Combinatorial Applications of Grassmann Algebra on

Laplacian Matrices and Subgraph Enumerations

Abstract

In the field of graph theory, Laplacian matrices corresponding to graphs prove useful in
deriving graph properties. Grassmann algebra and the Berezin integral, devised for integrat-
ing fermionic fields, possess combinatorial properties via exponential generating functions.
In this paper, we integrate Grassmann polynomials to formulate expressions for the determi-
nant and permanent of Laplacian matrices. After deriving an alternate proof of Kirchhoft’s
Theorem, we introduce modifications to the Grassmann algebra; this allows us to evaluate
the Laplacian permanent and construct an alternative proof for its enumeration of bipartite
subgraphs. We then generalize this enumeration to submatrices and modify the Laplacian
to generalize enumerated subgraphs to an even greater extent. These computations possess
applications in graphical situations involving high levels of connectivity; specifically, the bi-
jection between even-cycled graphs and bipartite graphs is key for specific data structures.
Our results prove especially ideal in formulating an efficient method in computing paths and
cycles within complex biological interaction graphs. Our paper presents a rigorous set of
applications for Grassmann algebra in order to derive properties of Laplacian permanents,
which are widely believed to be too difficult to calculate and impractical to use, and to count

specific and applicable subgraphs.



1 Introduction

Graph theory has long served as the premier tool in modeling networks and connections be-
tween object pairs. Graph structures are pervasively used in optimizing computer, electrical,
and transportation networks, contributing to a rich understanding of graphical properties,
and fulfilling useful applications to other mathematical and scientific fields.

Grassmann algebra has largely been applied to studying subatomic particles with odd half
integer spin, known as fermions, in the field of physics [3]. However, Grassmann algebra has
less known, but just as pertinent, applications in mathematics, specifically in linear algebra
and combinatorics [7]. Matrix representations of graphs encode information about their
edge sets and connectivity, and approaching these matrices using Grassmann algebra and
Berezin integrals can derive additional information about graphs. For example, Grassmann
algebra enables an algebraic proof for Kirchhoff’s Theorem, which enumerates spanning
trees in a graph via the determinant minor of the Laplacian matrix [1]. Similarly, Grassmann
algebra has been applied to proving the Lindstrom-Gessel-Viennot Lemma, which relates the
determinant of the matrix of a weighted graph to its lattice paths [5]. Grassmann algebra is
an extremely useful tool in generating determinants and permanents of graph matrices and
thus holds a high level of potential in deriving new theorems in graph theory.

While Kirchhoff’s Theorem employs the determinant of the graph Laplacian, another
characteristic of the matrix that can be calculated from the entries is the permanent. There
has been extensive and ongoing research regarding how to calculate the permanent of a
matrix in polynomial time, as can be done for the determinant. Because of the complexity
of its computation, permanents are not as widely studied as determinants. Similar to how
Kirchhoff’s Theorem enumerates spanning trees in a graph from its matrix representation,
our results show that the permanent of Laplacian matrices is able to count several types of

graph features.



2 Background Information

2.1 Definitions

Definition 2.1. A graph is an ordered pair G = (V, E) in which V' is a set of vertices (denoted
{v1,v9,...,v,}) and edge set E is a set of two-element subsets of V. Visual representations

of graphs use points to denote vertices and lines connecting points to denote edges.
Definition 2.2. The degree of vertex v;, or deg(v;), is the number of edges connected to v;.

Definition 2.3. A directed edge is an ordered pair of vertices (v;, v;) such that v; is the base
of the edge and v; is the destination of the edge. The direction is from v; to v;. For directed

edges, (v;,v;) and (v;, v;) are distinct and may both exist in a directed graph.

Remark. For directed graphs (defined below), each vertex has an indegree and an outdegree.
The indegree of vertex v;, denoted indeg(v;), is equal to the number of vertices v; such that
directed edge (v;, v;) exists. The outdegree of vertex v;, denoted outdeg(v;), is equal to the

number of vertices v; such that directed edge (v;,v;) exists.

Definition 2.4. A directed graph is an ordered pair G = (V, A) in which V is a set of vertices
and A is a set of directed edges. Visually, an arrow is drawn for each directed edge, with the

head representing the destination and the tail representing the base.

Definition 2.5. A subgraph of a graph G = (V, E) is a graph H = (V' E’) such that V'
and E’ are subsets of V' and E respectively, and E’ is a set containing two-element subsets

of V'
Remark. In our research, we exclusively consider subgraphs where V' = V.

Definition 2.6. For a graph with n vertices, the Laplacian matriz of a graph L, also known



as the graph Laplacian, is an n X n matrix where

(

deg(vi) ifi=j

Lij =4 -1 if v; and v; are adjacent

0 otherwise.

By the definition of a vertex degree, the sum of the terms in any row or column is zero.

Definition 2.7. A submatriz M;; of matrix M is a matrix formed by deleting a set of rows

I and a set of rows J from M.

Definition 2.8. A path is a sequence of vertices {v;,, vi,, ..., v; } in which vertices adjacent

in the sequence are connected by an edge. The number k£ — 1 denotes the length of the path.

Definition 2.9. A cycle is a sequence of vertices {vy,vs, ..., v} in which vertices adjacent
in the sequence are connected by an edge, and there is an edge connecting (vy,vg). A cycle
is considered even when k is even and odd when k is odd. In this case, k denotes the length

of the cycle.
Remark. Only directed graphs can have cycles with length 2.

Definition 2.10. A bipartite graph (also known as a bigraph or a two-colorable graph) is a
graph whose vertex set can be partitioned into two sets of vertices such that no two vertices
in the same set are adjacent. It can be shown that a graph is bipartite if and only if it

contains no odd cycles.

Definition 2.11. A connected component (or component) of a graph G is a subset of vertices
S such that any pair of vertices in S is connected by at least one path, and any vertex not

in S has no paths connecting it to any vertex in S.

Definition 2.12. A spanning tree of a graph with n vertices is a subgraph with n — 1 edges
such that between each pair of vertices a path exists. It follows that spanning trees do not

contain any cycles.



Definition 2.13. The determinant of a square matrix A is denoted as det(A) or |A]. The

formula for the determinant is given as det(A E sgn(o H a;,5(;) Where o is a permu-
oESh 1=1
1 if o0 is even

tation of the set {1,2,3,...,n} and sgn(o) =
—1 if o is odd.

Definition 2.14. The permanent of square matrix A, denoted as perm(A), represents the

unsigned summation of permutation products. The explicit formula for an n x n matrix is

perm(A Z ﬁ Ui (3

Definition 2.15. A minor M;; of matrix M is the determinant of a square submatrix with

row set I and column set J deleted, where |I| = |J|.
n
Definition 2.16. The summation notation Z indicates the summation over all pairs of

1,
n

positive integers i, 7 < n. The definition is analogous for H
Z‘ij

2.2 Grassmann Algebra

Grassmann algebra is a type of algebra on Grassmann variables which, when expressed in
products or used in polynomials, possesses useful mathematical properties. With generating
functions and the Berezin integral, it may be used to enumerate matrix determinants and

permanents. Specifically, we can use Grassmann variables in the context of vertices on a

graph and deduce permanents and determinants in Laplacian matrices.

Definition 2.17. Grassmann variables are anticommutative variables that are usually writ-

ten as x1, X2, ---, Xn for n € IN:
XiXj = —XjXi» Vi,j€1,2,....n

X2=0, Vicl,2,....n

We define a function in Grassmann algebra to be a function f such that



f(X) = Z Ay ...aikxil X%?

1< iz ,ennyi <n

where each a; is a numerical constant. The equation implies the function f is made up of
nonzero monomials in Grassmann variables, where each term has a coefficient ("weight").
By the Taylor series expansion of the exponential function (denoted as e® or expx)

function, we can conclude that for any Grassmann function f with n different variables,

+oo
exp f(x) = 0 = 3 1)
=0

This expression becomes a regular polynomial in terms of Grassmann variables. It is easily
shown that if f(x) is in the form Axix2...xn, then f(x)? = 0 for p > n. Thus, the infinite

summation produces a polynomial with finite degree.

Theorem 2.1. Let f be a nonzero, non-constant summand of a Grassmann polynomial.

Then we can conclude [5] that exp f =1+ f.

Theorem 2.2. Let g and h be summands of Grassmann polynomials. Then e9e" = eI if

at least one of g or h is even, i.e. the degree of at least one of the summands is even [1].

Definition 2.18. The Berezin integral on the Grassmann algebra is an extension of the

path integral (not the traditional Lebesgue-style integral) where

/dX1dX2-~-an XiX2---Xn =1

/dX1dX2 codXn axixa - Xn =@

/dxla:O.

We may interpret the Berezin integral as an operation similar to partial derivatives. If
dx; is the right-most differential, then the "coefficient" of y; is taken (which can include
other variables) [9]. This process continues until every differential is evaluated, returning

the integral value (the final coefficient).



For the purposes of this paper, we will always be examining constant integrals, i.e. inte-
grals without any residual variables. Thus, we are specifically differentiating with respect to

the Grassmann variables representing graph models.

2.3 Previous Work

Carrozza, Krajewski, and Tanasa [5] introduce two sets of Grassmann variables: the set
X = {X1, X2, -, Xn} and the set Y = {X1, X2, -, Xn}- An n X n matrix A is also introduced.

The following theorem is stated:

Theorem 2.3. Using the notation dxdyx ) AXndXndXn_1dXn_1 - .. dx1dx1,

|A| = /d)ZdX exp(—xAx) = /dXdX exp <Z XiAinj> :

0,j
Theorem 2.3 sets a key precedent in generalizing Kirchhoff’s Matrix Tree Theorem, a well-
known theorem relating the enumeration of subgraphs to certain Laplacian minors and Hy-
perpfaffian graphs [1]. The concept of using the exponential generating function will also

prove quite useful in our research, as the expanded form of the expression is fruitful in

relating Grassmann variables to the calculation of permanents.

Theorem 2.4 (Kirchhoft’s Theorem). Let G be a graph. The determinant of its graph
Laplacian L with any row and its corresponding column deleted enumerates the number of

spanning trees in G.

Proof. Without loss of generality, we can consider Li; (the graph Laplacian with row 1 and
column 1 removed). Note that the determinant of a minor is equal to the integral of the

whole determinant in which y; and y; are not evaluated as differentials. Thus we have

L] = /dXdX X1X1 exp(—=xLx) = /dXdX X1X1 exp <— ZXiLinJ) ;
'7j

where



XLX =) X (Z Lz‘j) X+ (X = X5) Lijxs-
j=1 i=1 i

def

n
Let B; = Z L;; for 1 < j < n. Note that row sums and column sums are equal to zero for

i=1
Laplacian matrices, so B; = 0, and our expression becomes

XLx =Y (% — X5) Lijx;-
i,J
Note that whenever ¢ = j, the term in the summation becomes 0.
Using Taylor series expansion yields

L] = /df(dX X1X1exp(—xLy) = /d)de X1X1 exp <Z —(Xi — X5) Linj)

12
= /dXdX xixa [ Jexp (= (% — X5) Lisxs)
2%

n

= /dXdX X1X1 H (1= (i — x;5) Lijx;) -

i,J
Consider all such pairs 4,j in the expression. If i = j, the factor is equal to 1 (since
Xi — X; = 0) and is therefore irrelevant in the product. If v; and v; are not connected by
an edge, then L;; = 0 and the factor is equal to 1. Thus, we can rewrite the determinant

expression as "

L] = /dXdX X1X1 H 1+ 0G—x5) x5) -

1,5](vs,v;)EE

Note that in this product of binomials, the integral evaluates the coefficient of xox3 ... XnX2X3 - -

This term is produced from a product of n — 1 factors in the form (x; — X;) LijX;, where
X; is distinct in each factor. Let y; represent v; in graph G, and let (x; — x;) represent a

directed edge from v; to v;.

Lemma 2.1. For Grassmann variables x1, x2, - - ., Xk,

(x2 = x1)(xs — x2) - (xe — xe—1)(xa — xx) = 0.

Xn-



Proof. In order to obtain a nonzero expression with y» in the first factor (as a result of the
fact that x' = 0), we must combine ys with y3 from the second factor, x4 from the third, and
so on, yielding a term of xaX3. .. XnX1, Which is equal to x1X2 ... X»(—1)""! by anticommu-
tativity. Similarly, we have that x; in the first factor only produces (—x1)(—x2) ... (—xn) =

X1X2 - - - Xn(—1)". Since the two terms are additive inverses, we achieve the desired result.

Therefore, |Lq;| enumerates directed graphs with n — 1 edges and no cycles. This is equal

to the number of spanning trees in GG, thus concluding the proof.

3 New Results

Apart from Bapat’s theorem published in 1986, which we will prove and generalize using
Grassmann algebra and Berezin integration, there has been little research on evaluating the
permanent of graph Laplacians. Our work serves to extend the combinatorial aspects of the
permanent (of both the graph Laplacian and its submatrices) and to carve out its place as

an applicable matrix property in mathematics.

3.1 Modified Grassmann Algebra

To make Grassmann algebra applicable to expressing the permanent, we modify it as such:

Definition 3.1. Modified Grassmann variables are variables that are denoted as 11, Y9, ..., ¥,

for n € IN and have the following properties:
wiwj:wj¢i7 Vi,jE 1,2,...,Tl
YP=0 Viel,2,...,n.

The key difference is that the variables of Modified Grassmann algebra (henceforth referred

to as MGA) are commutative.



We will proceed to verify a Grassmann expression of a matrix permanent. The proof
will be similar to the proof of Theorem 2.3 given by Carrozza et al., but since it is an

undocumented result, it will be provided here.

Theorem 3.1. If A is an n X n matriz, then
perm(A) = / dipdyp exp(pAy) = / dibdiy exp (Z wiAijwj) .
i,J

Proof. By Theorem 2.1 and Theorem 2.2, we obtain the following product expression

/dwdz/; exp (Z %‘&j%’) = /dwdiﬂ H(l + i Asi)y)
i3 i,J

which evaluates all ordered pairs (7, j) such that 4, j € {1,2,...,n}, n being the dimension of
the square matrix A. Note that didi) is analogous to its counterpart found in Theorem 2.3.
n

Consider H(l + QZ_JiAijwj), a product of binomials. Note that each integrated summand
in the expano{gd polynomial (i.e. of the form axixz...Xn) is the product of 2n variables,
or n binomial factors in the form Jh‘Aiﬂﬁj- The coefficient of the collective sum of these
summands of degree 2n equals the integral value. Since w]? = 0, we only need to take into
account the expanded terms where each variable is multiplied only once. For these terms,
both ¢ and j must take the value of every integer in the set {1,2,...,n} for a summand with
a nonnegative constant to be made. This is the same situation as trying to choose n entries
of A (in the form A;;) such that no entries share the same row or column. Furthermore, the
constant coefficient in the former and the product of the entries in the latter are equal: a

product of n A;; terms. Taking the summation of all products of n A;; terms satisfying the

above conditions yields the desired result. [

Next, we introduce a corollary for a more intuitive graphical analysis of MGA.

10



Corollary 3.1.1. For an n x n matriz A,

n

perm(cd) = [ adav T+ (0= 54,0 TL0+6,505).

Z7J

where Bj is the sum of the terms in column j of A.

Proof. Note that

n

D DAyt = Yy (Z Az’j) Ui+ (W = ) Ay = Y Bty + Y (4 — 1) Ay
i =1 i =1 i

=1

Thus,

perm(A) = /dwcw exp (Z wiAij¢j> = /dwd¢ exp (Z Bjibt; + Z(@Ez - wj)Aij%‘) :
i,j j=1 2
= /dwdw exp (Z ijjwj) exp <Z(¢z - wj)Aijwj>
=1

.7
n

- /dq;dlp TT 0+ Biyuy) [T (1 + (& — ) Aigeby) -
j=1 0,

Rearranging yields the desired results.

Theorem 3.2 (Bapat). Let G be a graph with n vertices. Let S denote the set of subgraphs
H of G such that H has no odd cycles and in each connected component of H, the number
of vertices is equal to the number of edges. For each such subgraph H, let ¢(H) and co(H)
denote the number of cycles in H and the number of cycles with length 2, respectively. Then
for the Laplacian L of G,

perm(L) = Z 2e(H)—co(H)
HeS

11



Proof. By Corollary 3.1.1,

perm(L) = /dW@D H (14 Bjbsty) [T (1 + (s — ) Ligy) = /di/_’dw H (1+ (¥ — 1) Lijiby)

1,

n

- /d¢d¢ H (1+ (5 — vi)y) -

4,5 (vi,vj)EE
For each pair of Grassmann variables x; and x;, we can interpret ¢; as vertex v; and (1/;] — @Ez)
as a directed edge from v; to v;.

Let H be a subgraph enumerated by the permanent. The integral evaluates the coefficient
of Y11 ... Wptntby .. . 1b,. These terms are produced by a combination of n factors in the
form (¢; — 9;)1; from the binomial expression. Since t; must be distinct in each of the
n terms, every subgraph enumerated by the integral must be such that for each ¢ in which
1 < i < n, indeg(v;) = 1. Thus, in each component of a subgraph, every vertex has a
corresponding edge (the single directed edge that contributes to its indegree), and thus the
number of vertices is equal to the number of edges in each component of H.

Now we will prove H cannot have an odd cycle via the following lemma.

Lemma 3.1. For modified Grassmann variables 1, 1., ..., ¢y,

0 if k is odd
(Vg — 1) (s —a) ... (Y — Y1) (V1 — i) =

20y .. af ks even.

Proof. 1)?

0 for all 1 <7 < n, so the expression only returns ¥, ..., terms. Thus,
(V2 — 1) (3 —2) o (Y — 1) (Y1 — n) = V19 P + (1) 102 . . P
We can easily obtain the desired result by considering the parity of n.

Thus, for each cycle of length 2 in H, H is enumerated by a factor of 2 by Lemma 3.1.
However, for each cycle with length greater than 2, H is enumerated instead by a factor of

4 because we consider two binomial products, (o — 1) (¢3 — V) ... (Vr — Y1) (V1 — V)

12



and (11 — 2) (e — 3) ... (Vi1 — ¥y) (Y — Y1), with each product enumerating H twice.

Therefore, H is enumerated by a factor of 200(H)ge(H)=colH) o 2¢(H)=co(H) 35 desired. W

The subgraphs enumerated by Bapat’s theorem are by definition also bipartite graphs,
since no odd cycles exist. Therefore, the theorem and our more intuitive method for its proof
have applications in many fields that require enumeration of bipartite graphs, such as query

writing [2] and analysis of data clusters [6].

Theorem 3.3. Let G be a graph. Let I and J denote subsets of {1,2,...,n} of size k. Let

H be a subgraph of G satisfying the following properties:

e There are k tree-components (components that are trees).

o [or each tree-component, there exists a unique ¢ € I and j € J such that v; and v; are

connected by a path within that tree-component.

e Non-tree components have an equal number of vertices as edges, without odd cycles.

For each subgraph H, let o(H) denote the sum of the lengths of the unique paths connecting
each v; and v; in each tree-component. Let ¢(H) and co(H) denote the number of cycles in
H and the number of cycles with length 2, respectively. If L is the Laplacian matriz of G,

then for the n — k by n — k submatrix Lyy,

perm(L;jy) = Z (— 1>U(h)226(H)fco(H).
HeS

Proof. Let G be a graph, and let L be its Laplacian matrix. First, an essential lemma:

Lemma 3.2. Using the notation ¢g = H s, where S is an integer set,
ses

perm(Ly;) = /d%bdlb Yy H(l + (i — b)) Lijihy) = /d¢d¢ Uity H(l + Ui Lijihy).

13



Proof. By Corollary 3.1.1, the integral expressions in the lemma statement are equivalent.
Consider the expression on the far right. The coefficient ;¢ is comprised of 2k variables.
Thus, the integral returns the coefficient of the summand with degree 2(n — k) from the
product, which is exclusively composed of all 1, such that ¢ ¢ I and all ¢4 such that
d ¢ J. Combinatorially, the integral of the product expression is equivalent to the permanent
expression of a (n — k) x (n — k) matrix with rows I¢ and columns J¢ (where the C' denotes
the complement of a set). But this matrix is equal to Ly, so the coefficient of the summand

is perm(Lyy), proving the lemma.

Recall that

perm(Lis) = [ dodw ordy T[ (14 (<D - 35)es),
(vi,vj)€E

where E is the edge set of G. Recall the previous graphical interpretation for (i; — @j)wj,
which represents a directed edge (v;,v;). The product expression represents a collection of
edges, i.e. a graph. Note that each summand in the binomial expansion contributing to the
integral value is a product of n — k terms in the form (—1)(1; — ¥;));. We now show that
the subgraphs described in the problem statement correspond directly to the coefficient of
tc1b e and that all other graphs are not enumerated in the integration.

Let H be a subgraph of G with the properties given in the theorem statement. Let
I = {iy,...i0} and J = {j1,...jk}. Without loss of generality, let v;, and v;, be in the
component of T, the ath tree-component. Since trees are counted in a uniform process, we
will only count the first tree, T, and generalize to the others.

and its collection of edges contribute the product

T} has vertex set v;,,vj,,vq,,-- -, Vq,

[T DO+ @— ey,

('Ui,’l)j)EETl

for which we will show that the coefficient of the term with degree 2t + 4 equals either 1

14



or —1, depending on the length of the unique path (by definition of spanning tree) from v;
to v;. For each 1) term, j must take the value of each of the vertex indices except i;. This
implies that every other vertex has indegree equal to 1.

Now we consider the product chain of (1; — 1;) terms. For the binomial terms, adjacent
edges will share one term in the binomial due to their common vertex. Thus, we note that
the simplification of this chain into a nonzero product always involves taking every first term
or every second term of each binomial (t; — 1@) Note that either the 1);, or the 1)’s for each
of the nodes with outdegree 0 will not be present in the thus incomplete product.

To resolve these shortcomings in the product, we modify our product such that a 1/),-11/_1j1
is multiplied outside of the product. This achieves two purposes: the v;, term in the integral
is now accounted for, and the simplification of the binomial chain is no longer 0 with the
lone factor of 1;,.

The product is affected in that instead of evaluating to the product of every first term
and the product of every second term, @Ejl means all other instances of that variable are
not included in the product, effectively deciding which variable in the binomial is chosen
depending on where the edge is in relation to v;,. All directed edges of paths from v;, to the
nodes with indegree 0 have every second binomial term multiplied, and all remaining edges
have every first binomial term multiplied (this follows directly from the placement of the ,(7;]’1
for these two distinct types of edges), yielding a term of degree 2t + 4.

Now we take into account the sign of the coefficient. Note that for 77, the sign is equal
to (—1)2(=1)#2=! = (—1)!, where [ is the length of the path from v;, to vj,. Thus, the
sign of the enumeration is negative when [ is odd and positive when [ is even for T}.

It becomes clear that any component that does not fit the criteria of the theorem state-
ment will necessarily not have a term of degree 2t +4; in fact, such components would have a
coefficient of 0, which, when enumerated over all components in H, would lead to the count
of the whole subgraph being 0.

We can enumerate every subgraph via this method for each tree-component, and the

15



remaining components with equal numbers of edges and vertices are enumerated by an
argument analogous to that of Theorem 3.2 (Bapat’s Theorem). Thus, in any subgraph H,
H is enumerated positively or negatively depending on the sum of [ values in each component,
and even cycles (including cycles of length 2), which can be present in non-tree components,

contribute additional enumerative factors. Taking the summation for the enumeration of all

subgraphs, we have /dz/_)dw Vg H(l + (¥ — ;) Lijih;) = Z(—l)a(h)QQC(H)_CO(H). [
.3

HeS
Theorem 3.3 enables counting all subgraph solutions for situations where each object in

a set of objects must be paired with an object from a second object set and connected in the
most efficient manner. Evaluating permanent minors can generate non-intersecting paths
(i.e. no shared vertex in any two paths) between pairs of vertices, offering a powerful tool

to optimize networks and circuits by connecting specific pairs of objects when necessary.

3.2 Positive Laplacian Matrix

Laplacian matrices (and their minors) have proven useful in enumerating certain types
of subgraphs, enabling an accurate evaluation of the connectivity of a graph. We proceed to
modify the Laplacian matrix definition in order to derive additional enumerations, particu-

larly those that include subgraphs with odd cycles (not necessarily bipartite).

Definition 3.2. For a graph with n vertices, the positive Laplacian matriz of a graph L™ is

an n X n matrix where

(

deg(v;) ifi=7

L?} =931 if v; and v; are adjacent

0 otherwise.

Note that the sum of terms in row i or column 7 is equal to 2deg(v;).

Theorem 3.4. Let G be a graph with n vertices. Let S denote the set of subgraphs H of G

such that in each connected component of H, the number of vertices and edges is equal. For

16



each such subgraph H, let ¢(H) and co(H) denote the number of cycles in H and the number

of cycles with length 2, respectively. Then for the positive Laplacian L™ of G,

perm(LT) = Z 92c(H)=co(H)
HesS

Proof. Recall that

perm(L) = /dwdw exp (Z wiLijwj> = /dwdw exp (Z By + Z(&z - %’)sz%’)
i,9 j=1 2%

n n

_ /dww exp (Zl 2deg(vy) b + > (Ui — @Dj)[fij%)
p= i
_ /dwdw exp <i b, <2iLij> W + i(wi - %‘)Lz’j%)
p= pn i
_ / dibdyp exp (i(w +¢j)Lia‘¢j>
i
— /dzzd@z; ﬁ(l + (0 + ) Lijihy) -
Here we interpret ¢; as vertex v; and (@;Jj +¢3) as directed edge (vi, 0;)-

With an argument analogous to that in Theorem 3.2, we can conclude that each H has

an equal number of vertices and edges in each of its components.

Lemma 3.3. For modified Grassmann variables 1, 1o, ..., ¢y,
(Vo + 1) (V3 +1b2) . (Vg + Y1) (1 + Ui) = 20019y .. 4.
Proof. Since ¢? = 0 for all 1 < i < n, the binomial expression simplifies to the desired result.

Thus, for each cycle of length 2 in H, H is enumerated by a factor of 2 by Lemma
3.3. For each cycle with length greater than 2, H is enumerated by a factor of 4 because we

consider two distinct binomial products in the product expansion, (2 +11)(s+1s) ... (Vr+

17



Yr—1) (Y1 +9x) and (11 +) (Yo +13) . .. (Ye—1+9k) (Y +11), with each product enumerating

H twice. Therefore, H is enumerated by a factor of 200(H)ge(H)=colH) = oy 92e(H)=co(H) = 44

desired. L

4 Applications

While there are countless real-world situations that can be represented by even-cycled graphs
such as those we have focused on in our research, there has been limited research into the
importance and usage of the permanent of the Laplacian matrix representing the graph.

Theorem 3.3 offers a new way to count subgraphs with the connection of any number of
vertex pairs as a requirement. While algorithms do exist to detect the shortest path between
any two vertices, our theorem is able to consider several vertex pairs connected efficiently in
disjoint trees. These subgraph criteria can potentially align certain network requirements to
optimize data transfer efficiency [11].

The enumerations of cycles and paths achieved by Theorem 3.3 and Theorem 3.4 also
have strong applications in bioinformatics. Klamt and von Kamp recognize the necessity
of path and cycle enumerations to evaluate biological causal relationships in their research
[10]. They work with interaction graphs, which are signed, directed graphs representing
one-on-one connectivity. They state the requirement of path-finding and cycle-counting
in specific biological networks such as cell signaling, protein-protein interactions, complex
feedback loops, and signal transduction. Through our enumerations, we have presented an
alternative way of computing such counts through matrix calculations instead of their pre-
ferred backtracking algorithms. In fact, since the number of paths starting from a particular
vertex can increase exponentially, their breadth-first algorithms are impractical in extensive
enumeration; however, computation of the Laplacian permanent still holds to be a feasible
enumerator. Though Klamt and von Kamp mention a lack of research done on cyclical enu-

merations, our Theorem 3.4 applies itself perfectly, being able to count collections of cycles
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of both even and odd length.

In query rewriting, weighted bipartite graphs, where one vertex set represents queries and
the other represents ads, are used to represent click graphs [2|. These click graphs are crucial
for leading search engines such as Google and Yahoo to produce the most relevant search
results. By studying connections between what users type and what their click actions show
they are looking for, search engines can predict search preferences for users. Our research
extends this use of bipartite click graphs to count the number of possible query and ad
connections to further the efficiency and practicality of query rewriting in search engines.
Our findings in the combinatorial interpretation of the permanent of click graphs may be

used to further refine and specify search results to give users the most optimal return.

5 Future Work

We have demonstrated through our results that Grassmann-Berezin and Modified Grassmann-
Berezin Calculus are far more suitable for combinatorial arguments than what most mathe-
maticians have expected them to be. Our results may also shed light on the bounding of the
permanent of any matrix, a problem that has garnered the attention of mathematicians for
decades [4], [8]. Our relation between the Laplacian permanent with cycles also suggests the
possibility of reverse-engineering an algorithm for a faster computation of the permanent.
Such an extension of our work would be monumental in the field of computer science. There
is much more to the Laplacian matrix than its determinant and permanent; for example, the
combinatorial interpretation of the square root of the graph Laplacian is an equally elusive
result, although a systematic application of the Binomial Theorem on Grassmann variables
may be likely to produce an algebraic expression.

Overall, the capacity of this unusual algebra (which had rarely been used outside of its
purpose in physics) to excavate these previously unseen mathematical connections serves as

a beacon of inspiration that will guide further inquiries of the field.
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