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THE SORTABILITY OF GRAPHS AND MATRICES
UNDER CONTEXT DIRECTED SWAPS

C. BROWN, C.S. CARRILLO VAZQUEZ, R. GOSWAMI, S. HEIL, AND M. SCHEEPERS

ABSTRACT. The study of sorting permutations by block interchanges has recently been
stimulated by a phenomenon observed in the genome maintenance of certain ciliate species.
The result was the identification of a block interchange operation that applies only under
certain constraints. Interestingly, this constrained block interchange operation can be gener-
alized naturally to simple graphs and to an operation on square matrices. This more general
context provides numerous techniques applicable to the original context. In this paper we
consider the more general context, and obtain an enumeration, in closed form, of all simple
graphs on n vertices that are “sortable” by the graph analogue of the constrained version
of block interchanges. We also obtain asymptotic results on the proportion of graphs on n
vertices that are so sortable.

1. INTRODUCTION

Sorting is one of the fundamental steps in the preparation of data for various data-mining
operations. The requirement of efficiency of the sorting process has lead to the invention and
study of several sorting methods. Among these is the block interchange technique: Abstractly
described, a repetition-free list of the numbers 1 through n in some order is given. We shall
call such a list a permutation of the numbers 1 through n.The objective is to sort this list
to result in the numbers 1 through n listed in their canonical order 1, 2, ---, n—1, n.
A block interchange of the original list consists of identifying two non-overlapping intervals
of the list, and to then interchange these two intervals while retaining the relative order of
items in each of the two intervals.

Example 1. Consider the list [8, 3, 1, 4, 6, 5, 2, 9, 7]. The result of interchanging the
intervals [3, 1, 4] and [5, 2] is the new list [8, 5, 2, 6, 1, 3, 4, 9, 7].

Two fundamental questions regarding block interchanges are whether a permutation can
be sorted to the canonical order by applying only block interchanges, and if so, to sort
the permutation using the minimum possible number of block interchanges. In [4] Christie
showed that every permutation can be sorted by a sequence of consecutive block interchanges,
and identified a special type of block interchange that is critical to achieving the sorting in the
minimum possible number of steps. The type of block interchange identified in [4] turns out
to be a special case of a broader class of constrained block interchanges that were identified
in a different context in modeling genome maintenance activity in certain species of a class
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of single cell organisms called ciliates [I0]. As in prior work, these special block interchanges
will be called context directed swaps in this paper, and will be defined below.

There is a significant body of work on sorting permutations by context directed swaps.
Of the various approaches to this subject matter, translations to graph theoretic and linear
algebraic methods have been especially useful. In this paper we indicate how to faithfully
translate the context directed swap operation on permutations to corresponding operations
on finite graphs and appropriate square matrices. It turns out that the corresponding oper-
ation on graphs is strongly related to the previously studied operation of edge complemen-
tation [2] was independently discovered in [3], where in Section 7 it is called edge reduction,
and in [7]. Hints of the edge complementation operation also appear on p. 107 of [6]. The cor-
responding operation on square matrices in turn, is directly related to the elementary pivot
operation (see page 106 of [6]) on a matrix and to the classical Schur complement [2, [3] [6].
We will exploit the body of knowledge in graph theory and linear algebra to enumerate, for
each n, the set of simple finite graphs on n vertices that are “sortable” (to be defined later)
by the graph theoretic analogue of context directed swaps. No corresponding closed formula
is known for the n-term permutations that are sorted by context directed swaps. When
considering for each n the proportion of simple graphs on n vertices that are sortable by
the graph theoretic analog of context directed swaps, an interesting phenomenon emerges:
For even values of n this proportion converges, and for odd values of n the proportion also
converges, but the limiting values for these two cases are different. A similar phenomenon
has been observed for permutations sortable by context directed swaps, as the reader can
verify from the data in the sequence A249165 available at [L1].

The rest of the paper is organized as follows: In section [3] some of the background def-
initions and notations will be given. The formal definitions of permutations and context
directed swaps will be provided, as well as the description of the multiple representations of
the permutations. In section Bl the results of applying cds to an overlap graph, geds, will
be presented. In particular, this section will discuss the properties of Fulerian graphs after
applying gcds on them. In Section 6 we determine the complexity of a decision problem
regarding graphs associated with permutations. In Section 7 we examine the sortabilty of
finite simple graphs and square matrices. The results of this section leads to the enumerative
results of Section 8, and the asymptotic results of Section 9.
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3. PRELIMINARIES

There are two main types of graphs for a given permutation. One of these is the cycle graph,
which provides a sortability criterion through what is called the strategic pile. The second
graph is the overlap graph, which is constructed from what is called the breakpoint graph.
The connections between these descriptions may be extended by the matrix representation
of permutations. The matrix of a permutation that directly corresponds to the overlap is

the adjacency matriz of the overlap graph.
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Even though cds originates from the field of biology, the results presented here are purely
mathematical. Therefore, graphs and matrices that do not correspond to physically permis-
sible permutations can be studied. This is because all graphs (and thus the matrices from
the graphs) do not necessarily have a corresponding permutation.

3.1. CDS and Associated Objects.
3.1.1. Permutations, Pointers, and Context Directed Swaps.

Definition 3.1. A permutation, 7 = [ay,...,a,] € S, is an array of the integers between 1
and n inclusive, in any order, such that there are no repeats among the integers.

Referring to the elements of permutations, each integer i has a left pointer, (i — 1, i), and
a right pointer, (i, i+1). An integer i along with its pointers is represented as 1% 4 (:i+1),

Example 2. The permutation m; = [3,2,5, 1,4] can be expressed as
[23)364) (12)9(23) @H566 0101012 (34)445),

A permutation can be framed, in which 0 is added to the left of the open parenthesis and
(n+ 1) is added to the right of the close parenthesis. In a framed permutations where the
pointers are explicitly given, the left pointer of 0 and the right pointer of n+ 1 are excluded.

The definition or context directed swap, the main focus of this paper, may now be stated.

Definition 3.2. Given a permutation

7= [{on 7} {7} o} { P} { )]

where each «; is a subsection (or block) of the permutation and p = (z, x + 1) and ¢ =
(y, y + 1) are the pointers of arbitrary entries x and y in the permutation, we define the
operation context directed swaps on the permutation m with context p and ¢ as,

cdsyq(m) = [{a1 7} {P ar} {as} {a2 7} {7 as}].

Example 3. For example, for the permutation m = [3,2,5,1,4], we have that
CdS{(172)7(475)}(7T1) = [3, 4, 5, 1, 2].

The operation cds interchanges the blocks ay and a4, including the pointers that were part
of each block. Notice that cdsy, 1 can only be applied if the permutation has the pointers p
and ¢ in the following order: “..P..9..P..%.7”. Also, the two p pointers are adjacent to each
other in the image of the permutation under cds (as are the two ¢ pointers). This paper will
look at the different limitations and constraints that cds has on the various representations
of permutations.

3.1.2. Cycle Graph, Alternating Cycles, and Strategic Pile. There are two distinct graph
representations of a permutation, the first of which is the cycle graph.

Definition 3.3. The cycle graph of a permutation 7 = [ay,...,a,] is the directed graph
CG(m) = (V, E), where

V={0,1, .., n, (n+1)}, and
E=E;UFE,



with
Ey={{i,i+1}|0<i<n}
Ed = {{ai-i-laai} | 1 S { S n} U {{(n+ 1)>an}> {a1>0}}

The edges are divided into two sets, where Ej, is the set of bold or black edges and E;, is
the set of dotted or gray edges of the cycle graph. The bold edges are connected per each
consecutive number (from smallest to largest), while the dotted edges are connected per each
consecutive element in the permutation, starting at the end of the permutation and moving
backward.

Example 4. The cycle graph of the permutation m = [5,3, 1,6, 2,7, 4] is shown in Figure 1
below.

FIGURE 1. The Cycle Graph of m; =15,3,1,6,2,7,4]

If walks are made on the cycle graph where consecutive edges in the walks alternate between
belonging to Fj, and FEy, then the disjoint sets of nodes in the walks form the alternating
cycles of the permutation.

FIGURE 2. The Alternatmg Cycles of my = [5, 3,1,6,2,7,4]

The above suggests a representation of permutations as a product of cycles. The cycle
notation (Cy) of a permutation 7 is the conjunction of the alternating cycles. Another
way of representing m = |ay,...,a,| is with C; = Y; 0 X, where X,, = (012 ... n) and
}/7T = (CLn Ap—-1 ... A1 0)

Example 5. The cycle notation of mg = [5,3,1,6,2,7,4]isCr, = (47261350)(01234567) =

(0374)(1625); in this case, we have that Y, = (47261350) and X; =(01234567).
The cycle notation and its related concepts, as used in this paper, are taken from [I].

Definition 3.4. If the cycle notation of a permutation 7 is

Cr=(0..n b .. o) (o)),



then the strategic pile SP(m) of the permutation is the set of elements in the same cycle of
n that follow n in Cy; that is, SP(7) = {by,...,b;}. If 0 and n appear in different cycles of
C or no elements follow n in Cy, then SP(7w) = .

The cycle notation of a permutation gives rise to a sortability criterion under cds for
permutations.

Theorem 3.1. [I|A permutation 7 is eds-sortable if, and only if, SP(7) = ().

The ordered strategic pile of a permutation m, SP*(7), is the same as the strategic pile for
7, where the order of the numbers that follow n in the cycle notation is preserved. That is,
SP*(m) = (by ... bg).

Example 6. The ordered strategic pile of 7 = [3,2,5,1,4], with cycle notation C, =
(0,5,4,2)(1,3) is SP*(m) = (4,2).

3.1.3. Breakpoint Graph and Overlap Graph. The second graph representation of a permu-
tation is the overlap graph.

Definition 3.5. Given a permutation © = [ay, ..., a,], the breakpoint graph of the permu-
tation is the undirected graph BG(w) = (V, E), where

V = {(i,i+ Dar | 0 <i<nanddir e {L,R}}
B={{(i,i+ 10, Gi+ )a} | 0<i<n}

The vertices correspond to the pointers of the elements of the permutation, where (i,7+ 1),
indicates a left pointer, and (7,7 4+ 1) indicates a right pointer.

Example 7. Let m3 = [4,5,2,6,1,7,3, 8], and write the pointers
00:1) [ (3:4) 4 (3.4) (3.4) 5 (3.4) (3.4) 9 (3.4) (3.4) § (3.4) (3.4) | (3.4) (3.4) 7 (3.4) (3.4) 3 (3.4) (3.4) g (3.4) | (B.d)g,

Figure 3 shows the breakpoint graph of 3.

01°°3445" 4556 "12.23" 56 67" 01 12° 6778° 2334° 7889 89
0 4 5 2 6 1 7 8

FIGURE 3. The Breakpoint Graph of 73 = [4,5,2,6,1,7,3, 8]
Using the graph above, we can construct the overlap graph (referred as the interleaving
graph in other sources [References|) by taking the edges between each of the pointers of the
breakpoint graph as the vertices, and constructing an edge in the overlap graph between
these vertices for which edges intersect in the breakpoint graph. A formal definition of this
notion is now given.

Definition 3.6. Given the breakpoint graph BG(7) of a permutation 7, the overlap graph
of the permutation 7 is the undirected graph OG(7) = (V, E') where

V={(ii+1)]0<i<n}, and
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E ={(i,i+1),(j,j + 1)} if there exists an intersection between {(i,i+ 1)z, (i,i+ 1)r} &
{7+ Dz, (4,7 + g} in BG(m).

Definition 3.7. Given a permutation m € S,,, the root pointers of m are the two pointers

(0,1) and (n,n 4+ 1) which cannot be used as p or ¢ in a cds move cdsy, (7). Then,

define the roots of the overlap graph OG(m) to be the vertices corresponding to the two root

pointers in 7.

An example of the overlap graph of a permutation can be seen in Figure 4.

FIGURE 4. The Overlap Graph of w3 = [4,5,2,6,1,7, 3, 8]
The root vertices are denoted with “{” rather than with “()”

Definition 3.8. Let G,,, denote the set of all n-vertex graphs such that r of the n vertices
are roots. Thus, if 7 € S, then OG(7) € G412, since all overlap graphs are two-rooted
and the overlap graph of an n-element permutation must have n + 1 vertices.

Definition 3.9. A graph G is FEulerian if every vertex of G has even degree.

Definition 3.10. Given a simple graph G = (V| E), let the neighborhood of a vertex v in
the graph, denoted Ng(v), be the set of all vertices u € V such that edge {u,v} is in F.

Definition 3.11. Given a simple graph G = (V, E), a set S C V, and a vertex v € V,
let d5(v) denote the degree of v with respect to S, or the number of edges between v and
vertices in S.

Note that v € Ng(v) for all v € V.

For a set S, denote the cardinality of S by |S].

3.1.4. Adjacency and Precedence Matrices. We will denote the entry in row ¢ and column j

of the matrix A using the Let A(i, j) be the entry in row ¢ and column j of the matrix A,

let a; be the ith column vector of the matrix A, and let v; be the ith entry in the vector .
The adjacency matriz of an overlap graph can now be defined as follows,

Definition 3.12. The adjacency matriz of a graph G = (V| FE) with vertex set V =
{v1,v9,...,v,} is the n X n matrix A, such that, for 1 <i,j <mn,

1 Av,v} el
Ar(i,5) = { 0 otherwise
6



For simplicity, we define the adjacency matrix of a permutation 7 to be the adjacency matrix
of its overlap graph, OG(7).

Example 8. The adjacency matrix of the overlap graph of w3 = [4,5,2,6,1,7,3, 8] is

01 11001O00O0
101001100
110001010
10000O0O0T1O0
A =10 0 0 0 0 0 0 0 O
01 10000O0O0O0
1'100000O0O
0011O0O0O0O00O0
0000O0O0OO0OO0OT@ O

Definition 3.13. For a permutation 7 = [ay,...,a,], let fr be the function defined by
fx(0) =0, fr(a;) =i for 1 <i<mn,and fr(n+ 1) =n+ 1. Then, the precedence matriz of
7 is the (n 4 2) X (n + 2) matrix P, such that, for 1 <i,j < (n+2),

Pw(i,j) — { 1 fn(l - 1) < fw(] - 1)

0 otherwise

Example 9. The precedence matrix of the permutation w3 = [4,5,2,6,1,7,3, 8] is

&
D DD DD DDODDODDO OO
OO O R R PO, OHR
QDO OO, OO O
OO R R = = O =
DO D DODDDDODDOD OO =
OO DO OO OO O
OO OO R, PO, O
OO O = O =
O O e
O = R = = e e

We now provide three definitions of matrices that are the result of eliminating the first
and last rows and/or columns of an initial matrix.

Definition 3.14. For an n x n matrix A, we define the central submatriz of A without its
rows, denoted cent,(A), to be the (n — 2) x n submatrix of A that excludes the first and last
rows of A. Similarly, the central submatriz of A without its columns, denoted cent.(A) is
the n x (n — 2) submatrix of A that excludes the first and last columns of A. Analogously,

we can also define the central submatriz of A without its rows and columns, cent, .(A).
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Example 10. The three different central submatrix of the matrix

011100100
101001100
110001010
10000O0O0T1O0
A=10 0 0 0 0 00 0O
01 100O0O0O0O0
1'10000O0O0O0
00110O0O0O0O0
000O0O0OO0OOT 0O
are shown below:
111 0 0 1 O
1 0 1.0 0 1 1 0 O 01 0 0 1 1 O 0 1 0 0 1
1 1.0 0 0 1 0 1 O 10 0 0 1 0 1 1 0 0 0 1
1 0 0 0O OO O 1 O 0 0 0 0 0 0 1 0 0 0 0 O
cent,(A)=(0 0 0 0 0 O O O Of,cent,(A)=f0 0 0 0 O O O],andcent,. . (A)=[0 0 0 0 O
0 1 1 0 0 O 0 0 O 1 1.0 0 0 0 O 1 1 0 0 O
1 1.0 0 0 0 0 0 O 10 0 0 0 0 O 1 0 0 0 O
o 0 1 1 0 0 0 0 O 01 1 0 0 0 O 0 1 1 0 O
0 0 0 00 0 O

4. GENERALIZING CONTEXT DIRECTED SWAPS TO FINITE GRAPHS AND MATRICES.

The idea of generalizing the cds operation from permutations to graphs was given in [7],
Section 4. As noted in the introduction, this generalization was also observed independently
in Section 7 of [3]. We will define a slightly modified version of the generalization of cds
to graphs given in [7], and have gcds denote this operation on graphs. This modified geds
definition is as follows:

Definition 4.1. Let G = (V, E) be a two-rooted undirected graph on n vertices, and let p
and ¢ be non-root vertices of G such that edge {p,q} € E. For any two vertices xz,y € V,
let f.(y) = 1if x and y are adjacent, and let f,(y) = 0 otherwise. Then gedsy, ,(G) is the
unique graph G’ = (V, E’) such that for any u,v € V' edge {u,v} € E' if, and only if,

fow) fo(v) + fo(w) fo(v) + fulv) = 1.

This is an alternative definition of gecds introduced in [7]. The proof that the two defini-
tions are equivalent is given in Appendix A.

Definition 4.2. Given a matrix M, the matrix cds operation, mcds, on entries p, q is:
meds(M) =M + M1,,M

where I, is the matrix over Fy with ,,(i,j) =1ifi =pand j=¢gori =g and j = p and
I4(7,7) = 0 otherwise.

Using the definitions of gcds and mcds, we now define sortabilitgﬂ for graphs and matrices
under the respective operations. Noting that the overlap graph of the sorted permutation
[1,2,...,n]is the discrete graph on (n+1) vertices containing no edges and that the adjacency
matrix of this graph is the (n+1) x (n+ 1) zero matrix, the following notations are defined:

IThe terminology “sortability” is inspired by the original context that is being generalized, rather than an
intuitive idea of sorting for a graph or a matrix.
8
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Definition 4.3. A two-rooted graph is sorted if it contains no edges, and gcds-sortable if
finitely many applications of the gcds operation on the graph result in a graph containing
no edges.

Definition 4.4. We call a matrix sorted if it is the zero matrix, and mcds-sortable if finitely
many applications of the mcds operation on the matrix will result in the zero matrix.

First, we justify our selection of terminology by showing that gcds applied to overlap
graphs of permutations is equivalent to cds applied to permutations:

Lemma 4.1. Let ¢ : S, = Gui12 (where Goq19 is the set of two-rooted graphs on n + 1
vertices), such that if m € S,, then p(r) is the overlap graph of .

Let w be a permutation of [1,2,...,n|, and let p(n) = (V, E), where V- = {vg,v1,...,0,}
and each vertex v; € V' corresponds to the pointer (i,i + 1) in w. Then gedsy, ,1(p(7))
is defined if, and only if, cdsy, 4y() is defined, in which case we have gedsy, .1 (p(T)) =

@ ( CdS{p’q} (7‘(‘)) .

Proof. By definition of geds, there is an edge between u and v in G’ = geds(G) if, and only
i, (1) £y ()£, (1) £o(0)+ £u(v) = 1 (mod 2). This means that i f,(u)f,(v)+ £, (u) f,(v) = 0
(mod 2), then there is an edge between u and v in G’ if, and only if, this edge is in G, so
the edge "stays”. Otherwise, if f,(u)f,(v) + fo(u)fp(v) =1 (mod 2), then there is an edge
between v and v in G’ if, and only if, there is no edge between u and v in G (e.g. the
edge "switches” between G and G’). We show that two pointers u,v remain intersected or
non-intersected if, and only if, f,(u)f,(v) + fy(uw)f,(v) = 0 for their corresponding vertices
in G.
Let us consider the permutation 7 with intersecting pointers p and ¢ as follows:

e B T e

FIGURE 5. Blocks Defined by a Context

We can label the blocks between the pointers in order from left to right as «, 5,7, d, a (we
consider the first and last blocks to be part of the same block). Note that if f,(z) = 1, f,(z)

0, then = can have its two endpoints in either (o) or (v, 6). Similarly, if f,(z)

fy(x) =1, then x can have its two endpoints in either («, 0) or (8, 7). If f,(x) = f,(z) =1,
then x can have its two endpoints in either (o, v) or (8, d). Finally, if f,(x) = f,(z) =0,

cds is applied, the 8 and ¢ blocks are swapped, so we will call these two blocks the swapped
blocks, and the other two blocks the unchanged blocks.

Now, given pointers u and v, assume without loss of generality that u appears before v in
7. If w and v are non-intersecting (there is no edge between u and v in G), then the possible
orientations are either w...u...v..v or u...v...v...u. If they are intersecting (there is an edge
between u and v in ), their orientation must be w...v...u...v. Note that the relative ordering
of the pointers inside a block are preserved during cds, so if both ends of a pointer are in the

same block, then no edge adjacent to the corresponding vertex will switch with cds, because
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no pointer can be moved in between or out from between the two ends. We consider seven
cases:

(1) fplu) =1, fo(u) =0, fo(v) =1, fo(v) = 1, fp(u) fo(v) + fy(u)fp(v) = 1: In this case
the endpoints of u will be in either (a, 8) or (7, ) and the endpoints of v will be in
one of (a,v) and (B,d). So u will have an endpoint in a swapped block and one in
an unchanged block, and v will either have both ends in the two swapped blocks or
both endpoints in the two unchanged blocks. When cds is applied, v will still have
both endpoints in the two swapped blocks and u will still have one endpoint in the
same unchanged block. However, the other end pointer of u will be either in between
the end pointers of v after the swap or between the pointers after the swap. Thus,
the edge between the corresponding vertices switches.

(2) fp(u) =0, fo(u) = 1, fov) = 1, fo(v) = 1, fp(w) fo(v) + fo(u) fp(v) = 1: In this case
the endpoints of v will be in either (/3,7) or («,d) and the endpoints of v will be
in either (a,d) or (5,7). So again one pointer will have an end in a swapped block
and one in an unchanged block, and the other will either have both ends in the two
swapped blocks or both ends in the two unchanged blocks, and by the reasoning
above, the edge must switch.

3) folu) =1, fe(u) =0, fo(v) =0, fo(v) = 1, fp(u) fg(v) + fy(u)fp(v) = 1: In this case
the endpoints of u will be in either (a, 8) or (7, ) and the endpoints of v will be in
either («, d) or (3,7). So each pointer will have one endpoint in a swapped block, and
one endpoint in an unchanged block. If the two endpoints in unchanged blocks are in
the same unchanged block, their other endpoints must be in different swapped blocks,
and thus when cds is applied the relative ordering of one of those two endpoints will
change, switching the edge between two pointers. Otherwise, if the two endpoints
are in the same swapped block, their other endpoints must be in different unchanged
blocks on either side of the swapped block, so when cds is applied, the swapped block
will be transposed with one of the endpoints, thus moving that endpoint either in
between the endpoints of the other pointer or out from in between the pointers after
the swap, causing the edge between the corresponding vertices to switch.

(4) folu) =1, f,(u) =0, fo(v) =1, fy(v) =0, fp(u) f,(v) + fy(u) f,(v) = 0: If two pointers
have their endpoints in the same blocks, then applying cds will not switch the edge
between them, because no point can be moved in between or out from between the
endpoints of the other pointer. Otherwise, in this case we have the endpoints of one
pointer in («, 5) and the endpoints of the other in (v, d), and after cds is applied, we
have the endpoints of one pointer in («,d) and the endpoints of the other in (3,~).
Thus, the pointers must be non-intersecting both before and after cds is applied.

(5) fo(u) =0, fo(u) =1, fp(v) =0, fy(v) = 1, fp(u) fo(v)+ fy(u) fp(v) = 0: Again, because
two pointers with their endpoints in the same blocks will not change their intersec-
tion when cds is applied, we consider the case in which we have the endpoints of one
pointer in (/3,v) and the endpoints of the other in («,d), and after cds is applied,

we must have the endpoints of one pointer in («, 5) and the endpoints of the other
10



in (v,0). Thus, the pointers must be non-intersecting both before and after cds is
applied.

(6) fpu) =1, fo(u) =1, f,(v) =1, fy(v) = 1, fp(u) fy(v)+ fy(u) fp(v) = 0: Again, because
two pointers with their endpoints in the same blocks will not change their intersec-
tion when cds is applied, we consider the case in which we have the endpoints of
one pointer in (f,0) and the endpoints of the other in («, ). This is the case both
before and after cds application, so the pointers will be intersecting both times, and
the edge will not change.

(7) fo(u) = fy(u) = 0 or fo(v) = fy(v) = 0, f(u)fy(v) + fo(u)fp(v) = 0: In this case,
either v or v must be contained in the same block, and since the order of points in
blocks are unchanged, the edge between u and v will not switch.

O

The following lemmas show that the gecds and mcds operations are equivalent, confirming
that our choice of mcds as generalization of cds is correct.

Lemma 4.2. Let ¢ be the function from the set of undirected n-vertex graphs to the set of
n X n matrices over Fy such that if G is a graph, then p(G) is the adjacency matriz of G.

Let G = (V, E) be a graph on n vertices, and let V = {vy, vy, ...,v,}. Then meds can be
applied to rows p and q of p(G) if, and only if, gcds can be applied to vertices v, and v, of
G, in which case we have medsy, 1 (p(G)) = p(gedsy,, 1 (G))-

Proof. By definition, the geds move that includes the vertices v, and v, is valid if, and only
if, v, and v, are adjacent in G. The meds move on rows p and ¢ in ¢(G) is valid if, and only
if, the element in row p, column ¢ of ¢(G) is a 1. Note that by definition of the adjacency
matrix, these conditions are equivalent, so (p, ¢) is a valid meds move if, and only if, (v,, v,)
is a valid gcds move, as desired.

Next, let v, and v, be adjacent vertices in G; we claim that medsy, o1 (p(G)) = p(gedsy,, .1 (G)).
It suffices to show that for any ¢ and j with 1 < i,7 < n, the element at position (7, 7) in
mcdsy, 43 (¢(G)) is equal to the element at position (i, ) in p(gedsy, ,1(G))-

Let M = ¢(G). We defined medsy, 1 (¢(G)) = M + M1I,,M, where I, is the n x n matrix
with ones in positions (p, ¢) and (g, p) and the remaining entries all equal to zero. Then, we
have

(M+ M]qu)(i,j) = M(ZJ) + ((M]pq)M)(iaj)

= M(0,5) + 3 (MIg)(i, k) M(k, j)

k=1 t=1
Note that by definition of the matrix I,,, we have that I,,(¢, k) = 1 if and only ¢ = p and

k=gqort=gqand k= p. Thus, it follows that
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(M + MIM)(i, ) = M0, ) + ) Y M, ) Lg(t, k) M(, )

—= M(i,7) + M(i,p)M(q,j) + M(i,q)M(p, j).

Next, to find ¢(gedsy, ,1(G))(Ej) , we have that if f, (vi)fo,(v;) + fo, (V) fo,(vi) = 1
then edge {v;,v;} is included in gedsy, ,1(G) if, and only if, it is not included in G, and
otherwise edge {v;,v;} is included in gedsy, ,4(G) if, and only if, it is included in G,
where for vertices v, and v, f,, (v,) is defined to be 1 if v, and v, are adjacent in G and
otherwise 0. By definition of the adjacency matrix, we have that f,, (v,) = M(z,y) for all
pairs (z,y) with 1 < x,y < n. Therefore, we have that f,, (v;)fu,(v;) + fuo,(vj) fo,(vi) =
M(p,i)M(q,j)+ M(p,j)M(q,i). Furthermore, edge {v;,v;} is included in G if, and only if,
M(i,j) = 1.

We also have that when M(p,i)M(q,7) + M(p,j)M(q,i) = 1, edge (v;,v;) will appear in
gcds{%vq}(G) if, and only if, M (i, ) = 0. Additionally, when M (p, )M (q, j)+M (p,j)MI(q,i) #
Limplies edge {v;, v;} is in gedsy, , y(G) if, and only if, M(7, j) = 1. Since 0 < M (p, )M (q, j)+
M(p, j)M(q,i) < 2,if M(p,i)M(q, j)+M(p,j)M(q, i) # 1 then M(p, )M (q, j)+M(p, j)M(q,i) =
0 (mod 2). Therefore, in either case, edge {v;, v;} is in gedsy, ., 1(G) if, and only if, M (4, j)+
M(p,i)M(q, j)+M(p,j)M(g,i) =1 (mod 2). This implies that p(gedsy, ,.1(G))(i,7) = 1if
M(i, j)+M(p,i)M(q,j)+M(p,j)M(q,i) = 1 (mod 2) and otherwise p(gedsy, . 1(G))(7,j) =
0. Thus,

p(gedsy,, .,y (G))(i,5) = M(i,j) + M(p,i)M(q, j) + M(p, j)M(q,i) (mod 2).
Using simple arithmetic, we have ¢(gedsy, ,1(G))(i,5) = M(i,j) + M(p,i)M(q,j) +
M(p,j)M(q,i). Since the graph G is undirected, the matrix M = ¢(G) is symmetric, so
M(p,i) = M(i,p) and M(q,i) = M(i,q) and thus

p(gedsyy, o1 (G)) (i, 7) = M (i, j) + M(p,i)M(q,j) + M(p, j)M(q, %)
= M(i, j) + M(i,p)M(q,j) + M(i,q) M (p, j)
= (M+ M[qu)(iJ)
= mcds{p,q}(M)(i,j%

with addition and multiplication in Fy. Therefore, we have

mCdS{P,q} (SO(G)) = w(ngS{vp,vq}(G))a
as desired. m

Corollary 4.3. Define the function ¢ : S, — M, (Fs) so that for a permutation 7, p(m) is
the adjacency matriz of w. Let m € S,,. Then, meds can be applied to rows p and q of p(m)
if, and only if, eds can be applied to the pointers (p,p+1) and (q,q+ 1) of 7, in which case
we have

medsg, 1 (0(7)) = ¢(edsg, o (7)).

Proof. By Lemma L}, we have that cdsy, ,(7) is defined if, and only if, gedsy, ,.1(OG(7))

is defined, and by Lemma .2 this gcds operation is defined if, and only if, medsy, o (¢(7))
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is defined, so each mcds operation is defined if, and only if, the corresponding cds operation
is defined.

Furthermore, if we let ¢; be the function defined in Lemma [Z1] taking a permutation to
its overlap graph and let ¢, be the function defined in Lemma taking a graph to its
adjacency matrix, then we have ¢ = 5 0 1. Applying Lemmas [4.1] and 4.2] we have

mcdsy, 1 (¢(7)) = medsg, g1 (p2(01(7)))
= pa(gedsyy, v, (91(T)))
= ©a(ip1 (Cds{pvq}(ﬁ)))

= p(cdsgpqy(m)),
as desired. m

5. PARITY CUTS AND PRESERVATION PROPERTIES

Definition 5.1. [§] Let G = (V, E) be a two-rooted graph. A parity cut of G is a partition
V =ViUW, Vi NV, = ( such that for any non-root vertex v € V, dy,(v),j # 1, is even.

For the purpose of this paper, we will only consider parity cuts to mean those cuts in
which the roots also have an even number of edges to vertices of the opposite set.

Lemma 5.1. Let G = (V, E) be an Eulerian graph with G' = (V, E') = gedsy, ,(G) for
some vertices u,v € V. Then G’ is also an Eulerian graph.

Proof. Let p,q € V such that {p,q} € E. Consider G’ = gedsy, 1(G). Let u € V' such that
u # p and u # q. There are three cases:

(1) The vertex u is adjacent to neither p nor ¢. In this case, Ng(u) = Ng/(u).

(2) The vertex u is adjacent to either p or ¢ but not both. Without loss of generality,
assume that u is adjacent to p. Then, let S = Ng(q)\{p}. Foreach s € S, {u,s} € F’
if, and only if, {u,s} &€ E. Let x be the number of adjacencies in S gained and y be
the number of adjacencies in S lost. Since x +y = |S|,(and |.S| must be odd) exactly
one of x or y is odd. Therefore z — y, the net change of adjacencies of u in S, is
odd. However, the edge {u,p} does not exist in G'. Therefore, the total net change
in adjacencies of u is even. Because u had an even number of adjacencies in G, u
must have an even number of adjacencies in G'.

(3) The vertex u is adjacent to both p and q. Let a4, ..., a; be the vertices adjacent to p,
but not to g. Let by, ...,b; be the vertices adjacent to ¢, but not to p, and ¢y, ..., ¢
be the vertices adjacent to both p and ¢ other than w. For all ;1 < r < i, the
edge {a,,u} will exist in G’ if, and only if, it does not exist in GG. Likewise, for all
r,1 <r <j,{b,u} will exist in G’ if, and only if, it did not exist in G. However, for
allr, 1 <r <k, {c,u} will exist in G" if, and only if, it did exist in G. Therefore, the
total number of edges switched (where switched means the edge exists in exactly one
of G and G’) is equal to i+j. Since the vertex p has even degree and ay, ..., a;, c1, ..., ¢,
does not include u or ¢, ¢ + k£ must be even. Similarly, since the vertex ¢ has even
degree, so j + k must be even. Therefore, the net change in adjacencies of u must be
even, so u must be of even degree in G'.

By combining the above cases, we have shown that in a graph with only even degree

vertices, a gcds operation will result in a graph with only even degree vertices. O
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Another property that is preserved under geds on an Eulerian graph is presented in the
following theorem.

Theorem 5.2. Let G = (V, E) be an Eulerian graph with G' = (V, E') = gedsy, ., (G) for
some vertices u,v € V. Let p,q be vertices and (Vi,Vs) be a partition of V', then (Vi, Vs) is
a parity cut of G if, and only if, there ezists some parity cut (V/,Vy) of G' such that for all
verticesv #p,q e V,veV, < v e V.

Proof. (<) Suppose that (V,V3) is a valid parity cut of G. We will show that for any
vertex u € V;, when geds is performed on two vertices p,q, the parity of dy,(v),j # i
does not change, and that therefore this is also a valid parity cut for G’. We note that
because G is Eulerian, for any v € V, dy, (v) and dy, (v) will both be even. Consider the sets
A = {v € VjJv # q, v is adjacent only to p}, B = {v € Vv # p, v is adjacent only to ¢},
and C' = {v € V}| v is adjacent to both p and ¢}. Suppose u is adjacent to = vertices in A,
y vertices in B, and z vertices in C. There are 3 possible cases:
(1) Suppose p,q € Vi. In this case, dy,(p) = [AUC| = |A| + |C|, which is even, and
similarly, |B| + |C| is even, so |A| 4 | B| must also be even.
(a) Suppose u is adjacent to both p and g. When the geds operation is performed,
edges between u and vertices of A and B will switch (for any vertex v € AUB, the
edge between v and v is in G” if and only if it is not in ), which means v’ € V(G’)
will have oy, (v') = oy, (u)+(|A| —2) —2+(|B|—y) —y = dv, (u) +|A|+|B| —22—2y
edges, so the change in dy, (u) is even.

(b) Suppose u is adjacent only to p. When the geds operation is performed, edges
between u and vertices of B and C' will switch, which means v € V(G') will
have dy, (u') = by, (u) + (|B| —y) —y+ (|C| —2) — 2 = by, (u) +|B| +|C| — 2y — 2z
edges, so the change in dy; (u) is even.
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FIGURE 6. Case 1: p,q € V.

(2) Suppose that p € Vi,q € V}. In this case, dy,(p) = [AUC U {q}| = |A] + |C| + 1,
which is even, so |A| + |C| must be odd and similarly, |B| + |C| must be even, so
|A| + | B] must be odd.

(a) Suppose u is adjacent to both p and ¢. When the gcds operation is per-
formed, edges between u and vertices of A and B will switch and the edge
between u and ¢ will be removed, which means u' € V(G’) will have oy, (u') =
by, () + (A — 2) — 2+ ([B] — y) — y — 1 = oy, (u) + |A| + | B — 20 — 29 — 1
edges, so the change in dy, (u) is even.
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(b) Suppose u is adjacent only to p. When the geds operation is performed, edges
between u and vertices of B and C' will switch, which means v € V(G') will
have dy, (u') = by, (u) + (|B| —y) =y + (|C| —2) — 2 = by, (u) + |B| +|C| — 2y — 2z
edges, so the change in dy, (u) is even.

(c) Suppose u is adjacent only to ¢. When the geds operation is performed, edges
between u and vertices of A and C will switch and the edge between u and ¢
will be removed, which means v’ € V/(G") will have dy, (u') = dy, (u) + (|A] —z) —
v+ (|C] = 2) —2z—1=dy,(u) + |A] + |C] — 22 — 22 — 1 edges, so the change in
dy; (u) is even.
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FIGURE 7. Case 2: p € V;,q € V.

(3) Suppose p,q € Vj. In this case, oy, (p) = [AUCU{q}| = |A] +|C| +1, which is even,
so |A| 4 |C| must be odd and similarly, |B| + |C| must be odd, so |A| + |B| must be
even.

(a) Suppose u is adjacent to both p and ¢. When the gcds operation is per-
formed, edges between u and vertices of A and B will switch and the edges
between u and both p and ¢ will be removed, which means v" € V(G’) will have
81, (0/) = 8y, () + (|A| —) -+ (1B —y) —y—2 = by, (1) + | A| | B~ 202y 2
edges, so the change in dy, (u) is even.

(b) Suppose u is adjacent only to p. When the geds operation is performed, edges
between u and vertices of B and C' will switch and the edges between u and p
will be removed, which means u" € V(G") will have dy, (u) = dv, (u) + (| B| —y) —
y+ (|C] —2) —2—1=6y,(u) + |B|+|C| — 2y — 2z — 1 edges, so the change in
dy, (u) is even.
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FIGURE 8. Case 3: p,q € V.

In all three cases, it is clear that dy,(u') is even if, and only if, oy, (u) is even. Additionally,
oy, (p') = dv,(¢') = 0, and we assumed that dy,(p) and dy,(q) were both even, so if dy, (p),
ov;(q), Ov,(p), and dy,(q) are all even, then for all u € V;, the parity of dy,(u),j # i does not
change.

(=) Conversely, suppose G’ has a valid parity cut with sets (V{,V5). We will show that
there is also a valid parity cut (V4,V3) for G such that Vv # p,q € Vv € V] < v € V.
Since p and ¢ are isolated vertices in G’, either p,q € V; or p,q € V5. Suppose in G, p had
an even number of edges to vertices (other than ¢) in V; (this must be true for some i = 1,2
since p had even degree and one edge to ¢). Since p must also have had an edge to ¢ and it
had even degree, it must then have had an odd number of edges to vertices (other than ¢) in
Vj,j # i. Now, if ¢ also had an even number of edges to vertices in V;, we can consider the
partition of G with all vertices other than p and ¢ in the same sets that they are in in the
valid parity cut of G’ and with p and ¢ in V;. Otherwise, if ¢ had an odd number of edges
to vertices in V;, we can consider the partition of G with all vertices other than p and ¢ in
the same sets that they are in in the valid parity cut of G’ and with p in V; and ¢ in Vj. In
either case, p and ¢ must have an even number of edges to vertices in the partition they are
not it. Furthermore, as shown above, for any other vertex u € V', after application of gcds
on p and ¢, the parity of the number of edges between u and vertices in the partition that
does not contain u does not change. Therefore, since this quantity is even in G’, it must
have been even in G. Therefore, this cut must be a valid parity cut in G. U

To further analyze characteristics of Eulerian graphs, three properties on graphs will be
presented below, them first introduced in [8].

Definition 5.2. [§] Let G = (V, E) be a two-rooted graph with roots z,y € V. We define
the following three properties:

a): G has property a if there exists some parity cut (V;, V3) such that = € Vi, y € Vs, §y, (2)
is even, and dy, (y) is even.

b): G has property b if there exists some parity cut (Vi, V3) such that x € Vi, y € V5, 0y, (2)
is odd, and dy, (y) is odd.

c): G has property c if there exists some parity cut (V;,V3) such that =,y € Vi, and 0y, (2)
and dy, (y) are both odd.

Again, for the purposes of this paper, we will adapt this definition as follows:

a): G has property a if there exists some parity cut (7, V3) such that =z € V; and y € V5.
16



Since we define parity cuts of two-rooted graphs to only be those cuts in which the roots
have an even number of edges to vertices of the opposite set, this definition of property a is
equivalent.

Of the above three properties, we have that property a is preserved when applying gcds
to an Eulerian graph, and therefore we have a sortability criterion with this property.

Theorem 5.3. Let G = (V, E) be an Eulerian graph with roots x,y € V and let G' =
(V, ') = gedsy, ,(G) for some u,v € V. In this case G' has property a if, and only if, G
has property a.

Proof. <= Suppose G has property a. In this case, there exists some parity cut (V4, V3) of G
with x € V} and y € V. Therefore, by Lemma [5.2], there exists some parity cut (V/,Vy) of
G' with x € V/ and y € V5.

= Similarly, if G’ has property a, there exists some parity cut (V/, V) of G’ with = € V/
and y € VJ, so by Lemma [5.2] there exists some parity cut (Vi,V,) of G with z € V; and
y € Vs O

Corollary 5.4. An Eulerian graph is geds sortable if, and only if, it has property a.

Proof. In any fixed point graph, there must exist some non-isolated, non-root vertex v. If
this graph is Eulerian, then it must be adjacent to both roots, and no other vertices. As a
result, both roots must be in the same set of any parity cut of this graph. Thus, the only
Eulerian graph which has property a and on which it is not possible to perform the gcds
operation is the discrete graph. Therefore, if an Eulerian graph has property a, after any
number of applications of the geds operation it will still be Eulerian and have property a,
which means it must eventually become the discrete graph and thus be sortable, whereas if
the graph does not have property a, after any number of applications of the gcds operation
it will still be Eulerian and not have property a, which means it cannot ever become the
discrete graph and must be unsortable. U

Besides obtaining theorems related to property a, we have the following lemma referring
to property b.

Lemma 5.5. The overlap graph of a valid unsigned permutation cannot have property b.

Proof. Suppose an overlap graph G = (V, E) has property b. First note that such a graph
must be Eulerian. Therefore, given a parity cut (Vi,V5), for all non-root vertices v € V,
oy, (v) and 0y, (v) must both be even, while for the roots z,y € V, these degrees must be
odd for sets. In this case, consider one partition of this graph when a valid parity cut with
property b is made. In the subgraph induced on Vi, every vertex except the one root in this
set must have even degree, while the root has odd degree. However, it is not possible for
only one vertex in a graph to have odd degree, so this is a contradiction. U

Finally, focusing on property ¢, we have the corollary below.
Corollary 5.6. All Eulerian graphs must have exactly one of property a or property c.

Proof. We know from [8] that all graphs must have at least one of properties a, b, or c.
Therefore, by the above lemma, all Eulerian graphs must have at least one of properties a or
c. Furthermore, Theorem 2.2 from [§] tells us that if a graph has two of the three properties,
it must also have the third. Since it is not possible for an Eulerian graph to have property

b, this means that no Eulerian graph can have both properties a and c. 0
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Aside from the properties a, b, and ¢, one can look at the parity cut space in order to
obtain more information on Eulerian graphs.

Definition 5.3. We define the parity cut space of a graph to be the vector space of parity
cuts on the graph.

Definition 5.4. We define the characteristic vector of a parity cut S to be the vector & such
that, for each 1 <7 < n, we have x; = 1 if vertex v; € S and z; =0 if v; € S.

The following major result shows the relation between the overlap graph of a permutation
and its adjacency matrix, connecting two major concepts in graph theory and linear algebra.

Theorem 5.7. The parity cut space of an Eulerian graph of a permutation is equivalent to
the kernel of its adjacency matrix.

Proof. Suppose we have a parity cut S of an Eulerian graph G = (V, E). Now because S is
a parity cut, we know that for each vertex v € V'\ S, the number of edges of v to vertices in
S will be even. Similarly, for each v € S, the number of edges to vertices of in V' \ S will be
even. However, since GG is Eulerian, this means that for each v € S, the number of edges to
vertices of in S will also be even. That is, S C V is a parity cut of G if, and only if, for all
v € V, the number of edges from v to vertices in S is even.
Suppose we have such a parity cut, S, and let § be the characteristic vector of this cut and
v be the row representing vertex v in the adjacency matrix of G. This means that v - § will
be 0 (working over the finite field of size 2). Therefore, given the adjacency matrix M, this
means that M§ = 0, so § must be in the kernel of M.
~Conversely, if we find a vector §'in the kernel of M, this means that for each vertex v € V,
v5 = 0, or that the number of edges of v to vertices in the set S defined by § must be even.
Therefore, § must necessarily define a parity cut of G. U

Thus, we have the following sortability criteria for an Eulerian graph.

Corollary 5.8. An Fulerian graph is geds sortable if, and only if, the kernel of its adjacency
matriz contains a vector ¥ such that x1 + x, = 1.

Proof. This follows directly from Corollary [5.4] and Theorem [5.71 O

In this section we have talked about concepts related to Eulerian graphs. Because overlap
graphs are a subsets of Eulerian graphs, the above lemmas and theorems are applicable in
the context of permutations. Nevertheless, if we restrict ourselves in working on overlap
graphs, we can have more precise properties of them that are related to what has already
been covered. Such properties are what will be discussed in the next subsection.

5.1. Permutations, Alternating Cycles, and Adjacency Matrices. The first lemma
we will look at connects parity cut and alternating cycles, the latter being a concept that
was introduced early on in the Terminology and Notations section.

Lemma 5.9. For an overlap graph G = (V, E) of a valid permutation, a partition of V' such
that elements of each alternating cycle are contained in the same set constitutes a parity cut.

Proof. 1t suffices to show that given an alternating cycle (aq, as, ..., ax) of a permutation 7 and
any pointer p not in that cycle, the pointer will intersect an even number of pointers of the

cycle. First note that in 7, the pointer ay, ...a;, will be arranged in pairs a;(a;—1 + 1) (where
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subtraction is mod k). Now, between the p tail pointer and the p+ 1 head pointer, there will
be an even number of pointers of the alternating cycle, because they are situated in pairs.
We say that pointer ¢ intersects pointer p if either its head or tail pointer lies between the
head and tail pointer of p, and its other pointer either precedes or succeeds both pointers of p
in the permutation. Furthermore, the pointers that we consider to belong to the alternating
cycles are the head pointers of the (a;_; + 1) and the tail pointers of the a;. Since there
are exactly two of these pointers per pair, there must be an even number of these pointers
in between the head and tail pointers of p. Now, since each of these pointers corresponds
to exactly one other pointer in the alternating cycle, we see that an even number of these
pointers must connect to other such pointers in between the pointer of p, which means an
even number must correspond to pointers either preceding or succeeding both pointers of p
in the permutation, which means an even number of these pointers intersect p. Thus, given
any pointer p and an alternating cycle of 7, p must have an even number of intersections with
pointers of the alternating cycle, so in any partition of V' consisting of alternating cycles,
every vertex in one set must intersect an even number of vertices of each cycle of the other
set, and therefore this forms a parity cut. U

Having the restriction of working on overlap graphs rather than on Eulerian graphs, we
obtain a more detailed property connecting the alternating cycles and the kernels of the
adjacency matrix.

Theorem 5.10. The alternating cycles of m form an orthogonal basis for the kernel of the
adjacency matrix of .

Proof. We know that the characteristic vectors of the alternating cycles must be orthogonal
(since the cycles are disjoint) and also that they all define parity cuts (see Lemma [5.0]
so it only remains to show that there are no parity cuts that are not formed by a linear
combination of parity cuts formed from alternating cycles (under the symmetric difference
operation). That is, every parity cut must be composed of complete alternating cycles.

o o O [ O o O o O o O o O
FIGURE 9. Example Breakpoint Graph

Suppose we have a permutation and a set of pointers that constitute a parity a cut. We
will show that these pointers must form complete alternating cycles.

First, let us consider the head and tail of each pointer. We will call these dots. Given
this permutation, we know that the first dot must be the (0, 1) tail pointer and the last dot
must be the (n,n + 1) head pointer. Furthermore, if we start at the first dot and follow the
pointer along to the second dot of that pointer, we will end up at the (0,1) head pointer,
and if we move to the dot directly to the right, we will be at the (1,2) tail pointer. Since

this is a valid permutation, if we continue to move along each pointer and then jump to the
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dot directly to the right until we reach the rightmost dot (the (n,n+ 1) tail pointer), we will
end up visiting every dot in the permutation exactly once.

Now, let us color blue the dots that correspond to pointers in the parity cut. We can now
label the remaining dots as follows: dots with an even number of blue dots preceding them
in the permutation will be colored red, and dots with an odd number of blue dots preceding
them will be colored green. This can be further generalized by coloring the "territory”
between every pair of blue pointers either red or green and noting that all vertices in that
territory, if there are any, must have that color. There are a few things we can note. First,
since every pointer in the parity cut must intersect an even number of other parity cut
pointers, between any two blue dots of the same pointer, there must be an even number
of blue dots. This means that if there is a red dot directly to the left of one blue dot of
a pointer, there must also be a red dot directly to the right of the other blue dot of that
pointer. More generally, if the left side of a blue dot is red territory, the right side of the
other blue dot in that pointer must also be red territory. Second, since there must be an
odd number of blue dots between dots of different color (red or green), dots can only be in
the same pointer with dots of the same color. Finally, the first dot must be either red or
blue, and if it is blue, the territory to its left must be red.

We can now attempt to visit every dot along the permutation as described above. Since
the first dot must be red or blue, we start at either a red or blue dot and follow the pointer
to another dot of the same color. Now each time we are at a red dot, we must follow the
pointer to another red dot, and the dot directly to the right of that dot can either be red or
blue. If it is blue, it must have red territory to its left. Each time we visit a blue dot with
red territory to its left, we will follow the pointer to a blue dot with red territory to its right,
which means the dot directly to the right of it must either be red or blue with red territory
to its left. Thus, since we start at a dot that is either red or blue with red to its left, and
any such dot must be connected by a pointer to a dot with another such dot directly to its
right, the only possible dots we can visit must be either red, blue with red to its right, or
blue connected by a pointer to another blue with red to its right. Since we must visit every
single dot in the permutation, this means that there can be no green dots.

However, if there are no green dots, the blue pointers in the parity cut must form alter-
nating cycles, because the blue dots will appear in perfect adjacent pairs. Since the green
territories must all be empty, the first blue to will be adjacent to the second blue dot, the
third will be adjacent to the fourth, and so on. Since the first dot has green territory to its
right, its pointer pair must have green to its left, so there must be a blue dot directly to its
left, and this blue dot will have green to its right also, so its pointer pair must have green
to its left, and so on, thus forming a complete alternating cycle. U

A result related to the theorem above is presented in the following lemma, although now
we are eliminating the first and last rows of the adjacency matrix.

Lemma 5.11. Let M be the adjacency matriz of the overlap graph of a permutation and
M’ be M without the first and last rows. The characteristic vector of the strategic pile is the
only element of the kernel of M’ that consists of elements of the alternating cycle containing
both roots, but does not itself contain both roots.

Proof. First of all, every alternating cycle will be in this basis, and since they are disjoint, no

alternating cycle will be a linear combination of the others. Now, consider the alternating
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cycle containing (0, 1), but without the strategic pile elements. We know that all of the dots
in this set, except the first and last will be in the pairs (b1, bx + 1). However, we also know
that no pointer can have one of its dots either before the (0, 1) tail pointer (the first dot in
this set) or after the (n,n + 1) head pointer (the last dot in this set). Therefore, given any
pointer other than the (0, 1) pointer or the (n,n+ 1) pointer, there must be an even number
of dots in between the head and tail of this pointer, which means this pointer intersects an
even number of dots in this set. Therefore, the characteristic vector of this set must also be
in the kernel.

Now, we must show that there are no other elements in the kernel. Take any element of
this kernel. Because no valid permutation graph can have property b, we know that either
both roots are in the same side of the cut and have odd degree with respect to the cut, or
both roots have even degree with respect to the cut. In the latter case, our argument from
above shows that the cut must be composed of alternating cycles. In the former case, we
can again color the dots of the permutation as before, with dots in the set of the parity cut
containing the roots colored blue, dots with an even number of blue dots preceding them
colored red, and dots with an odd number of blue dots preceding them colored green. Now,
since we know the first dot of the (0, 1) pointer must have red territory to its left, and that
it has odd degree with respect to the parity cut, the second dot of this pointer must have
an odd number of blue dots between the first dot and itself, and therefore must have green
territory directly to its right. Similarly, since we know the last dot of the (n,n + 1) pointer
must have red territory to its right, and that it has odd degree with respect to the parity
cut, the first dot of this pointer must have an odd number of blue dots between the second
dot and itself, and therefore must have green territory directly to its left. Therefore, for
these two pointers, there is red territory directly to different sides of each dot, and green
on the other. However, as our previous argument showed, fore every other pointer, the red
territory must be on the same side of both dots. Therefore, if we again try to follow a path
along the dots of the permutation in order, we will visit only green dots, which means there
can be no red dots. Again, as before, this shows that the parity cut must be composed of
alternating cycles, except for the cycle containing the (0,1) and (n,n + 1) pointer. In this
case, if we follow the pointer, we see that only the part of the cycle from the (0, 1) pointer
up to and including the (n,n + 1) pointer are in the cut. However, this is also an element of
the kernel. Therefore, the sets of alternating cycles and the strategic pile for a basis for the
kernel for the adjacency matrix without the first and last rows. O

However, regardless of eliminating the first and the last rows of a sortable permutation’s
adjacency matrix, it conserves a property if compared to the original adjacency matrix.

Lemma 5.12. For a sortable permutation © with adjacency matriz M and M' equal to M
with the first and last rows removed, ker(M') = ker(M).

Proof. We know that if a permutation is sortable, then there will some element & such that
71 = 1 and Z,, = 0 and some element ¢ such that ¢; = 0 and 3, = 1 in the kernel of M. How-
ever, this implies that the first column is linear combination of other columns, not including
the last, and that the last column is a linear combination of other columns, not including
the first. But this means that the first row and last rows are also linear combinations of
the middle rows. Thus, removing these two rows does not reduce the dimension of M, and

therefore the nullity of M’ is the same as the nullity of M. Furthermore, it is clear that
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every element of the kernel of M is an element of the kernel of M’, so the kernel of M’ must
be exactly the kernel of M. O

6. A DECISION PROBLEM AND ITS COMPLEXITY

We shall now provide some definitions which will later on help us convert from the adja-
cency to the precedence matrix (and vice-versa). The first definition is the following:

Definition 6.1. For each positive integer n, define B, € M, (Fs) so that for 1 <i,5 < n,
we have B, (i,7) = 1 if, and only if, i =j or i + 1 = j.

For example,

11000
01100
B;=10 0110
00011
00001

Definition 6.2. Define Z : M,,(Fy) — M, 1(F2) as follows:
1 i=j=1

Z(A)(E,j) =< 0 exactly one of i and j is 1
A(i—1,7—1)  otherwise

For example,

Example 11. ) )
0110 1 0000
101 1 00110
A =101 011
1100
0100 01100
0010 0

Define F': M,,(Fy) — M, _1(F3) as follows:
F(A)(,j) =AU, ) @ A+ 1,7) @ AL, j+ 1) @ AL + 1,5 + 1),

for 1 <i,5 <n—1, where @ denotes the addition operation in F5. Using the same input as
the one that was used in the previous example, we now show what happens if we apply F
rather than Z to such input. For example,



For example,

0110 0100
g 1 011 /1001
1100 10 0 01
0100 0110

We now show a relation between the adjacency and precedence matrices of a permutation.

Lemma 6.1. Let w € S,, be a permutation, and let A and P be the adjacency and precedence
matrices of w, respectively. Also, let §(i,j) =1 ifi =7, and 6(i,5) =0 if i # j (i.e. 0 is the
Kronecker delta function). Then, for any pair (i,7) with 0 < i,j < n, we have that

A(i,j) =P(,j)®Pi+1,7))®Pli,j+1)® P+ 1,7+ 1)@, j) ®i(E + 1,79),
where & denotes the addition operation in Fs.

Proof. By definition, we have that A(i,j) = 1 if, and only if, the edges connecting the first
and second occurrences of the pointers (¢,7 4 1) and (j,j + 1) in 7 overlap. This will occur
if, and only if, exactly one occurrence of (7,5 + 1) lies between the two (4,7 + 1) pointers;
one such case is shown below.

We consider the following cases: i +1<j,i+1=7,¢>j, and i = j.

Case1: i +1 <.
In this case, we have that ¢ + 1 < 7 implies that 1 <74+ 1 < 7 < j + 1, so the four elements
of the permutation adjacent to (i,7 + 1) and (7,7 + 1) pointers are all distinct. Therefore,
we have that the (7, j 4+ 1) pointer adjacent to j is between the (7,7 + 1) pointers if, and only
if, j is between ¢ and 7 + 1 in 7. This is the case if, and only if, exactly one of 7 and 7 + 1
precedes j in m, or if P(i,j) ® P(i+1,j) = 1. Similarly, the (j, 7 + 1) pointer adjacent to
j + 1 is between the (i,7 + 1) pointers if, and only if, P(i,j+1)® P(i+1,j+1) = 1.
Since we have A(7,j) = 1 if, and only if, exactly one of the occurrences of the (4,7 + 1)
pointer is between the two (7,7 + 1) occurrences, we will have P(i,7)® P(i+1,7)® P(i,j +
1)@ P(i+1,j+1) = 1. Therefore, it follows from the fact that 6(i, j) = d(i + 1, 5) = 0 since
1+ 1 > j that we indeed have

A(i,7) =P, j) e Pli+ 1,5)® P(i,j+ 1)@ Pli+1,5+1)®0(i,j) (i +1,5)

in this case.

Case 2: i+ 1 =j.
Since i,7+ 1, and j + 1 are distinct, similarly we have that the (j,j 4+ 1) pointer adjacent to
j + 1 is between the two (7,7 + 1) pointers if, and only if, P(i,j+ 1) ® P(i+ 1,7 +1) = 1.

However, since i+1 = j, determining whether the (j, 7+ 1) pointer adjacent to j is between
the (i,74 1) pointers requires a subtler analysis. The (j,j+1) and (¢,7+ 1) pointers adjacent
to j appear in the following order, since 2 + 1 = j:

(i+1) jG.+1)

Thus, we have that the (j,j 4+ 1) pointer adjacent to j appears between the two (i,7 + 1)
pointers if, and only if, the (7,7 + 1) pointer adjacent to ¢ appears after j in m; this holds if,

and only if, the element ¢ comes after j in the permutation =, or P(i,j) = 0.
23



Since 6(i+1, j) = 1 in this case, we have that P(i, j) = 0 if, and only if, P(i, j)®d(i+1,7) =
1. Asi+1=j, we must have P(i+1,j) =0,s0 P(i,j)®0(i+1,j) = P(i,j) ®P(i+1,7) ®
S(i+1,7).

Together with the result for the (j,j + 1) pointer adjacent to j + 1, we have that the
(1,7 4+ 1) and (4,7 + 1) pointer pairs overlap if, and only if, P(i,j) ® P(i+ 1,75) ® P(i,j +
DePiE+1,j+1)®d(+1,7) =1. We also have (i, j) = 0. Thus,

P(i,j)=P(i,j)®P(i+1,j)) P, j+ 1)@ P+ 1,j+1)®d(i,75) Do(i +1,)

when ¢ +1 = j.

Case 3: 1> 7.
Since the adjacency matrix is symmetric, as the overlap graph is undirected, we have that
A(i,7) = A(j,4). By the results proven in cases 1 and 2, we have that

A(i,j)=A(J, i) =P, ) @ P+ 1)@ P(ji+1)@d P+ 1,i+1)D(,0) ®(+ 1,9).
Note that, for s # t, we have that P(s,t) = P(t,s) @ 1, since s precedes t if, and only if,
t does not precede s, and if s = ¢ then P(s,t) = P(t,s). Thus, if i > j + 1 (in which case
d(j+1,4) =0(i+1,7) = 0), then we have
A(i,j) = A, 1)
=Pi)®PU+19)dPUi+1)®PH+1,i+1) (4,0 D+ 1,4)
=(1ePEj)e(QleoPlj+l)e(lePi+1,5)e(1dP>i+1,7+1))®0
=(lelelel)ePi,j)® P, j+ 1)@ Pi+1,5)®Pi+1,j+1)
=P(i,j)® P, j+1) P+ 1,j))®P>E+1,j+1)Dd(i,5) ®o(i +1,75),
as desired. If ¢ = j + 1, we have both 6(j + 1,7) = 1 and P(j + 1,i) = P(i,j + 1) but
5(i+1,7) =0, s0
A(i,j) = A(J, 1)
=P(j,i)®P+1,i)@Pyi+1)@PyY+1,i+1)®6(j,i) @o(j+1,9)
=1eP@Gj)ePhiji+he(laePi+lLj))e(laePi+1,j+1)al
—(1@1®101)® P(i,j)® P(i,j+1)® P+ 1,j)® P(i+1,j+1)
=P(i,j)®P(i,j+ 1)@ P+ 1,7)®P>E+1,j+1)®6(i,5) ®é(i + 1,7).
Hence, the result follows also in the case when ¢ > j.
Case 4: i = .
In this case, since no element precedes itself, we obtain P(i,j) = P(i+1,j+1) = 0. We also
have that since i+ 1 precedes i if, and only if, 7 does not precede i+1, P(i+1,j)®P(i, j+1) =
1. Thus, we have P(i,7) @ P(i+ 1,j) ® P(i,j+ 1) ® P(i+ 1,5+ 1) = 1. Since §(i,5) = 1
and 6(i+ 1,7) = 0 in this case, and A(, j) = 0 since no pointer overlaps itself, we have that
Ai,j) = P(i, )) ® P(i, j+ 1)@ P(i+1,5)® P(i+1,j+1) ®8(i, j) ®8(i +1,j) = L& 160 = 0

in this case as well.
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Therefore, in all cases we have shown that
A, j) =P, j)®Pi+1,5))®P(i,j+ 1)@ P+ 1,j+1) DG, 5) Do(i + 1,7),

so the lemma is proven. O

Lemma 6.2. For any permutation m € S,, with adjacency matriz A, and precedence matriz
P7T7
AW - F(Pﬂ> + Bn—l—l;

where the function F and the matrix B, 11 are as defined earlier.

Proof. We consider the above formula elementwise. By definition, we have that the element
at position (i, j) of F(Py) is

P(i,)) ® Pe(i+1,7) ® Pe(i,j+1)® Pr(i+ 1,5+ 1).

Also, note that B,11(i,7) = 1 if, and only if, i = j or i + 1 = j, so it is equal to 0(,7) ®
d(i+1,7). Thus, for every pair (i,7) with 1 < 4,5 < n+ 1, the element at position (i, j) of
the matrix F'(P,) 4+ B,y is equal to the sum

P(i,j)®Pr(i+1,7) @ P(i,j+1)®Pi+1,7+1)@(,7) @i+ 1,7),
which by Lemma is equal to A, (7, j); hence, we have that A, = F(Py) + B11. O

Lemma 6.3. For any permutation m € S, the following is true:
P, =S(Z(A:) + Bpyia).

Proof. For brevity, let Z, = Z(A,), let M, = Z(A,)+ B,12, and let S, = S(Z(Az) + Bpi2).
We claim that Py (i,7) = Sx(i,7) for all pairs (¢, 7) with 1 <4,j <n+ 2.

We proceed by induction. For the base case, we will prove that for any 1 < ¢ < n + 2,
we have P.(i,1) = S;(i,1) and P,(1,7) = S;(1,7), and for the inductive step we will show
that for 1 <i,j <n+1,if Pa(i,5) = Su(i,5), Pe(i +1,5) = Sy (i +1,4), and Py(i,j + 1) =
Si(i,j+1), then Pr(i+1,5+1) = Sp(i + 1,7 +1).

First, note that M,(1,1) = 1® 1 =0, M,(1,2) = 0® 1 = 1, for any ¢ > 2 we have
M,(1,7) =0&®0 = 0, and for any i > 2 we have M, (i,1) = 0® 0 = 0. By definition of S, we
have

Se(i,1) = Me(k, 1) =040+---+0=0
k=1
for each 1 <i <n+ 2. Also, for 2 < i <n+ 2 we have that

Se(Li)=> M (Lk)=0+1+0+--+0=1
k=1
Moreover, since ©" = (0, 7, o, . .., T, n+ 1), we have that P,(i,1) = 0 for all 1 §
and P,(1,i) = 1for2 <i <mn + 2. Hence, we have shown that P.(1,7) = S,
P.(i,1) = Sy (i,1) for all ¢ with 1 <i <n+ 2.

We will now prove the inductive step. Let ¢ and j be integers with 1 < 4,57 < n +
1. Following the definition of Z and B, we have that Z.(: + 1,7 + 1) = A.(i,7)
Bio(i+1,74+1) :5(i+1,j+1)@5(i+2,j—|—1) Since i +1=j+1 < Z:] an
i+2=j+1 < i+1=j, we also have that B,,2(i + 1,7+ 1) = d(i,5) ® (i + 1, 7).
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Hence, it follows that
Ma(i 41,5 +1) = Zu(i+1,§ + 1) @ Buyoli + 1,5+ 1) = Ar(i,) @ 6(3,j) @ 6(i + 1,5).

Using induction, we assume that P, (i,j) = Si(4,7), Pr(i + 1,j) = S:(i + 1,7), and
P.(i,j+1) = S:(i,j + 1); we will prove that P.(i +1,j+1) = S;(i+ 1,5+ 1). From the
definition of S, we have the following equalities:

i+1 j+1
Seli+1,j+1) =) > M(r.c
:+11;+1 i J
:ZZM T, C @QZZMFTC
r=1 c=1 r=1 c=1
:i J M, (r,c) EBiMﬂrj—i—l EBZMWH—lc
r=1 c=1
i
S M (i+1,5+1) EBZZMWTC @ZZM T, c)
r=1 c=1 r=1 c=1
:ZZMF(TC @(Zerijl @ZZM rc)
r=1 c=1 r=1 c=1
69( M ( Z+lc@izj:erc>@Mﬂ(z’+l,j—l—l)
i 1J z‘r ;:1_1 i+1 J
= Mi(r,0) @) > Mi(r,c) @D Y My(r,¢) @ My(i+ 1,5+ 1)

r=1 c=1 r=1 c=1 r=1 c=1
= 5:(4,7) ® Sx(t,j +1) B S (i +1,5) ® M (i +1,5+1)

By the inductive assumption, we have that S, (i, j) = Pr(4,7), Sx(i,7+1) = Pr(i,j+1), and
Sx(i+1,7) = P:(i+1,7), so it follows that

Se(i+1,7+1)=Pr(i,j) ® Pr(i,j + 1)@ Pr(i+1,5) © Ax(i, j) ®6(i,5) ® (i + 1, 5).
By Lemma [6.T] we have that

Adding A, (i,7) ® Pr(i+ 1,7+ 1) to both sides and reducing the resulting sums modulo 2,
we have that

A, ) B Pe(i+ 1,7+ 1)@ Ar(i,)) = Pe(i, ) ® Pe(i + 1, ) ® Pr(i,j+ 1) ® Pr(i + 1,5+ 1)
®(i,j)Do(i+1,j) DA (i,)) ® Pe(i+ 1,5+ 1),
and so
Pi+1,j+1)=P(i,)) ®Pr(i+1,j)®Pr(i, 7+ 1) D, 5) @+ 1,7) B Ax(3, )
=P (i,7)®P(i,j+1)®Pr(i+1,7)® Ar(i,7) ® (i, 7) ® (i + 1, 7).
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Therefore, it follows that S;(i+1,57+1) = P;(i+ 1,7+ 1), and so by induction we have that
Sx(i,7) = Pr(i,j) for all i and j with 1 <4,j <n+2. Hence, Pr = Sx(Z:(Az) + Bni2). O

With the insight obtained from the above lemmas on conversions between the two main
matrices of a permutation, we can address the following decision problems. The first one,
involving the cds move graph of a permutation, was posed in [IJ.

Decision problem 1: CDS MOVE GRAPH []]

INSTANCE: A finite graph G.

QUESTION: Is there a permutation m with cds move graph isomorphic to G?
Although this question of determining whether a permutation with move graph isomorphic
to a given graph exists still appears to be difficult, we found that a polynomial time algorithm
exists for the following simpler decision problem.

Decision problem 2: LABELED CDS MOVE GRAPH

INSTANCE: A finite graph G with vertices labeled (1, 2) through (n — 1,n).
QUESTION: Is there a permutation m with cds move graph equal to G?

Lemma 6.4. The decision problem LABELED CDS MOVE GRAPH is in P, where
P denotes the set of decision problems solvable in polynomial time.

Proof. Let GG be such a labeled move graph on n — 1 vertices, and let M be the adjacency
matrix of G. If there is some permutation 7 on n vertices with move graph adjacent to G,
then the overlap graph of 7w will consist of G with two additional handle vertices added and
additional edges adjacent to at least one handle added as well. The adjacency matrix of the
overlap graph of 7 is thus an (n+ 1) x (n + 1) matrix A such that A(i 4+ 1,7+ 1) = M(4,7)
for1 <i4,7<n-—1.

Since the overlap graph of a permutation is an Eulerian graph, we have that A(i,n+1) =
> =1 Ali,7) (mod 2), so the final row and column of the adjacency matrix A are determined
by the remaining rows and columns.

Let P € M, 5 be the precedence matrix of the permutation 7. Then, row 1 of P is the
vector [0 11 ... 1] and row n + 2 is the vector [0 0 0 ... 0]. For each i with 1 <i <n, let
s; be the number of indices j such that P(i + 1, j) = 1. Let m; be the element in position ¢
of the permutation 7. Then, we have that s;, = n + 1 — ¢, since m; precedes the elements
;11 through 7, and n+ 1 in the permutation 7. If we exclude the entries in columns 0 and
(n+ 1) from the sum, it will be n — 4, since all 7; in the permutation precede n + 1 and are
preceded by 0. Therefore, the row sums of the central submatrix of the precedence matrix
P form a permutation of the sequence (0,1,2,...,n —1).

Let T, be the set of all n x n matrices C' such that the sums > C(4,j) for 1 <i <n
form a permutation of (0,1,2,...,n — 1), C(i,i) = 0, and for all ¢ # j we have C(i,j) =
1 —C(j,i). We claim that a matrix C' is the central submatrix of the precedence matrix
of some permutation 7 of length n if, and only if, C' € T,,. We showed that if C' is the

central submatrix of a permutation’s precedence matrix, then C' is an element of 7, (the
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final two conditions follow since no element can precede itself, and if i precedes j then j
does not precede 7), and so it suffices to show that each element of T,, corresponds to some
permutation.

First, note that if 7 and " are distinct permutations in S,,, then m; # 7} for some i > 0.
This implies that different rows in the matrices associated with 7 and 7’ will have sum (n—1).
Since there is only one row in each matrix with this sum, we have that the two matrices
are distinct. Hence, since |S,| = n!, there are n! distinct matrices in 7,, corresponding to
permutations.

We claim that |T},| = n!. By our earlier argument, it suffices to show that each element
of T,, corresponds to some permutation. Furthermore, since each of the n! permutations
corresponds to a distinct element of T,,, we already have |T},| > n!, so it suffices to show that
|T,| < n!. To show this, we proceed by induction on n. For n = 1, the only 1 x 1 matrix
whose row sums form a permutation of (0) is the matrix [0], so we indeed have |T7| < 1 and
the base case holds.

Now assume that |T,,| < n! for n = k; we will prove that this also holds for n = k+ 1. Let
C be a matrix in Ty,;. Then, by definition, there is some integer ¢+ with 1 < i < k + 1 such
C(i,7) =0 for all j with 1 < j < k+ 1. By definition of T,,, this implies that C'(j,7) = 1 for
each 1 < j < k+1 such that j # i. Let C’ be the k x k submatrix of C' with the ith row and
1th column removed. Then, the sum of each row in C’ is equal to the corresponding sum in
C minus 1, and the row with sum 0 in C' was removed to form C’, so the row sums of C’ form
a permutation of (0,1,2,...,k —1). Furthermore, the equalities C'(i,7) = 0 for 1 < < k
and C'(i,j) =1 —C"(j,1) for 1 <1i,5 < k, i # j follow from the corresponding properties of
C, since the indices of the deleted row and column were equal. Thus, we have that C’ € T}.
By our inductive hypothesis, there are at most k! matrices C’ € T}, so since there are k + 1
possible locations of the zero row in the matrix T}, there are at most (k + 1)! possibilities
for the matrix C'. Hence, we have that |Tj41| < (k + 1)!, and so by induction our claim is
proven.

Therefore, we have that an n x n matrix C' is the central submatrix of the precedence
matrix of some permutation 7w € S, if, and only if, C' € T,.

Let M be the adjacency matrix of the (n — 1) vertex move graph G, let @ € F} such that
u; = 1 if, and only if, the vertex (i — 1,4) is adjacent to the last handle (n,n + 1) after it is
added, and let ¥ € F} such that v; = 1 if, and only if, the vertex (i — 1,4) is adjacent to the
first handle (0, 1) after it is added (so in particular v; = 0). Then, the complete adjacency
matrix, in block form, is the matrix

077 | x
A= | T[],
x|lal |z

where z € {0, 1}. If A is the adjacency matrix of a permutation, then since the overlap graph
of any permutation is Eulerian, we must have that v; + Z;:ll M(i,j7) +u; =0 (mod 2), so
it follows that @ =+ M -[1 11 ... 1]7. By our formula proven earlier, we have that if A is
the complete adjacency matrix (equal to M with additional rows and columns added at the
beginning and end) and it corresponds to a permutation 7 with precedence matrix P, then
P = S(Z(A) + By,11), where the functions S and Z and the matrix B, are as defined in

the lemma. Using the formula above, we can compute the element at position (7, j) of the
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matrix P as follows:

Z Z ) + Bpi1)(r, c).

r=1 c=1
By definition of Z, Z(A)(1,1) = 1, Z(A)(1,i) = Z(A)(i,1) = 1 for all 2 < i < n, and
Z(A)(i,j) = A(i,j) for all 2 < i,5 < n. Now, let A’ be the matrix with all zeroes in the top
row and left column, and the entries of A in the remaining positions. Then,

10 0 0 000 ... 00
00 0 0 Oo11 ... 00
001 ... 00
B=Bun+|: 1 =], . . o
000 0] gy T
0 00 01
It follows that
i J i J i J
B3 SLNCEED 3 S LTI 3 S AREET) 3) pEL]
r=1 c=1 r=1 c=1 r=1 c=1 r=2 c=2

For 2 <i,j <n+1, we have that ZiZQ Zi:z A(r,c) = Zi:z vr@zczz vc—l—ZT:g Zc:?) M(r—
1,c—1) (where the second sum is taken to be 0 if i = 2 or j = 2). Hence, for 2 <i,j <n-+1,
we conclude that

? J
(ZZBMQ (r,c) @ZZM r—1,c—1 ) &5 (ZUT@Z’UC> )
r=1 c=1 r=3 c=3 r=2 c=2

Note that the first sum can be computed directly given the matrix M in polynomial time
(O(n*) by computing each term directly, or O(n?) by applying dynamic programming to the
partial sums). If the precedence matrix P is in 7}, then the row sums ) 7, P(i, j) for each
i (not taken modulo 2) form a permutation of (0,1,2,...,n — 1), so there is some row with
sum 0.

Thus, there must be some ¢ such that if @ is the n-element vector over Fj with

— <ZZBn+2(r,C)@ZZM(T—170—1)>7

r=1 c=1 r=3 c=3

then we must have that (Zi«:z v+ 37, vc) = w; for each 1 < j < n (over Fy). As the

vector ¢ can be uniquely determined from this system of n equations, there are at most n
possible values of this vector, namely the vectors w determined by each row i of the matrix
M.

Each entry in one of the @ vectors corresponding to a row of the matrix can be computed
using O(n?) operations, and there are n entries in each vector and n vectors, so all n of the
vectors w corresponding to the rows can be computed in O(n?), yielding the possible values
for ¥ in polynomial time.

Given a vector ¢, we can compute the vector @ corresponding to the rightmost column
using the formula @ = o+ M - [1,1,1,...,1]7, derived above. As each entry in A except for
the single number x = A(1,n) = A(n,1) is determined and = € {0, 1}, there are only two
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possible adjacency matrices A for each v. Therefore, there are 2n possible adjacency matrices
A that could correspond to permutations with move graph G (with adjacency matrix M).
Then, using the formula P = S(Z(A) + Bp+1), we can compute the precedence matrix
associated with each adjacency matrix A in polynomial time: since there are O(n?) terms in
the sum used to compute each entry in the matrix P and O(n?) entries, this computation
requires at most O(n') time and so is polynomial. Finally, for each precedence matrix P
the row sums can be computed and placed in increasing order in O(n?) time, thus allowing
us to decide if P € T, in polynomial time. As this process only needs to be performed for
2n matrices, we can determine if there is a possible adjacency matrix A with labeled move

graph G corresponding to a permutation in O(n°) time, so we conclude that the problem
LABELED CDS MOVE GRAPH is in P. O

7. GRAPH AND MATRIX SORTABILITY

7.1. Sortability under gcds. A parity cut of any simple graph (and thus not just an
Eulerian graph), is defined as follows:

Definition 7.1. Let G = (V| E) be a simple graph. A generalized parity cut is a set V; C V
such that Yv € V, dy, (v) is even.

One can tell if a subset of the vertex set is a generalized parity cut from the lemma that
appears below.

Lemma 7.1. Let G = (V, E) and G' = (V, E') = gedsy, 1 (G) for two vertices p,q € V. If
we consider a subset Vi of V', then Vi is a generalized parity cut of G if, and only if, there
exists a generalized parity cut V' of G’ such that for all vertices v # p,q € V., v € V} if and
only if v e Vj.

Proof. Consider a generalized parity cut of G with set V;. We will show that for any vertex
u € V, when gcds is performed on two vertices p, ¢, the parity of oy, (u) does not change,
and that therefore this is also a generalized parity cut for G'.

We can again consider the sets A = {v € Vj|v # ¢, v is adjacent only to p}, B = {v €
Vilv # p, v is adjacent only to ¢}, and C' = {v € Vi| v is adjacent to both p and ¢}, and
suppose u is adjacent to x vertices in A, y vertices in B, and z vertices in C. We now have
three cases:

Case 1. p,q € Vi and are adjacent to each other. Then |N(p)|\ {¢} = |[AUC| = |A| +|C| is
odd, and similarly |B|+ |C| is odd. Therefore, if |C| is odd, |A| + | B] is even, and if
|C| is even, |A| + | B| is also even.

(a) u is adjacent to both p and ¢q. Then when the gcds operation is performed,
edges between u and vertices of A and B will switch, and the edges to p and q
will be removed which means v’ € V(G’) will have 0y, (u") = dy, (u) + (|A| — ) —
r+ (|B|—y) —y—2 =0y, (u)+ |A| + | B| — 22 — 2y — 2 edges, so the change in
Oy, (u) is even.

(b) w is adjacent to exactly one of p and g. Without loss of generality, suppose u is
adjacent only to p. Then, when the gcds operation is performed, edges between u
and vertices of B and C will switch and the edge to p will be removed, meaning
v € V(G') will have 6y, (v') = éy,(v) + (|1B] —y) —y+ (|C| —2) —2—1 =
ov,(u) + |B| + |C| — 2y — 2z — 1 edges. This is again even, so either way the
change in dy, (u) is even.
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Case 2. Exactly one of p,q is in V;: This is a similar argument to our argument in case 1.
Without loss of generality, suppose p is in V;. In this case, we know that |B| + |C/|
is odd, and |A| + |C| is even. Therefore, if |C] is odd, |A| + |B] is odd, and if |C] is
even, |A| + |B] is also odd.

(a) If u is adjacent to both p and ¢, when the gcds operation is performed, edges
between u and vertices of A and B will switch, and the edge to p will be removed
meaning v’ € V(G') will have oy, (u') = 0y, (u)+(|A| —2) —z+ (|B|—y)—y—1 =
Oy, (u) + |A| 4+ |B| — 22 — 2y — 1 edges, so the change in 0y, (u) is even.

(b) Otherwise, if u is adjacent to only p, when the gcds operation is performed, edges
between u and vertices of B and C will switch and the edge to p will be removed,
meaning v’ € V(G’) will have oy, (u) = oy, (u) +(|B|—y) —y+(|C|—2)—2—1=
oy, (u) + |B| + |C| — 2¢ — 2y — 1 edges, which is also even.

(c) Finally, if u is adjacent to only ¢, when the gcds operation is performed, edges
between u and vertices of A and C will switch, meaning u’ € V(G’) will have
oy (u) = by (u) + (|A] = z) =2 + (|C] — 2) — 2 = Oy (u) + [A] + |C] — 22 — 22
edges, which is also even.

Case 3. p,q ¢ V1: In this case, we know that |B|+|C| and |A|+|C| are both even, so |A|+|B]
must be even.

(a) If u is adjacent to both p and ¢, when the gcds operation is performed, edges
between u and vertices of A and B will switch, so v’ € V(G’) will have dy, (u') =
oy (u) + (JA] —x) —x+ (|B] —y) —y = oy, (u) + |A] + | B| — 2 — 2y edges, which
is even.

(b) Otherwise, if u is adjacent to only one of the vertices, without loss of generality
p, when the geds operation is performed, edges between u and vertices of B and
C will switch, which means v’ € V(G’) will have dy, (u') = 0y, (u) + (|1B] —y) —
y+ (|C| = 2) — z = oy, (u) + | B] + |C| — 22 — 2y edges, which is also even.

In any case, for any vertex u # p,q € V, performing gcds on GG doesn’t change the parity
of dy, (u), so if V; is a generalized parity cut of G, it is also a generalized parity cut of G'.

Now consider a generalized parity cut, V/ of G'. Since p and ¢ are isolated in G’ they
can be moved in or out of V/ to create Vi, which will still be a generalized parity cut. If we
consider V' excluding p and ¢, there are 3 cases:

(1) The parities of dy/(p) and dy/(q) are both even: In this case, since applying geds
doesn’t change the parity of dy, (u) for any vertex u, V{ is a generalized parity cut of
G also.

(2) Exactly one of y(p) and dyr(q) is odd: without loss of generality suppose only dy(p)
is odd. Then, let V; be V] J{q¢}. Since p is adjacent to ¢, this means that dy, (p) will
now be even, so again, by the preservation of parity, V; will be a generalized parity
cut of G.

(3) dvs(p) and dyy(q) are both odd: Similarly, in this case we can let Vi be V{U{p, ¢}
and since p and ¢ are adjacent to each other, this means that dy, (p) and dy, (¢) will
both now be even, so again, by the preservation of parity, V; will be a generalized
parity cut of G.

O

We now have a condition for having a generalized parity cut with only one root.
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Theorem 7.2. A two-rooted graph G = (V, E) has a generalized parity cut containing exactly
one of the two roots and another cut containing exactly the other root if, and only if, its image
under geds does too.

Proof. This follows directly from Lemma [5.12) O

Thus, we have a necessary, and sufficient, condition for a two-rooted graph to be sortable
under gcds.

Corollary 7.3. A two-rooted graph G = (V, E) is geds sortable if, and only if, there exists
a generalized parity cut containing exactly one of the two roots and another cut containing
exactly the other root.

Proof. Consider any fixed point graph. There must be some non-root vertex v adjacent to
at least one root and no other non-root vertices. However, in this case there cannot be a
generalized parity cut containing only this root, because then the number of edges from v to
this cut will be only 1. Therefore, such a cut does not exist for any fixed point graph. Then,
by the above theorem, no unsortable graph can have such a cut. However, the discrete graph
does have both generalized parity cuts (simply the sets of the roots alone), so every sortable
graph must also have such cuts. U

Corollary 7.4. geds Inevitability

Theorem 7.5. Let M be the adjacency matriz of a graph G and cent, (M) be M with the
first and last rows and columns removed. The number of geds operations it takes to reach
any fized point of G is always % rank(cent, .(M)).

Proof. First, the rank of a skew symmetric matrix will always be even. Since M is symmetric,
cent, (M) must be also, and since we are working mod 2, it must also be skew symmetric, so
the rank of cent, (M) will be even. Now, consider the kernel of cent, .(M). Clearly, if there
are any edges between non-root vertices p and ¢, cent, .(Mq,—1)g—1)) = centy (Myg_1)p-1)) =
1 and e 1y, e(q—1y Will not be in ker(cent,.(M)). Then, if we consider M’ = mcds(M) =
MI,,M+M = (MI,,+1)M, as shown above, the nullity of M I,,+ I will be 2, and similarly,
since the first and last columns of M1, + I will be €] and €;,, the nullity of cent, .(MI,,+ 1)
will be 2. Therefore, the rank of M will decrease by 2 at every step. Since cent, (M) is
effectively the adjacency matrix of the subgraph induced on the set of all non-root vertices
of G, when we reach a fixed point, no non-root vertices will be adjacent, so cent, (M) will
be the zero matrix and have rank 0. Therefore, the number of steps to get from G to any
fixed point must be 3 rank(cent, .(M)). O

The above shows the connection between graph theory and linear algebra when talking
about geds on simple graphs. Next, we examine the case of sortability under cds on matrices,
which we refer to as mcds.

7.2. Sortability under mcds.
Lemma 7.6. Let Mé be the qth column of M' = meds(M). If M(p,q) =1, then Mé = 0.

Proof. By the definition of mcds, M'(i,j) = M(i,7) + M (i,p)M(q,j) + M(i,q)M(p,j). If

M(p,q) =1, then for all 0 < k <n, M'(k,q) = M(k,q)+M(k,p)M(q,q)+M(k,q)M(p,q) =

M(k,q) + M(k,q) = 0. O
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Lemma 7.7. Given matriz M, ker(M) C ker(M'), where M" = meds(M).

Proof. For any # € ker(M), M'Z = (M + ML, ,M)Z = (I + MI,))MZ = (I + MI,,)0 = 0, so
7 € ker(M"). O

From the above, we have necessary and sufficient conditions of the columns of a matrix
and that matrix after some mcds operation was applied to it.

Theorem 7.8. An n x n matriz M has an element ¥ such that x1 =0 and x,, = 1 and an
element i such that y; =1 and y, = 0 in ker(M) if, and only if, its image under meds does
too.

Proof. = By Lemma [Z.7] if M has such an & in its kernel, M’ = mecdsy, 1 (M) must too.

<« Consider an element ¥ € ker(M’). It must either be in the kernel of M or it must be the
case that M7 is in the kernel of I+MI,,. Now, M I, hastheform [0 --- ¢ --- §F --- 6],
where p is the p'" column of M and the ¢'* column of M1I,,, and ¢ is the ¢'" column of M
and the p™ column of M1I,,.

Now, if M(p,q) = 1 and M(q,p) = 1, I+ MI,, must have rank n—2, because n—2 columns
will just be €;,i € {1,....,n} \ p,q, and (I + M1,,)(p,q) = (I + M1,,)(¢,p) = 0 because
(ML) (p,p) = M(p,q) =1 and (M1,,)(¢.q) = M(q,p) = 1. Now by Sylvester’s theorem,
rank(M') > rank(M) +rank(! + M1,,) —n = rank(M) + (n — 2) — n = rank(M) — 2, which
means that by the Rank-Nullity Theorem, nul(M’) = n — rank(M’) < n — (rank(M) — 2) =
nul(M) + 2. Also, because M(p,q) = 1 and M(q,p) = 1, f and ¢ cannot be 0, which means
that €, and €, were not elements of ker(M). However, we know from Lemma [7.6 that the p™
and ¢ columns of M’ will both be 0, so ¢, and €, will both be in ker(M?). This accounts
for the 2 additional vectors in the basis of ker(M’), so the only vectors added to the basis
are €, and €,, neither of which fit the condition that their first and last elements sum to 1.
Therefore, the desired 7 will be in the kernel of M’ only if it was in the kernel of M.

Similarly, if exactly one of M(p,q) and M(q,p) is 0, I + M1,, must have rank n — 1 and
can have at most 1 additional vector in the basis of its kernel. We know that one of M(p, q)
and M(q,p) is 1, and therefore either p’ or ¢ cannot be 0, which means that either €p OI €,
were not elements of ker(M). However, by Lemma if M(p,q) =1, the ¢** column of M’
will be 0 and if M(q,p) =1, the p'* column of M’ will be 0 so exactly one of €, or €, will be
in ker(M"), which accounts for the additional vector in the basis of ker(M’). Thus, the only
vector added to the basis will be exactly one of €, and é,, neither of which fits the condition
that their first and last elements sum to 1, so the desired & will be in the kernel of M’ only
if it was in the kernel of M.

Finally, if both M(p,q) and M(q,p) are 0, I + M I,, must have dimension n and M’ will
have the same kernel as M. U

From the above, a mcds sortability criterion was found.

Corollary 7.9. A matrix is meds-sortable if, and only if, its kernel contains an element ¥
such that xr1 =0 and x, = 1 and an element y such that y; =1 and y,, = 0.

Proof. For any fixed point matrix M, 1 < i,j < n, we must have that M (i, j) = 0. If ker(M)
contains an element Z such that z; = 0 and z,, = 1, M(i,n) must also be 0 for all 1 <1 < n,
and similarly if ker(M) contains an element ¢ such that y; = 1 and y,, = 0, M(4,1) must

also be 0 for all 1 < ¢ < n. Therefore the only such fixed point matrix must be the zero
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matrix, so by Theorem [7.8 every fixed point of a matrix with this property must be the zero
matrix and therefore such a matrix must be mcds-sortable. Similarly no fixed point of a
matrix without this property can be the zero matrix, so a matrix is mcds-sortable if and
only it has this property. U

A second mcds sortability criterion is presented below.

Corollary 7.10. Given a matriz A € M, let M = cent.(A) and let a; and a,, be the first
and last columns of A, respectively. Then, A is meds-sortable if, and only if, there exist
vectors i, u' € F3~2 such that M = a; and Mu/ = dy,.

Proof. We will first prove that if A is mcds-sortable, then such vectors @ and u' exist. By
Corollary [7.9] we have that if A is mcds-sortable, then ker(A) contains some vectors ¥ and
w such that v1 =1, v, =0, w; =0, w, = 1.

Let @ € F}~2 be the column vector containing the elements v, through v,_;, and define u
similarly for «. Then, by definition of the kernel, we have that Mi+ad; = 0 and M@’ +d,, = 0.
Since vector addition is its own inverse in F5 ™2, we have that M@ = @, and Md' = @,, as
desired.

Conversely, if no such vector u exists, then there is no solution # to the equation Mu = @
and hence no solution to Mi + @, = 0. Therefore, there can be no vector ¥ € ker(A) such
that v;1 = 0 and v, = 1, so by Corollary [7.9, A is not mcds-sortable. The argument for
when no such o/ exists is similar, so both directions hold. O

8. COUNTING gcds-SORTABLE GRAPHS

Using the sortability criterion proven in Corollary [[.9, we prove several lemmas regarding
the structure of general and Eulerian gcds-sortable graphs. Afterwards, we derive formulas
counting the numbers of both general and Eulerian geds-sortable graphs on n vertices.

Let M, be the set of all n x n matrices A with coefficients in Fy such that all diagonal
elements of A are zero and A = AT. Note that an n X n matrix is the adjacency matrix of
a simple undirected graph on n vertices if, and only if, it is in M,,.

For brevity, we will say that an n x n matrix A is Fulerian if it is the adjacency matrix of
an Fulerian graph.

Definition 8.1. For a vector v € F}, we define the one’s complement vector of ¥, denoted
7%, to be the vector

o =v+[11 .17
where the vector addition is taken over [F7.

Using the definition above, we have the following lemma:

Lemma 8.1. Let A € M, be the adjacency matriz of an Eulerian graph G, let M = cent.(A),
and for 1 <i <mn let a; be the ith column of A. Then, for any vector i such that Mu = a;,
we have that Mu° = a,,.

Proof. By definition, for each @ € F3 2 we have 4“ = [1 1 ... 1]¥ + @. If M@ = dj, then
we have that Mu = a1 and so Mu + a; = 0. Since G is Eulerian, we have that

@+ (a3 + -+ aply) + dy =0,
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SO

M(11...1") +di+d,=0.
Therefore, M (i + @) + di + d,, = 0, so by distributivity and commutativity we have that
Mid + a; + Ma® +a,, = 0. Since M@ + a; = 0, it follows that M@© + a;, = 0, and since
addition is its own inverse over F} we have that Mu“ = d;,. U

A property regarding the dot product of specific vectors is shown below.

Lemma 8.2. If A is a matriz in M, and 4,7V € FYy, then we have (Ai) @ U = (AV) ® 4 and
(Ad) e i = 0.

Proof. Expanding the dot product, we have that

n

(All) o 5= (Ad);T; Z <ZA i,j)i ) Ui = A(i, 7);7;.

i=1

Since A = AT, we have that

n n n n

SN AGg)aE =Y > AG T =Y > A(i, )T = (AD) e i,

=1 j5=1 i=1 j5=1 =1 j5=1

as desired. Additionally, we have that

(Ailyoidi=> " Ali, j)iyi

i=1 j=1

_iZAZjUZUJ—i—ZAZZ S+ A(j, i)t

=2 j=1 =2 j=1
- 222A(z,j)ﬁiﬁj +0=0,
=2 j=1

where the addition is taken over [F,. O

Definition 8.2. For each positive integer n, let F': M,, x F} x F} — M, o be the function
defined as follows. For A € M,, and uy,us € F3, we define

0 (Aa)" | (Aay)" o3
F(A uy,u3) = Awy A Auy
(Aup)" e uy | (Auy)” 0

Lemma 8.3. For any meds-sortable n x n matriz A € M, there exist vectors uy, i € Fy 2
such that
A = F(cent, (A), i, u3).

Proof. For 1 <i < n, we let a; denote the ith column of the matrix A. Note that since A is
the adjacency matrix of an undirected graph, we have A = AT, so a; is also the ith row of
A. We will also let A(7, j) denote the element of A in row i and column j. Finally, we will
let M = cent.(A) and C = cent, .(A).
By Corollary [.10, since A is mcds-sortable there exist vectors u} and 3 in Fjy~? satisfying
Muy = aj and Muj = a,,. We claim that A = F(C, u}, u3) for these v} and u3. In particular,
35



we will show that each section of the block matrix given in the definition of F(C,uy,u3) is
equal to the corresponding submatrix of A.

First, since A € M,,, all of the diagonal elements of A are 0, so we have that the top-left
and bottom-right blocks of F'(C,uj,u3) match the corresponding elements of A. Also, we
have by definition that C' is the (n — 2) x (n — 2) submatrix of A containing the elements
A(i, j) for 2 <i,j <mn—1, so the central block of F(C,u},u3) is also correct.

Since the vector in F5~? containing the elements in positions 2 through n — 1 of the n-
element vector Mu; is C'uy (as C' comprises rows 2 through n — 1 of M), we have that since
a1 = Muy, the vector containing the elements in positions 2 through n — 1 of a7 is Cuj.
Therefore, the block in row 2, column 1 of the block matrix F(C,u},u3) is correct. Since
A = AT the block in row 1, column 2 is also correct.

By similar reasoning, we have that since a, = Mus, the vector containing the elements
in positions 2 through n — 1 of d,, is Cuy. Therefore, the block in row 2, column 3 of the
block matrix F(C,uy,us3) is correct, and so since A = AT the block in row 3, column 2 is
also correct.

It remains to prove that the blocks in row 1, column 3 and row 3, column 1 are correct. We
proved earlier that the block in row 1, column 2 is correct, so [A(1,2) A(1,3) ... A(l,n—1)] =
(Cup)T. By definition of cent.(A) = M, this row vector (Cup)T is also the first row of the
middle submatrix M of A. Since we have Mu; = a,, from the fact that A is mcds-sortable,
it follows that (Cu})? e 43 = ay,. Therefore, the block in row 1, column 3 is correct, and
since A is symmetric the block in row 3, column 1 is correct as well.

Thus, all of the blocks have been verified, and so we have shown that for some vectors
)y, iy € Fy 72 we have A = F(cent, .(A), Uy, u3). O

From the above lemma, we have this corollary.

Corollary 8.4. For any meds-sortable Fulerian n X n matriz A € M, there exists a vector
il € 52 such that
A = F(cent, (A),d,d).

Proof. As before, let M = cent.(A) and let a; be the ith column vector of A for 1 < i < n.
By Lemma B2 since A is mcds-sortable there are vectors i, us € Fy~2 such that A =
F(cent, .(A),u,u3), Mi = dy, and Muy = d,. But by Lemma 1] since A is Eulerian
and M = aj, we have M4® = q,. Since the only restriction placed on 5 in the proof of
Lemma BT was that Muj = dj,, we can replace w3 with 4% to get A = F(cent,..(A), @, ),

as desired. ]
This function F' outputs an mcds-sortable graph, as shown in the upcoming lemma.

Lemma 8.5. For any matrix A € M, and any vectors uy,us € FY, the matriz F(A,u}, u3)
is an element of M, s and is meds-sortable.

Proof. Let M = F(A,uy,u3).

We begin by proving that M € M,,,; to do this, we must show that each diagonal entry
of M is a zero and that M = M7T.

By definition of F', we have M(1,1) = 0, M(i + 1,i + 1) = A(i,i) for 1 < i < n, and
M(n+2,n+2) =0. Since A € M,, we have A(i,7) = 0 for each 1 < i < n, so it follows
that all of the diagonal entries of M are zeroes.
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Next, we will show that M = M?T. To do this, we will show that for each block submatrix
B(i, j) appearing in the block form of M in the definition of F', we have that B(i, ;) =
B(j,i) (for each 1 < i,j < 3). First, since B(1,1) = B(3,3) = [0], this relation holds for
(i,7) = (1,1) and (3,3). Since A € M,,, we have A = AT by definition, so since B(2,2) = A
it also holds for (i,7) = (2,2). By definition of F', we have B(2,1) = Auj, B(1,2) = (Au})?,
B(2,3) = Au, and B(3,2) = (Auy)T, so we additionally have B(i,j)T = B(j, i) for (i,j) =
(1,2),(2,1),(2,3),and (3,2). Finally, both B(1, 1) and B(3, 3) are equal to the single element
matrix [(Aui)" e @3], so the cases (i,7) = (1,1) and (3,3) hold as well. Therefore, we have
proven that M = MT, so M € M, .

Next, we will show that M is mcds-sortable. By Corollary [C.10] it suffices to find vectors
@ and o/ € F? such that cent.(M) = n7; and cento(M)u' = m, s. Let P = cent.(M). We
claim that the vectors @ = 4} and o/ = 1y satisfy the required conditions; we must show
that Puy = m; and Pus = mys.

By definition of F', we have that P,m7, and m, 12 can be expressed in block form as follows:

(Aa)" 0 (AR)" o 15
P=|" A |m=|_ Au_|,andmin=|" Ap
(Audy)” (Auy)" e i 0

We will prove that Pu; = m; and Puj = m,, o by showing that for each component index
i with 1 <@ <n+2, (Puy), = (my), and (Pu3), = (Mn42);-

First, for 2 < i < n + 1, we have that (Pu}); = a;_1 e u} = (Auy);—1 = (m});. Similarly,
(Pu_é)i =a;_|euy = (Au_é)i—l = (m77+2)z'-

Next, we consider the case in which 7 = 1. In this case, applying Lemma we have that
(Puy); = (Auy)T ey = 0 = (n7y); and (Puy); = (Aup)T e i = (my2)1, as needed.

Finally, we consider the case with i = n + 2. We have by Lemma that (Pu)ps2 =

(AUQ) (AUQ) ou1 (Aul)T i (m1>n+2 and (PUQ)n+2 (AUE)T.UE =0= (m;+2)n+2.
Therefore, we have shown that each pair of corresponding entries are equal, so we have
that Puy = m; and Pus = m,, 9, and the lemma is proven. O

Moreover, F' outputs an Eulerian graph under the following circumstances.

Corollary 8.6. For any matriz A € M, and any vector i € Fy, the matriz F(A, @, ) is

both meds-sortable and Eulerian.

Proof. Let M = F(A, i, d°). Since @¢ € F}, it follows directly from Lemma B that M is
mcds-sortable; hence, it sufﬁces to prove that M is Eulerian.

M represents the adjacency matrix of a graph G, and is Eulerian if, and only if, G is
Eulerian. Each position j in row ¢ such that M (7, j) = 1 corresponds to a vertex j such that
there is an edge between vertices ¢ and j. Thus, for all vertices in G to have even degree we
must have that the sum of the elements in each row is even, or equivalently is 0 when taken
over [Fy.

We begin by showing that the sum of the first row is zero over Fy. By definition of
M = F(A, @, 1), we have:

n+2

ZM11—0+ZAU o ¢
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_ i (i A(i,j)uj) + ) (A, (u€),
:ZZAZju]+Z<Z ) (),

i=1 j=1 j
= Z ZA(i,j)uj (1+ (uc)l)
i=1 j=1
=Y ) A, juju;
i=1 j=1
n i—1 -1
:ZZAZJUJUZ—FZAZZ Jui + ZA(], D) uu;.
=2 j=1 =2 j=1
Since A € M, the maln—dlagonal elements of A are all zeroes and A = AT. Therefore, we
n n  i—1
have ZA i,i)u; = 0 and Z ZA i, j)uju; = Z ZA(j, i)u;u;j, so it follows that the sum
i=2 j=1 =2 j=1

of the ﬁrst row is even. By similar reasoning, and the fact that

T oii® ZZAZ]U? ZZA], i)u;(u ZZAZ] 9ju; = (AT°)

=1 j=1 =1 j=1 =1 j=1

we also have that the sum of the last row is even.
We will now show that the sum of each row 77; in the middle, for 2 < i < n + 1, is even.
By definition of F', we have that for 1 < i < n,

n+2 n
> M(i+ 1) = (Ad); + Y A, j) + (Ad°),.
: =
By definition of @, we have @+ @° = [1 1 ... 1]T, so by commutativity and distributivity

we have that

(Ail); + Y A(i, ) + (Ai€); = (A(i + i) + > A, 5)

j=1 j=1

= (A1 ")+ Yo AG)
=3 AlL)) +ZA(i>j)>

7j=1
which is even. Hence, the sum of each row in the matrix M = F(A,,u“) is even, so

F(A,i,@°) is Eulerian and the corollary is proven. O

A necessary and sufficient condition related to the kernel of a matrix and the function F
applied to it is expressed below.
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Lemma 8.7. Let A be a matrixz in M,,, and let uy, us, v1, vy be vectors in Fy. Then, we have
that F(A,uy,uz) = F(A,v1,03) if, and only if, 01 — uy € ker(A) and vy — uy € ker(A).

Proof. If F(A,u},u3) = F(A,01,03), then considering the middle n rows of the two matrices
produced via the definition of F' we must have that Au; = Av; and Aus = Av;. Hence, we
have that A(v;—uy) = 0 and A(vs—up) = 0, so by definition we have v; —u}, 05— up € ker(A).

Conversely, if the vectors v; — u] and v3 — u5 are both in the kernel of A, let w) = v; — 4}
and w] = vy — uy. We will show that the corresponding blocks in each location within the
matrices F'(A,uy,us) and F(A,v7,03) are equal. Since the blocks along the main diagonal
only involve A, which is the same for both matrices, it suffices to prove equality for the
remaining six pairs of non-diagonal blocks. Moreover, since the top-right and bottom-left
blocks in the definition of F' are identical, and since Au; = Av; = (Au)T = (Ao;)T
and Aup = Avy = (Aup)T = (Av3)7, it suffices to show that the corresponding blocks in
positions (2,1), (2,3), and (1, 3) of the two block matrices F(A,uy,us) and F(A,v7,v3) are
equal.

Since Av; = A(uy + wy) = Auy + Awy = Auj + 0 = Auj, the corresponding blocks in row
2, column 1 are equal. By similar reasoning, we have Avy; = Auj, so the blocks in row 2,
column 3 are equal. Finally, since Au; = Avi, we have that

(Av})T e vy = (Auy)" @05 = (Auy)” o (1 + i) = (Auy)" ey + (Auy)” e ).
As A is symmetric and all of the main diagonal entries are zeroes, we may apply an argument
similar to that used in the proof of Lemma 8.3 to show that (Auy)” ew, = (Aw)” eu, which
is 0 since w € ker(A). Thus, we are left with (Av7)T e v5 = (Auy)T e i3, so the blocks in row

1, column 3 are equal as well. Hence, we have shown that if v; — u3, 03 — u5 € ker(A) then
F(A,uaq,uz) = F(A, 01, 02). O

A consequence of the above lemma is now presented.

Corollary 8.8. Let A be a matrix in M, and let @i, 7 € FY. Then, we have that F(A, @, a) =
F(A,T,7%) if, and only if, 7 — i € ker(A).

Proof. By Lemmal[R3] it suffices to show that 7 —u“ € ker(A) if, and only if, ¥— € ker(A).
By definition, we have that

7 —aC =0+ . ) =@+l . )T =04,
so it follows immediately that 7 — @ € ker(A) <= o — @° € ker(A). O

The properties that have been mentioned in this section have led us to the following
theorem which tells us the number of two-rooted gcds-sortable graphs G on n + 2 vertices
under a specific circumstance. It is described in more detail below.

Theorem 8.9. Let A be the adjacency matriz of an undirected graph on n vertices with no
self-loops and at most one edge between any two vertices. Then, we have that the number of
two-rooted geds-sortable graphs G- on n + 2 wvertices such that A is the adjacency matriz of
the subgraph of non-rooted vertices of G is 454 " and the number of such graphs that are
Eulerian is 2#°%4) where A is taken as a matriz over the field Fs.

Proof. We define the relation ~ on F3 x 3 as follows: (uj,u3) ~ (v1,03) if, and only if,
F(A,uj,u3) = F(A,v1,03). Since ~ is a relation defined in terms of equality, we have that
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~ is reflexive, symmetric, and transitive, so ~ is an equivalence relation. Let [(i1, u@3)] be
the equivalence class containing (i1, @ls) under the equivalence relation ~.

By Lemma BT, we have that (u,us) ~ (v7,03) if, and only if, 0] — 4} and v3 — 43 are both
in the kernel of A. Thus, we have that

[(u_ivu_é)] = {(U_i + UTl,U_é + UT2> ‘ UTl,’U?g € ker(A)},

and so |[(u},u3)]| = | ker(A)|* for any pair (uy,us) € Fy x Fj.
Thus, the number of distinct equivalence classes under the relation ~ is given by | (F5 x F3)\ ~ | =
%. Since ker(A) is a subspace of the vector space Fj, we have that ker(A) is iso-

| ker .
morphic to the vector space Fe™® ) and so |ker(A)| = 2dimker(4)  Therefore, since

dim(ker(A)) + rank(A) = n by the Rank-Nullity Theorem, we have that the number of
distinct equivalence classes is

4 4" 4

| ker(A)]2 (2dim(ker(A)))2 ~ gdim(ker(A))

— 4rank(A) )

Therefore, there are exactly 4'<(4) distinct (n + 2) x (n + 2) matrices M such that
M = F(A,uj,u3) for some uj,up € Fy. By Lemma [BF all of these matrices are valid
adjacency matrices of undirected simple graphs, and all are mcds-sortable. Also, by Lemma
B3 any (n+ 2) x (n + 2) mcds-sortable matrix M whose central n x n submatrix is A can
be written as F(A, 1}, 15) for some 1) and 3, so there are exactly 4'**%(4) meds-sortable
(n+2) x (n+ 2) matrices whose central submatrix is A. Each of these matrices corresponds
to a distinct two-rooted graph with G as its non-rooted subgraph, so there are also 47#k(4)
such gcds-sortable graphs.

To count the number of Eulerian gcds-sortable graphs with central submatrix A, we
apply a similar procedure, but using single vectors in F4 instead of ordered pairs of vectors.
As before, we define an equivalence relation ~p on F} such that @ ~p ¥ if, and only
if, F(A,@,u°) = F(A,¥,7°), and we consider the equivalence classes [ii] under ~p. By
Corollary B8, we have that [t] = {4+ @ | W € ker(A)}. Thus, we have |[i]| = |ker(A)|. By
an analogous argument to the one above, the number of equivalence classes under ~ is

| ker(A)|
It follows by Corollaries 8.4l and [R.6] that there is exactly one (n+2) x (n+2) mcds-sortable
Eulerian matrix whose central submatrix is A for each equivalence class, using a similar
argument as before, so there are 2"*%(4) meds-sortable Eulerian (n + 2) x (n 4 2) matrices
whose central submatrix is A, each corresponding to a gecds-sortable graph with non-rooted
n-vertex subgraph G. U

k
2 — 2rank(A) )

To count the total number of gcds-sortable two-rooted graphs on n-vertices, we apply
Theorem B.9] along with the following combinatorial result proven in [9].

Theorem 8.10 (MacWilliams, 1969, Theorem 3). Let Ny(t,7) be the number of symmetric
t X t matrices A with entries in F(2") such that all of the main diagonal entries of A are 0
and rank(A) = r. Then, if r is odd, we have Ny(t,r) =0, and if r = 2s we have that

S 22i—2 2s—1 s
No(t,r) =] T [ -0
=1 =0
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Proof. This result was proven by MacWilliams in [9], Theorem 3. O

From such theorem, we get the following corollary.
Corollary 8.11. The number of geds-sortable two-rooted graphs on n vertices is
[n/2]-1 25—1 foyn—2—i
Z 28(8+3) Hz 0 (2 2=t ]‘) )
—0 I[- (2% —1)
Moreover, the number of geds-sortable two-rooted FEulerian graphs on n vertices is

\_Tl%—l 23(5;3) Hfsol (2n 2—i 1)
L@ -1 |

s=0

Proof. By Theorem B9 we have that for each matrix A € M,_,, there are exactly 47»k(4)
two-rooted gecds-sortable graphs G such that A is the adjacency matrix of the non-rooted
subgraph of G, 2"2°k(4) of which are Eulerian. Therefore, to count the gcds-sortable graphs
on n vertices, it suffices to count the number of matrices A € M,_, with rank r over the
field F5 for each r with 0 <r <n — 2.

To do this, we apply Theorem B0 (proven as Theorem 3 in [9]) with ¢ = n — 2, for each
value of r from 0 to n — 2. Since there are no solutions in the case where r is odd, the total
number of geds-sortable graphs on n vertices is given by

LnTQJ "5 2J S 222-_2 2s—1
> 4% No(n —2,2s) Z 4% <H T [T - 1))

s=0 =0
Ln/2J—1 s g2i2 2571 '
=) 2 (H e 1@ - 1>>
5=0 i=1 i=0

[n/2]-1 25 1/on—2—i
Z 243 H 22z . z 0 (2 T 1)
Hi:1(222 - 1)
n/2J 1 s n—=2—i
Z 248 25(5 1) Hz2 01(2 - 1)
Hi:1(222 - 1)
n/2J 1 s n—2—i
Z 25(5+3 sz 01(2 - 1)
1_[2'21(22Z - 1) ’

as desired. The derivation of the correspondlng formula for Eulerian graphs is similar, but
with the initial 4%* term replaced with 22, O

9. THE PROPORTION OF GRAPHS THAT ARE ngS SORTABLE

Here is a table of the numbers of geds-sortable graphs and geds-sortable Eulerian graphs

on n-vertices, for 3 < n < 10, computed using the formula.
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# vertices | # total graphs # gcds-sortable | ratio | # gecds-sortable Eulerian
3 8 1 125 1
4 64 17 .266 5
5 1,024 113 110 29
6 32,768 7,729 .236 365
7 2,097,152 224,689 107 7,565
8 268,435,456 61,562,033 229 259,533
9 68,719,476,736 7,309,130,417 .106 16,766,541
10 35,184,372,088,832 | 8,013,328,398,001 | .228 1,695,913,805

TABLE 1. gcds-sortable graphs on n vertices, 3 < n < 10

As can be observed in the table above, the proportions of gecds-sortable graphs on even
and odd numbers of vertices appear to converge. A proof of this is given in the following
lemma:

Lemma 9.1. Let r, be the proportion of two-rooted graphs on n vertices that are geds-
sortable. By our formula for the number of geds-sortable graphs on n vertices and the fact

that there are 2(2) total graphs, we have that

[n/2]-1 25—1 fyn—9—i
pm oy e (g @771 )
2W s=0 Hi:l (22Z - 1)

Then, we claim that the sequences {ra,|n € N} and {ra,+1|n € N} of the proportions
of geds-sortable graphs on odd and even numbers of vertices converge to finite, positive
constants.

Proof. We first consider the sequence {rq,|n € N}, corresponding to the case where the
number of vertices is even. We begin by rewriting the formula in terms of rs,, and we define
T, = T, for convenience:

Tp = Top =

n=l 9s(s+3) (H?ial (2202 1))
e \ UL 1))
For each positive integer n and each integer s with 0 < s < n, let
9s(s+3) <H22i81 (2202 1))
7@ L@ D) )

In order to prove that the sequence {z, } converges, we will prove the following two lemmas
about the terms T'(n, s).

s=0

T(n,s) =

Lemma 9.2. Let k = /2. Then for each integer n > 10 and each integer s with g <s<n,
we have that

Tn+1,s+1)
1—k"< . <14k
T(n,s) *
Proof. We begin by simplifying the expression %; we have

Tn+1,s+1)
T(n,s)

( [T, (2% - 1) ))
12, (222 — 1)

_ 9(s+1)(s5+4) H?f(;l (22n—i —1) ' on(2n—1)
9(n+1)(2n+1) Hf;l (22 — 1) 95(s+3)
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B 252+5s+4 22z 22n -n H?S'gl (22n i 1)
- 22n2+3n+1 s+1 22Z . 32+3s lesol (22n 2—1 __ 1)
B 2s2+55+4 22n -n ' (22z _ ) H?S'gl (22n i 1)
T 9s%+3s 9202 +43n+l HS+1 (2% — 1) Hfsol (22n—2—i _ 1)

2n i
— 92s+4 1 . 1 . (Hi:2n—2s—1 (2' - 1))
1

2 T,y (20— )

- 92542 _ | 9dntl (22n - 1) (22n_1 - 1)

B 223—1—2 (24n—1 _ 3 . 22n—1 + 1)
T 92st2 _ 1 94n—1

1 3 1
- 1+228+2_1 1_ﬁ+24n—1 :

Let k = +/2. Then, for n > 10, s > 3, we have

223—1—4 1

T 1 1 3
(tls+l) oy 3 oy gy pon
T(n,s) 22n
and
Tn+1,s+1) 1 1 1
’ <l+—— <14+—=14——=14k"P <14k
T(?’L, S) s 1+ 92s+2 _ 1 — + 92s + 22n/3 + + ’
as desired. ]

Lemma 9.3. Let k = /2. Then for each integer n > 10 and each nonnegative integer
s < 2 we have

T(n,s) < k™"

Proof. Note that since 2277271 — 1 < 22727 for all 0 < i < n and 2% — 1 > 221 for all
1 > 1, we have that

T B 23(s+3) H?igl (22n—2—i _ 1) - 23(3—1—3) Hfial (22n—2—i>
(n, 8) ~ 9n(2n—1) Hf:l (22i _ 1) = 9n(2n—1) Hf:l (22i—1) )

Therefore, we have that
25—1 s
log, T(n,s) < s(s+3) —n2n—1)+ > (2n—-2—i)— > (2i—1)
i=0

2s—1 s
:$2+3S—27’L2+7’L—|—4n$—48—( ) 2(2@)

2s(2s — 1) 1)
=35> +3s—2n>+n+4ns —4s — s( 82 28(8; + s

=s?+3s—2n°+n+4ns—4s—2s>+s—s>—s+s
=202 +4ns — 28> +n
=—2(n—s)?2+n
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Using our assumption that s < 2?”, we have n —s > 2,50 —2(n — s)24+n < —2n?/9+n. For
n > 10, we have

—2n%/94+n < —2n+n = —n.
Therefore, it follows that T'(n,s) < 27" < (\/ﬁ) forn > 10, s < %", so the value k = v/2
satisfies the condition for our desired constant. O

Let k = /2. By Lemmas [0.2] and [@.3] for each integer n with n > 10 we have 1 — k™"
% < 1+ k™™ for s > n/2, (n—|—1,3) < k7" for s < n/2, and T'(n,s) < k=" for
s <n/2.

Multiplying the inequality 1 — k™" < % < 14 k=" through by T'(n,s) and then
subtracting T'(n, s) from each term, we have that —T'(n,s)k™ < T(n+1,s+1)—T(n,s) <
T(n,s)k™™. Since T(n,s) < x, < 1 (as the proportion of gcds-sortable graphs cannot be
greater than 1), we must have that

[T(n+1,s4+1) =T (n,s)| < k™.

We expand the difference |z, — x,| using the Triangle Inequality:

n—1
|Tpi1 — zn| = ZT (n+1,s) ZT(n,s)
s=0 s=0

-1 1 21+1 3)
Y T+1Ls+1)=T(ns)|+| > Tn+1,s)|+|> T(ns)
s=|g|+1 s=0 s=0
131+1 %)
T(n+1s+1)=T(n,s)|+ Y |T(n+1,8)+> |T(n,s)|
/J DET + ([n/2] +2) k7" + ([n/2] + 1) k7"
( +W2J 2) k™"

n

IA

IN IN
i WMH

| /\
?v

Letd:%, dletc—m Note that since k > 1, Wehaved+1—k+1<k so ¢ > 1.

an
Now let T' = % = k ;- Since k is a constant not depending on n, both T' and ¢ are positive

constants not depending on n (and ¢ > 1). Then, since d > 0, we have

3 3 “/n\ . 3 3 E\T"
-—n _ ~.—Nn < _ N ] — .~ 1N 1 n _ _ . - _ . —77/‘
3nk™ = -k~ "(nd) k jg 0 <j>d =—-k"d+1)" = ( 1) =T-c

Thus, we have shown that |x,.; — z,| < Tc¢™™ for each integer n > 10 and constants
T>0,c>1.

Let a; = z1, and for each integer n > 2, a,, = x,, — x,_1. Then, for each n > 0 we have
that z, = > ., a;. Let b, = Tc= =Y for each n > 0. Then, |a,| < b, for all n > 10. Since
the geometric series >~ b, converges, we have that the series Y - a, converges as well.

Therefore, the sequence {z,, | n € N} = {ry, | n € N} converges.
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Let L = lim z,,. Then,

n—oo
L = 100+ Z (Tpg1—2n) > @100 — Z | Tng1 — T | 2> T100— Z T-c"> xloo—c_woj-
n=100 n=100 n=100 ¢
Withk:\/i,wehavec:}Z—g:4—2\/§> 1.1 andT:% < 0‘%3:20, and also
¢ < 2. Thus, we have <L < 220 — 400. Additionally, we have that ¢7'% < 1.171% < 1074,
so ¢ < 0.04. By computing the value of 219 through inserting n = 100 into the

formula for z,,. We can verify that x19p > 0.2 and so L > 0.2 — 0.04 > 0.16 > 0. Therefore,
the limiting value of the sequence, which exists by our convergence result, must be strictly
positive.

The proof that the sequence {x, | n € N} = {ro,11 | n € N} converges to a positive limit
is similar. O
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APPENDIX A. EQUIVALENCE OF gcds DEFINITIONS

We now provided an equivalence among a definition we provided in the present paper with
a definition presented in another reference.

Lemma A.1. The definition of geds given as Definition [{.1] is equivalent to the definition
given in [T].
Proof. We proceed by casework, considering whether edge {u, v} will be present in the graph

gedsy, 1 (G) for each case in the definition from [7] governing the adjacency relationships

between the vertices u, v, p, and q.
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Our vertices p and ¢ correspond to the vertices z and y in the [7] definition used to apply
gcds, and our vertices u and v correspond to the arbitrary vertices p and ¢ in the [7] that
are affected by the geds operation.

(1) Case A: At least one of the vertices u and v is adjacent to neither p nor g.

In this case, we will either have f,(u) = f,(u) = 0 or f,(v) = f,(v) = 0. In both
situations, it follows that f,(u)f,(v) + f,(w)f,(v) = 0, so the edge {u, v} is in E' if,
and only if, {u,v} € E. At least one of u and v will not appear in the master list
M (p, q) in this case (whichever one was adjacent to neither p nor ¢), so this condition
matches the specification given in the [7] definition.

(2) Case B: Both w and v appear in the master list M(p, q).

(a)

Subcase B1: u and v do not appear in the same column of the master list.

The [7] definition specifies that {u,v} € E' if, and only if, {u,v} ¢ E. This sub-
case corresponds to the case when there is no vertex in the set {p, ¢} that u and
v are both adjacent to, so if f,(u) = 1, then f,(u) =0, f,(v) =1, and f,(v) = 0.
Alternatively, if f,(u) = 0, then f,(u) =1, f,(v) =0, and f,(v) = 1. In either
case, we have that f,(u)f,(v) + f,(uw)f,(v) = 1, so our definition specifies that
{u,v} € E'if and only {u,v} € E, as desired.

Subcase B2: u and v appear in the same column of the master list, and the sum
of the number of times u appears and the number of times v appears is even.
First, we note that the [7] definition lets {u, v} be an edge in E’ if, and only if,
{u,v} € E. We now consider the possible values of f,(u), f,(u), f(v), and f,(v).
Since u and v both appear in the same column of the master list, they are both
adjacent to w for a specific vertex w € {p,q}. Furthermore, since the number
of adjacencies is even, either none or both of v and v are adjacent to the other
vertex in {p, ¢}.

This leaves a total of 3 possibilities. If both are adjacent to the other vertex
for either choice of w, we have that f,(u) = f,(v) = f,(u) = f,(v) = 1, so
fpo(u) fq(v) + fo(v) fy(u) # 1 and we have uwv € E’ if, and only if, wv € E. Oth-
erwise, both v and v are adjacent to w but neither is adjacent to the other
vertex. If w = p, then f,(v) = f,(v) = 1 and f,(u) = f,(v) = 0, so we have
fp(w) fo(v) + fo(u) fp(v) # 1; similarly, if w = ¢, then f,(u) = f,(v) = 0 and
fo(w) = fy(v) =1, so fy(u)fe(v) + fy(u)fp(v) # 1. In either case, we have
{u,v} € E’ if, and only if, {u,v} € E, so the definitions are always equivalent
in subcase B2.

Subcase B3: u and v appear in the same column of the master list, and the sum
of the number of times u appears and the number of times v appears is odd.

The [7] definition lets {u,v} € E’ if, and only if, {u,v} ¢ E. Note that since
uw and v are both adjacent to some w € {p,q} (since they appear in the same
column of the master list), at least two of f,(u), f,(u), f,(v), and f,(v) are equal
to 1. Since the sum of the numbers of times p and ¢ appear in the master list is

odd, we have that an odd number of f,(u), f,(u), fo(v), and f,(v) are equal to
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1. Hence, exactly three of the quantities f,(u), f,(u), f,(v), and f,(v) are equal
to 1, and the fourth is equal to zero. Thus, one of the two products in the
expression f,(u)f,(v) + f,(u) fp(v) will contain two ones, and the other term will
contain one 1 and one 0. Therefore, we must have f,(u)f,(v) + f,(u) fp(v) =1,
so our gcds definition lets {u,v} € E" iff {u,v} & E as well for subcase B3.

Finally, if u or v is an element of {p, ¢}, we consider the case in which u = p without loss of
generality. Then, we have f,(u) = 0 and f,(u) = 1, so we have that f,(u) f,(v)+ f,(v) f,(v) =
1 if, and only if, f,(v) = 1 - in other words, if v and u are adjacent. In this case (when
{u,v} € E), we will have {u,v} € E'if, and only if, {u,v} € E, so{u,v} & E'. If {u,v} & E,
we will have f,(u)f,(v) + f,(u)fy(v) # 1, so {u,v} € £ if, and only if, {u,v} € E and so
{u,v} & E'. Therefore, either way we have that edge {u, v} is not in E’. By similar reasoning,
we conclude that there is no edge in £’ whose endpoints include either vertex p or vertex
q, so p and ¢ are isolated vertices in G’. This aligns with the specification given in the [7]
definition.

Thus, our definition corresponds to the definition of [7] in each case, so the two definitions
are equivalent.
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