of a cube and a triangle, if bd(L) = 2d — 1,
3. a polytope of one of the following types, if bd(L) = 2d — 2:

(a) a product of a cube and a pyramid over a cube,

(b) a product of two triangles and a cube.
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Proof. The only claim not completely contained in the previous propositions is the classi-
fication of products leading to a d-dimensional face I’ on 2d — 2 nodes. Assume that F is
a product F} x F; of polytopes Fy, Fy (which may itself be products) of dimensions d; and
dy. Let I'(F;) have size n;. Then d; +dy = d. Define non-negative numbers r; := 2d; — n;,
1=1,2.

Assume that I'(F') has k and T'(F;) has k; components, ¢ = 1,2. Then k; + ky = k,
I'(F)has2n+d —k =2(2d —2) +d — k = 5d — 4 — k edges, and ['(F;) has

edges, for ¢ = 1,2. This implies r; + ry = 2. Hence, 1y = 2,79 = 0orr; =1, = 1 or
ry = 0,79 = 2 and the claim follows by induction. O
5.4 d-dimensional combinatorial types with bd(L£) > 2d — 3.

In this section we introduce a new construction for polytopes, the joined products and
reduced joined products and use them to classify faces of B, for n = 2d — 3, but also
many other faces of B,, are of this type. We give a combinatorial description and deduce
their corresponding face graph. We use these to classify combinatorial types of faces in
Theorem 5.16.

Let @1, ...,Qk be polytopes in R™ (not necessarily all m-dimensional). The Cayley
sum of Q1,...,Q is the polytope

CaY(Qla s 7Qk) = COﬂV(Ql X €1, QQ X €2, ... >Qk X ek)v

where ey, es, ..., e, are the k-dimensional unit vectors. We use this construction for a
special set of polytopes Q1,..., Q. Let 0D be the d-dimensional zero vector, and P,
d;-dimensional polytopes for 1 <7 < k. We define

Qi = Pyx - x Py x 0% X Piy1 X -+ X Py,
and
Qo = PLx--xXPy.
Definition 5.13. The joined product of the polytopes Pi,..., P is
JP(Py,...,P,) = Cay(Qy,...,Qk), (5.1)
and the reduced joined product is

JP*eYP,, ..., P,) = Cay(Qo,...,Q). (5.2)

The reduced joined product is the special case of the joined product where one of the
factors is just a point. Hence, in the following considerations on combinatorial properties
we restrict to joined products.
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Let m; be the number of vertices of P;, and M := Hle m;. We will show that the
joined product P of Py, ..., P, has Zle % vertices. Assume by contradiction that there
is v € U, V(Q;) x e; that is not a vertex of P. Then v is a convex combination of
some of the other vertices, say vi,...,v,. The point v, and any v;, 1 < j < r has exactly
one entry different from 0 among the last k£ coordinates. Hence, any points in the convex
combination of v with a positive coefficient coincide with v in that entry. By construction,
this implies that v and all points in its convex combination are completely contained in
one the factors @); x e;, for some i. But v and v;, 1 < j < r are vertices of Q; X ¢;, a
contradiction. Hence, any vertex of some (); corresponds to a vertex of the joined product.

The joined products have two obvious types of facets. For any facet F; of P; the
polytope JP(F1, Py, ..., Py) is a facet of P. We can do this for any factor of the product
and any two such facets are distinct. For k£ > 3 we also have the facets

conv(Q1 X e, ..., Qic1 X €i—1, Qip1 X €ig1,. .., Qp X €k)-

We construct the corresponding graphs. Let Gy, ..., Gy, k > 2 be (not necessarily con-
nected) face graphs. Let H be a graph with two isolated nodes, and H a graph with
two nodes and the edge between them. We define the joined product JPG(Gy,...,Gy)
of G1,...,Gy as the union of the circular connections of H with each G;, and the reduced
joined product JPG*Y(G,...,Gy) as the union of the circular connections of H with
each G;.

We make this construction more precise. For each graph G; with connected compo-
nents G1, G2, ..., G we select a set S(G;) of a pair of nodes u, v/ in each G7, 1 < j < ¢,
with «/ in the upper and v/ in the lower layer. Let u,v be the nodes of H. Then the
joined product JPG(G1,...,Gy) is the disjoint union of H and Gy, ..., Gy together with
the edges (u,v") and (v,u}) for 1 <i < kand (v, u/ ™) for 1 <i<kand1<j<e¢—1.
The reduced joined product is obtained in the same way with H instead of H (with labels
u and v for the nodes of H). See Figure 5.8 for an illustration.

v u
/. ;
o u; o u} ® u} /0 u3
v @ Ve ® vi® vie
[ S —
Gy Go Gs

Figure 5.8: The joined product of three graphs. The reduced joined product additionally has
an edge between v and v.

Clearly, the isomorphism types of the resulting graphs depend on the choice of the
two nodes in each component of the GG;. In general, they will not be face graphs. More

precisely, the joined product graph JPG(Gy,...,Gy) is a face graph if and only if for
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each 1 < i < k the circular connection of H and G; using the nodes in S(G;) is a face
graph, and similarly for J PGY(Gy,...,Gy). Note that we have called a choice S(G;)
of nodes ul,v!, 1 < j < ¢ pyramidal, if G; — S(G;) has a unique perfect matching, for

1 <@ < k, see Definition 5.6.

Theorem 5.14. Let Gy, ...,Gy be face graphs with pyramidal sets S;(G;) of nodes and

1. G:=JPG(Gy,...,Gy) is a face graph with face given by JP(Fy,. .., Fy).
2. G :=JPG*NG,...,G}) is a face graph with face given by JP™Y(F, ..., F}).

Proof. We prove only the first statement. The proof of the second is analogous.

Let H be the graph with two isolated nodes u and v as above. By construction, for
each ¢ the circular connection of the disjoint union of H and G; has a unique perfect
matching M;. This matching is given by the edges (u,v%), (v,u}), the edges (v!,u/™)
for 1 < j < ¢; — 1 and the unique perfect matching in G; — S(G;). Hence, G is a face
graph. Its perfect matchings are precisely products of some M; with a choice of a perfect
matching in all G for j # i.

It remains to show that convex hull of the vertices defined by the perfect matchings
in the joined product of the graphs is affinely isomorphic to the joined product of the F;.
For this, it suffices to note that a perfect matching that contains, for some 1 < ¢ < k, one
of the edges (u,vS"), (v,ul or (v}, ul™) for 1 < j < ¢; — 1 necessarily also contains the
others. Hence, up to affine isomorphism, we can forget all but one of the corresponding

coordinates. This gives the Cayley structure (5.1) with the products of the remaining £},
Jj F#i. O

Note that, as a face can have more than one representation as an irreducible face
graph, it does not follow from this theorem that all graphs of faces of some B,, that are
joined products of some other faces are of the form given in the theorem. However, if a

face is a joined product of some polytopes, then those are again faces of some Birkhoff
polytope. We need one more lemma before we can continue our classification.

Lemma 5.15. Let G be an irreducible face graph with a minimal node v in the upper
layer. Let wy,wo be the neighbors of v. If x # v is a node adjacent to wy but not to ws,
then the graph G' obtained by replacing (x,w,) with (x,wsy) is a face graph with the same
combinatorial type as G.

Proof. The node v has degree 2 in both graphs, and the reduction at v gives the same
graph for G and G'. O

We are ready to classify all d-dimensional combinatorial types £ with bd(£) > 2d — 3.

Theorem 5.16. Let L be a combinatorial type of a d-dimensional face with bd(L) >
2d — 3. Then L is of one of the following three types.
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(b) d-faces on 2d — 3 nodes: type (b)
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(c) d-faces on 2d — 3 nodes: type (c)

Figure 5.9: d-dimensional face graphs on 2d — 3 nodes.

1. Pyramid over a product of a cube and a triangle. See Figure 5.9(a).

2. A reduced joined product of two cubes (of possibly different dimensions). See Fig-
ure 5.9(b).

3. A joined product of three cubes (of possibly different dimensions). See Figure 5.9(c).

Note that the theorem does not claim that these faces do really only appear in Byy_3,
but only that, if a face appears in By,_3 for the first time, then it must be of one of
these types. The stronger statement is certainly true for the first cases, as it contains the
product of a (d — 3)-cube with a triangle as a proper face, and this cannot be represented
with fewer nodes.

Proof. We classify the possible face graphs. The previous theorem translates this into
combinatorial types of faces. A connected irreducible face graph of size 2d — 3 has bd — 7
edges. By Proposition 3.5 the maximal degree of a node is 4. In each layer we have either
d — 1 or d — 2 minimal nodes, so either d — 2 or d — 1 nodes of degree at least 3. Let k
be the number of nodes of degree 4 in the upper layer. By summing node degrees in the
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upper layer we get in the case of d — 1 minimal nodes

5d—7 = 2(d—1)+3(d—2—k)+4k = 5d—8+k,
so k =1 and in the case of d — 2 minimal nodes

5d—7 = 2(d—2)+3(d—1—k)+4k = 5d—T+k,

so k = 0. Furthermore, if £ = 1, then each node of degree at least 3 in this layer is partner
for some minimal node. In the other case at most one of the nodes of degree 3 is not a
partner. We show first that we can reduce to the case that the maximal degree in G is 3.

Let v be a node of degree 4 in the upper layer with neighbors wy,...,ws. Then v is
partner for two nodes uq, us. For both there are two disjoint paths of length 2 connecting
them to v. Let wy,ws be the intermediate nodes of the paths to u;. The intermediate
nodes of the paths to us cannot coincide with those two, as otherwise (v, w;) and (v, ws)
are not part of a perfect matching. So we are left with the cases sketched in Figures 5.10(a)
and 5.10(b), up to additional edges incident to some of the w;.

U1 (% U9 U1 v (%)
() [ ) () () [ ) [
S Phe S ,'
® R [ )¢ ( ® R ® (]
w1 Wa w3 Wy w1 w2 ws Wy
(a) node of degree 4, first case (b) node of degree 4, second case

Figure 5.10: The two cases of a node of degree 4 in Theorem 5.16. The dashed partial edges
indicate that there may or may not be additional edges incident to some of the w;.

Consider first the case given in Figure 5.10(a). Assume that the degree of wy, ..., wy
is at least 3. As all but at most one node are partner for some minimal node, and at most
one node has degree 4, we can pick one of wy,...,w, that has degree 3 and is a partner
for some minimal node u. Assume this is w;. We need two different paths of length 2
connecting w; to its partner. Hence, one of the paths must use one of the edges (wy,u)
or (wy,v). Thus, the partner u must be one of the nodes ws, w3, wy. This contradicts the
assumption that all four nodes have degree at least 3. So at least one of w;, ws, w3, wy
has degree 2. Assume that this is wy. Hence, we can use Lemma 5.15 for ws and uq,v to
move one of the edges incident to v to u; to obtain a graph with maximal degree 3 in the
upper layer. See Figure 5.11. By our assumption that the corresponding combinatorial
type of the face has Birkhoff dimension bd(L) > 2d — 3 we know that the graph remains
irreducible.

Now consider the graph given in Figure 5.10(b). By the same argument as above at
least one of wy,...,ws has degree 2. If this is w; or w3 we can proceed as above and
move an edge incident to v to either u; or uy. So assume that only w, has degree 2. So
w1, wo, w3 have degree at least 3. If wy has degree 4, then it is partner for two minimal
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Figure 5.11: Moving one edge incident to v in the proof of Theorem 5.16. The dashed partial
edges indicate that there may or may not be additional edges incident to some of the w;.

nodes. So at least one of wy, w3 would have degree 2, contrary to our assumption. So ws
has degree 3. If it were a partner for some minimal node, then this would have to be w;
or ws, again contradicting our assumption. So wy is not a partner of some minimal node.
By assumption this implies that the maximal degree in the lower layer is 3, and both w;
and ws are partner of some minimal node. By construction, this can only be w,. But,
again by assumption, a minimal node has a unique partner, so this case does not occur.

We can repeat the same argument for the lower layer. This transforms G into a face
graph whose combinatorial type is combinatorially isomorphic to the original one, but the
graph has maximal degree 3 in both layers.

Hence, in the following we can assume that the maximal degree of a node in G is 3.
In that case the graph necessarily has d — 2 minimal nodes in each layer, and d — 1 nodes
of degree 3. Pick a partner p? for each minimal node x% in the upper, and p! for each
minimal node z! in the lower layer, 1 <i < d — 2. The p are pairwise distinct as a node
of degree k > 3 is partner for at most k& — 2 nodes (unless it is the only partner in the
graph, see Proposition 3.2). See also Figure 5.12 for two examples. Let y, and y; be the
remaining node in each layer. Let N; be the induced graph on p{, z} and the two paths
of length 2 between them. The N;, 1 < i < d— 2, are pairwise disjoint, as otherwise there
would be a node of degree 4 in the lower layer. Let z; be the node in the lower layer not
contained in any /NV;. We distinguish various cases.

1. y, and z; are connected, and z; is minimal. See Figure 12(a). In this case z; has a
partner p; contained in some N;. We may assume that this is N;. We replace Ny
by the graph induced by N, y, and z;. Then N; has 6 nodes and at least 7 edges.
Hence, N := |J N; defines a face subgraph of G with the same number of nodes,
with d — 2 components, and at most d — 2 edges less than G. Thus, N and G differ
by precisely d—2 edges. As any edge must be contained in a perfect matching, those
edges must connect the components of H in a circular way. Further, y, and y; have
degree 2 in Ny, but degree 3 in G, so N7 — {y,,y;} has a unique perfect matching.
Hence, G is a pyramid over N, and N is a product of segments and a triangle.

2. y, and z; are connected, and both have degree 3. See Figure 12(b). In that case,
2z = 1. Let Ny be the subgraph induced by ¥, and y; (with one edge). Then
N = |JN; is a face subgraph of G with 4d — 7 edges. The only way to obtain a
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(b) The graph of case (2) in the proof of Theorem 5.16

Figure 5.12: Decomposing graphs in the proof of Theorem 5.16

connected irreducible face graph from N by adding d edges is to split the set of N;,
1 > 1 into two nontrivial sets and connect both with Ny circularly. This gives a
reduced joined circular product of two cubes (not necessarily of equal dimension).

3. y, and z are not connected. Assume that the degree of z; is 2. Then z; # y;, and
it needs a partner in the lower layer. The two edges incident to z; cannot both end
in the same NN;, as one node in the upper layer of each N; has degree 2. Hence, the
two incident edges end in different N;, say at nodes s; € Ny and sy € Ny. Yet, z
needs a partner, so there is either an edge from s; to a node of Ny or from s5 or a
node of N;. Hence, either s; or s5 have degree 4. By construction, such a node does
not exist, so we can assume that z; has degree 3. Again, the edges incident to z
necessarily end in different N;, as one node in the upper layer of each N; has degree
2. Hence, z; cannot be a partner, so z; = y;.

The graph N := [J N; U{yu, y;} has 4d — 8 edges. G has d+ 1 additional edges, and
as G is a connected face graph each NV; is incident to at least two of them (as, in
particular, each edge must be contained in a perfect matching). But as y,,y; have
degree 3 we conclude that each N; is incident to exactly two of the d + 1 additional
edges. Hence, as before, the only way to create a connected face graph by adding
only d + 1 edges is to split the set of the V; into three nontrivial parts and connect
them to vy,,y; circularly. O
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6 Low-dimensional Classification

For a classification of faces of a given dimension d it is essentially sufficient to classify those
faces that have a connected face graph. The others are products of lower dimensional faces
of the Birkhoff polytope, and they can thus be obtained as pairs of face graphs of a lower
dimension.

The three dimensional faces have been classified before by several others, see, e.g., [11]
or [7]. By Theorem 2.6 we know that any d-dimensional face appearing in some Birkhoff
polytope does so in a Birkhoff polytope B, for n < 2d.

We have implemented an algorithm that generates all irreducible connected face graphs
of a given dimension and with a given number of nodes. The implementation is done as an
extension [36] to polymake [28]. The algorithm provides a method generate_face_graphs
that takes two arguments, the number of nodes of the graph in one of the layers, and the
dimension of the face. It constructs all irreducible face graphs with this number of nodes
and the given dimension, up to combinatorial isomorphism of the corresponding face (as
some combinatorial types have irreducible face graphs with different number of nodes
they can appear in several times different runs of the method). Dimension and number
of nodes fixes the number of edges, and, roughly, the method recursively adds edges to
an empty graph until it reaches the appropriate number.

It distinguishes between graphs of minimal degree 3 and those with at least one node
of degree 2. Constructing those with minimal degree 3 is simple, as filling each node with
at least three edges does not leave much choice for a face graph. This can be done by a
simple recursion using some of the results in Section 3 and Section 4.

For the other graphs we iterate over the number of nodes of degree 2, and first equip
each such node with a partner and the necessary edges, and add further edges until all
remaining nodes have degree 3. Here we use the results of Section 3 and Section 4 to prune
the search tree at an early stage if graphs in this branch either will not be irreducible or
not a face graph. The few remaining edges are then again filled in recursively. See also
the comments in the code.

The data in polymake format can be obtained from [35]. The following theorem
summarizes the results. For the product types we have just counted the non-isomorphic
products of connected irreducible graphs.

Theorem 6.1. 1. In dimension 2 there are two combinatorial types of faces, a square
and a triangle.

2. In dimension 3 there are two combinatorial types that are products of lower dimen-
sitonal faces, and two other types, the 3-simplex and the pyramid over a square.

3. In dimension 4 there are five combinatorial types that are products, and six other
types: (a) a simplex, (b) the join of a segment and a square, (c¢) a wedge Wy over
an edge of the base of a square pyramid, (d) the Birkhoff polytope Bs, and (e) the
pyramids over a cube and a triangle prism. See Figure 6.1 for examples of face
graphs for the non-product types.
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4. In dimension 5 there are 13 combinatorial types that are products, and 20 other types:
(a) the pyramids over all 4-dimensional types except Bs, (b) the join of two squares,
the wedges over a facet and an edge of Bs, (c) the wedge over the complement of the
square pyramid in Wy, (d) the wedge over a 3-simplex in W1y, (e) the wedge over the
complement of a 3-simplex in Wi and its dual, (f) the wedge over the complement
of a triangle prism in Wy, (g) the wedge over a triangle of the prism over a triangle
in the pyramid over a triangle, (h) the wedge over the edge of a square in the double
pyramid over the square, and (i) the join of two squares.

5. In dimension 6 there are 43 combinatorial types that are products, and 86 other
types.

6. In dimension 7 there are 163 combinatorial types that are products, and 498 other
types.

7. In dimension 8 there are 818 combinatorial types that are products, and 3712 other
types.

The descriptions given in the theorem are not unique. Table 6.1 summarizes this
theorem.

|>|%<I><T TWT TWI
[ o [ o
(a) simplex (b) edge x square (c) pyramid over triangle prism
XXX XN (3K
o o [ ) [ [ [ o [ [
(d) wedge of a square pyramid (e) pyramid over cube (f) Birkhoff polytope

over an edge

Figure 6.1: The 4-dimensional Birkhoff faces which are not products
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dm|[1 2 3 4 5 6 7 8

# of types \ 1 2 4 11 33 129 661 4530

# non-product types [ 1 1 2 6 20 86 498 3712
# product types | 0 1 2 5 13 43 163 818
#pyramids [1 1 2 4 10 28 98 416

Table 6.1: Low dimensional faces of Birkhoff polytopes. The first row gives the total number
in each dimension, the next two split this into product and non-product types. The last row of
the table collects the number of pyramids among the non-product types.

References

1]

Christos A. Athanasiadis, = Ehrhart polynomials, simplicial polytopes, magic
squares and a conjecture of Stanley. J. Reine Angew. Math, 583:163-174, 2005.
arXiv:math/0312031. doi:10.1515/cr11.2005.2005.583.163.

Alexander Barvinok and Tamon Stephen. The distribution of values in the quadratic
assignment problem. Math. Oper. Res., 28(1):64-91, 2003. arXiv:math/0104229.
doi:10.1287/moor.28.1.64.14262.

Barbara Baumeister, Christian Haase, Benjamin Nill, and Andreas Paffenholz.
Polytopes associated to Dihedral Groups. Ars Math. Cont., 7(1):30-38, 2014.
arXiv:1212.4442.

Barbara Baumeister, Christian Haase, Benjamin Nill, and Andreas Paffenholz.
On permutation polytopes. Adv. Math., 222(2):431-452, 2009. arXiv:0709.1615.
doi:10.1016/j.aim.2009.05.003.

Barbara Baumeister, Christian Haase, Benjamin Nill, and Andreas Paffenholz. Per-
mutation polytopes of cyclic groups. September 2011, preprint. arXiv:1109.0191.

Matthias Beck and Dennis Pixton. The Ehrhart polynomial of the Birkhoff
polytope. Discrete Comput. Geom., 30(4):623-637, 2003. arXiv:math/0202267.
doi:10.1007/s00454-003-2850-8.

Louis J. Billera and A. Sarangarajan. The combinatorics of permutation poly-
topes. In: Formal power series and algebraic combinatorics (New Brunswick, NJ,
1994), ed. by Louis J. Billera, Curtis Greene, Rodica Simion, and Richard P. Stan-
ley, volume 24 of DIMACS Ser. Discrete Math. Theoret. Comput. Sci., pages 1-23.
Amer. Math. Soc., Providence, RI, 1996.

Jeremy Brandman, James Fowler, Brian Lins, Ilya Spitkovsky, and Nahum Zobin.
Convex hulls of Coxeter groups. In: Function spaces, interpolation theory and re-
lated topics, Proceedings of the international conference in honour of Jaak Peetre
on his 65th birthday, Lund, Sweden, August 17-22, 2000, ed. by Michael Cwikel,
Miroslav Englis, Alois Kufner, Lars-Erik Persson and Gunnar Sparr, pages 213-240.
de Gruyter, Berlin, 2002. doi:10.1515/9783110198058.

THE ELECTRONIC JOURNAL OF COMBINATORICS 22(1) (2015), #P1.67 33


http://arxiv.org/abs/math/0312031
http://dx.doi.org/10.1515/crll.2005.2005.583.163
http://arxiv.org/abs/math/0104229
http://dx.doi.org/10.1287/moor.28.1.64.14262
http://arxiv.org/abs/1212.4442
http://arxiv.org/abs/0709.1615
http://dx.doi.org/10.1016/j.aim.2009.05.003
http://arxiv.org/abs/1109.0191
http://arxiv.org/abs/math/0202267
http://dx.doi.org/10.1007/s00454-003-2850-8
http://dx.doi.org/10.1515/9783110198058

[9]

[10]

[11]

[12]

[13]

Richard A. Brualdi. Some applications of doubly stochastic matrices. In: Pro-
ceedings of the Victoria Conference on Combinatorial Matriz Analysis, volume 107
of Linear Algebra Appl., pages 77-100. Elsevier Science B.V., Amsterdam, 1988.
doi:10.1016/0024-3795(88)90239-X.

Richard A. Brualdi and Peter M. Gibson. Convex polyhedra of doubly
stochastic matrices. IV. Linear Algebra and Applications, 15(2):153-172, 1976.
doi:10.1016/0024-3795(76)90013-6.

Richard A. Brualdi and Peter M. Gibson. Convex polyhedra of doubly stochastic
matrices. I. Applications of the permanent function. J. Combinatorial Theory Ser.
A, 22(2):194-230, 1977. doi:10.1016/0097-3165(77)90051-6.

Richard A. Brualdi and Peter M. Gibson. Convex polyhedra of double stochas-
tic matrices. II. Graph of U,. J. Comb. Theory Ser. B, 22(2):175-198, 1977.
doi:10.1016/0095-8956(77)90010-7.

Richard A. Brualdi and Peter M. Gibson. Convex polyhedra of doubly stochastic
matrices. III. Affine and combinatorial properties of U,,. J. Combinatorial Theory
Ser. A, 22(3):338-351, 1977. doi:10.1016/0097-3165(77)90008-5.

Richard A. Brualdi and Bo Lian Liu. The polytope of even dou-
bly stochastic matrices.  J. Combin. Theory Ser. A, 57(2):243-253, 1991.
doi:10.1016/0097-3165(91)90048-L.

Richard A. Brualdi and Bryan L. Shader. Cutsets in bipartite graphs. Linear and
Multilinear Algebra, 34(1):51-54, 1993. doi:10.1080/03081089308818208.

E. Rodney Canfield and Brendan D. McKay. The asymptotic volume of the Birkhoff
polytope. Online J. Anal. Comb., 4(4):4, 2009. arXiv:0705.2422.

Jests A. De Loera, Fu Liu and Ruriko Yoshida. A generating function for all semi-
magic squares and the volume of the Birkhoff polytope. J. Algebraic Combin.,
30(1):113-139, 2009. arXiv:math/0701866. doi:10.1007/s10801-008-0155-y.

Marcelo H. Carvalho, Claudio L. Lucchesi, and U. S. R. Murty. Ear de-
compositions of matching covered graphs. Combinatorica, 19(2):151-174, 1999.
doi:10.1007/s004930050051.

Clara S. Chan and David P. Robbins. On the volume of the poly-
tope of doubly stochastic matrices.  Experiment. Math., 8(3):291-300, 1999.
doi:10.1080/10586458.2000.10504639.

Clara S. Chan, David P. Robbins, and David S. Yuen. On the
volume of a certain polytope. Ezperiment. Math., 9(1):91-99, 2000.
doi:10.1080/10586458.1999.10504406. arXiv:math/9810154.

Marcelo H. de Carvalho, Claudio L. Lucchesi, and U. S. R. Murty. Optimal ear

decompositions of matching covered graphs and bases for the matching lattice.
J. Comb. Theory Ser. B, 85(1):59-93, 2002. doi:10.1006/jctb.2001.2090.

THE ELECTRONIC JOURNAL OF COMBINATORICS 22(1) (2015), #P1.67 34


http://dx.doi.org/10.1016/0024-3795(88)90239-X
http://dx.doi.org/10.1016/0024-3795(76)90013-6
http://dx.doi.org/10.1016/0097-3165(77)90051-6
http://dx.doi.org/10.1016/0095-8956(77)90010-7
http://dx.doi.org/10.1016/0097-3165(77)90008-5
http://dx.doi.org/10.1016/0097-3165(91)90048-L
http://dx.doi.org/10.1080/03081089308818208
http://arxiv.org/abs/0705.2422
http://arxiv.org/abs/math/0701866
http://dx.doi.org/10.1007/s10801-008-0155-y
http://dx.doi.org/10.1007/s004930050051
http://dx.doi.org/10.1080/10586458.2000.10504639
http://dx.doi.org/10.1080/10586458.1999.10504406
http://arxiv.org/abs/math/9810154
http://dx.doi.org/10.1006/jctb.2001.2090

[22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

Marcelo H. de Carvalho, Claudio L. Lucchesi, and U. S. R. Murty. On a conjec-
ture of Lovész concerning bricks. I. The characteristic of a matching covered graph.
J. Comb. Theory Ser. B, 85(1):94-136, 2002. doi:10.1006/jctb.2001.2092.

Marcelo H. de Carvalho, Claudio L. Lucchesi, and U. S. R. Murty. The matching
lattice. volume 11 of Recent advances in algorithms and combinatorics, CMS Books
Math., pages 1-25. Springer, New York, 2003. doi:10.1007/0-387-22444-0_1.

Marcelo H. de Carvalho, Claudio L. Lucchesi, and U. S. R. Murty. Graphs
with independent perfect matchings. J. Graph Theory, 48(1):19-50, 2005.
doi:10.1002/jgt.20036.

William H. Cunningham and Yaoguang Wang. On the even permu-
tation polytope. Linear Algebra and Applications, 389:269-281, 2004.
doi:10.1016/j.1aa.2004.03.016.

Persi Diaconis and Anil Gangolli. Rectangular arrays with fixed margins. In: Discrete
probability and algorithms (Minneapolis, MN, 1993), ed. by David Aldous, Persi
Diaconis, Joel Spencer and J. Michael Steele, volume 72 of IMA Vol. Math. Appl.,
Papers from the Workshops on Probability and Algorithms and The Finite Markov
Chain Renaissance held at the University of Minnesota, Minneapolis, Minnesota,
1993, pages 15—41. Springer (New York), 1995. doi:10.1007/978-1-4612-0801-3_3.

Miroslav Fiedler. Doubly stochastic matrices and optimization. In: Adv. in Mathe-
matical Optimization, ed. by Jiirgen Guddat, Bernd Bank, Horst Hollatz, Peter Kall,
Diethard Klatte, Bernd Kummer, Klaus Lommatzsch, Klaus Tammer, Milan Vlach,
and Karel Zimmermann, volume 45 of Math. Res., pages 44-51. Akademie-Verlag
(Berlin), 1988.

Ewgenij Gawrilow and Michael Joswig. polymake: a framework for analyzing convex
polytopes. In: Polytopes — Combinatorics and Computation (Oberwolfach, 1997),
ed. by Gil Kalai and Giinter M. Ziegler, volume 29 of DMV Sem., pages 43-73.
Birkhauser, Basel, 2000. doi:10.1007/978-3-0348-8438-9_2.

Robert M. Guralnick and David Perkinson. Permutation polytopes and indecompos-
able elements in permutation groups. J. Comb. Theory Ser. A, 113(7):1243-1256,
2006. doi:10.1016/j.jcta.2005.11.004. arXiv:math/0503015.

D. J. Hartfiel. A simplified form for nearly reducible and nearly decomposable ma-
trices. Proc. Amer. Math. Soc., 24:388-393, 1970. doi:10.2307/2036368.

Jeffrey Hood and David Perkinson.  Some facets of the polytope of even
permutation matrices.  Linear Algebra and Applications, 381:237-244, 2004.
doi:10.1016/j.1aa.2003.11.015.

Laszlé Lovasz. Ear-decompositions of matching-covered graphs. Combinatorica,
3(1):105-117, 1983. doi:10.1007/BF02579346.

Laszl6 Lovasz and Michael D. Plummer. Matching Theory. Volume 121 of North-
Holland Math. Studies. North-Holland Publishing Co., Amsterdam, 1986.

THE ELECTRONIC JOURNAL OF COMBINATORICS 22(1) (2015), #P1.67 35


http://dx.doi.org/10.1006/jctb.2001.2092
http://dx.doi.org/10.1007/0-387-22444-0_1
http://dx.doi.org/10.1002/jgt.20036
http://dx.doi.org/10.1016/j.laa.2004.03.016
http://dx.doi.org/10.1007/978-1-4612-0801-3_3
http://dx.doi.org/10.1007/978-3-0348-8438-9_2
http://dx.doi.org/10.1016/j.jcta.2005.11.004
http://arxiv.org/abs/math/0503015
http://dx.doi.org/10.2307/2036368
http://dx.doi.org/10.1016/j.laa.2003.11.015
http://dx.doi.org/10.1007/BF02579346

[34] Shmuel Onn. Geometry, complexity, and combinatorics of permutation polytopes.
J. Comb. Theory, Ser. A, 64(1):31-49, 1993. doi:10.1016/0097-3165(93)90086-N.

[35] Andreas Paffenholz. A classification of low dimensional Birkhoff faces, October 2012,
website. URL: polymake.org/polytopes/paffenholz/www/birkhoff.html.

[36] Andreas Paffenholz. birkhoff faces (extension to polymake), March 2013, software.
URL: github.com/apaffenholz/polymake_birkhoff_faces.

[37] Igor Pak. Four questions on Birkhoff polytopes. Ann. Comb., 4(1):83-90, 2000.
doi:10.1007/PL00001277.

[38] Richard P. Stanley. Enumerative combinatorics, volume 1, 2™ ed. Volume 49 of
Cambridge Studies in Advanced Mathematics. Cambridge Univ. Press, Cambridge,
2012. doi:10.1017/CB09780511805967.

[39] Gottfried Tinhofer. Graph isomorphism and theorems of Birkhoff type. Computing,
36(4)2857300,1986.doi:10.1007/BF02240204.

[40] Doron Zeilberger. Proof of a conjecture of Chan, Robbins, and Yuen. FElec-
tron. Trans. Numer. Anal., 9:147-148, 1999. arXiv:math/9811108.

[41] Giinter M. Ziegler. Lectures on polytopes. Volume 152 of Graduate Texts in Mathe-
matics. Springer-Verlag, New York, 1995. doi:10.1007/978-1-4613-8431-1.

THE ELECTRONIC JOURNAL OF COMBINATORICS 22(1) (2015), #P1.67 36


http://dx.doi.org/10.1016/0097-3165(93)90086-N
http://polymake.org/polytopes/paffenholz/www/birkhoff.html
http://github.com/apaffenholz/polymake_birkhoff_faces
http://dx.doi.org/10.1007/PL00001277
http://dx.doi.org/10.1017/CBO9780511805967
http://dx.doi.org/10.1007/BF02240204
http://arxiv.org/abs/math/9811108
http://dx.doi.org/10.1007/978-1-4613-8431-1

	Introduction
	Background and Basic Definitions
	Polytopes
	The Birkhoff polytope

	Irreducibility
	The Structure of Faces of B(n)
	Face Graphs with Many Nodes
	Wedges
	Pyramids
	d-dimensional combinatorial types with bd(L)>= 2d-2
	d-dimensional combinatorial types with bd(L)>=2d-3.

	Low-dimensional Classification

