ABSTRACT

SINGANALLUR VENKATARAMAN, SRINIVASAN. Enumerating 2 x 2 x n Solid Partitions and
Counting Linear Extensions. (Under the direction of Professor Carla D. Savage).

The problem of enumerating integer partitions in three dimensions (solid partitions) is an unsolved
problem in combinatorics. Generating functions are one of the most popular analytical tools used
in enumerating partitions. Both ordinary partitions and plane partitions have a closed form for
the generating function that enumerates them. However, there is no known closed form for the
generating function of solid partitions, even for special cases. Our contribution, is the derivation of
an explicit recurrence for the generating function of a special family of solid partitions, bounded by
the 2 X 2 x n recursive structure.

Integer partitions can be represented as integer solutions to a set of linear inequalities. In this
thesis, we use this representation for 2 x 2 x n solid partitions, and apply a set of rules called the
“digraph methods”, to derive a recurrence for the generating function. We implement this recurrence
in Maple, do some optimizations and obtain the generating function for a few values of n. We also
count the linear extensions of the 2 x 2 x n poset from this generating function, using the theory of
P-partitions.

In recent years many methods have evolved for finding integer solutions to linear inequalities.
For inequalities of the form, s, > s, and s, > sp, which can be modeled as directed graphs, the
“digraph methods” can be used. We are able to enumerate 2 x 2 x n solid partitions, which is a
hard problem, using the digraph method, thereby demonstrating the power of this method. We also

compare the digraph approach to a few other methods to enumerate 2 x 2 x n solid partitions.
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Chapter 1

Introduction

In this thesis, we study counting problems that are associated with the 2 x 2 x n digraph shown in
Figure 1.1. Consider the feasible labellings of this digraph, that is, labellings of the vertices with
non-negative integers such that, if there is an edge from y to z, the integer assigned to y is greater

than or equal to the integer assigned to z. It is evident that there are infinitely many such feasible

-
+

W
1 ¥ W2

Figure 1.1:  The 2 x 2 x n family



labellings. On the other hand, if these labellings are grouped according to the sum of the labels,
then the number of feasible labellings that sum to a particular value, m, is finite. Each labelling that
sums to m is called a 2 X 2 X n solid partition of m. To represent the number of such labellings we use
a tool called generating function. The generating function, Gaxaxn(q), for 2 X 2 X n solid partitions,
is a single variable power series in ¢, in which the coefficient of ¢ is the number of 2 x 2 X n solid

partitions of m.

Figure 1.2:  The 2 x n family

In contrast, consider the 2 x n digraph shown in Figure 1.2. The feasible labellings of this digraph
that sum to m are called 2 x n plane partitions of m. The generating function, Gox,(q), of 2 x n
plane partitions is a power series where the coefficient of ¢™ is the number of 2 x n plane partitions

of m. Interestingly, Gox,(q) has a closed form representation given by:

1
(1-q91—-¢*)?(1-¢%)

G2><n(Q) =

The advantage of the closed form is that we can expand this rational function as a power series of ¢
and look up the number of 2 x n plane partitions of any integer m > 0 from the coefficient of ¢™.
Even p x n plane partitions have a closed form for the generating function, which will be shown in
Section 3.1.1.

However, for the general case of h X pxn solid partitions, a closed form for the generating function



is not known. It is not known even for special cases like 3 x 2 x n solid partitions or 3 x 3 x n solid
partitions. In this thesis, we will derive an explicit recurrence for the generating function of one such
special case: 2 X 2 x n solid partitions.

Going back to the digraph in Figure 1.1, consider the vertices of the digraph as a set and the edges
as relations among the elements of the set. This set along with the relations is called the 2 x 2 x n
partially ordered set (poset). A linear extension of this poset is an ordering of all the elements of the
set such that y comes earlier than z, if there is an edge from y to z. The number of linear extensions,
¢(P), of any poset P can be obtained from the generating function of the corresponding digraph,
through the theory of P-partitions, which will be explained in Section 3.2.1.

The number of linear extensions, £(Paxy,), of the 2 X n poset, thus obtained from the generating

function of 2 x n plane partitions, has a nice formula given by:

(2n)!

HPoxn) = nl(n+ 1)1

A formula for the number of linear extensions, £(P,x.), of the p x n poset can also be got in the
same way which will be shown in Section 3.2.2. But for solid partitions, neither the closed form
representation for the generating function, nor a compact formula to count the linear extensions of
the corresponding poset is known so far. The other aim in this thesis is to compute the number
of linear extensions, ¢(Paxaoxn), of the 2 x 2 X n poset from the generating function of 2 x 2 x n
solid partitions. There have been past efforts in computing ¢(Pax2xn) and values up to n = 6 were
computed and recorded in the Online Encyclopedia of Integer Sequences (OEIS) [1] at the time we
began this work. These values are shown in Table 1.1.

To derive a recurrence for the generating function of 2 x 2 x n solid partitions, we will make
use of a set of rules called the “digraph methods” [2] that will be discussed in Section 4.2. These
digraph methods are used to find integer solutions to sets of linear inequalities of a particular type.

We are able to represent 2 x 2 x n solid partitions as the set of solutions to such a system of linear

Table 1.1:  Linear extensions of the 2 x 2 X n poset from OEIS
’ n \ Linear extensions of the 2 X 2 X n poset ‘
1 2
2 48
3 2452
4
5
6

183958
17454844
1941406508




inequalities.

Enumerating solid partitions is an example of an enumeration problem where the object can be
defined by diophantine equations, that is, equations which allow only integer solutions. In recent
years, there have been a number of methods that have been developed to find the generating function
of integers defined by such diophantine equations. The digraph methods focus on inequalities that
are of the form s, > s, and s, > s,. There are a number of other methods to find integer solutions
to such inequalities. We study a few such approaches and use them to enumerate 2 x 2 x n solid
partitions. We compare these methods with our approach to understand their advantages and

limitations.

1.1 Organization

In Chapter 2, we define some of the basic terminologies that will be used in the rest of this thesis.
Chapter 3, defines the problem being solved and discusses the motivation behind solving it. In
Chapter 4, we discuss the main technique that will be used to solve our problem. Chapter 5,
illustrates our solution to derive a recurrence for the the generating function of 2 x 2 x n solid
partitions using the digraph methods. In Chapter 6, we discuss the Maple implementation of the
recurrence that we derived and some of the optimizations that we did. Chapter 7, discusses some
other approaches to enumerate 2 x 2 x n solid partitions and presents a comparative study. Finally
in Chapter 8 we record some interesting observations about 2 x 2 x n solid partitions and discuss

possible future direction to this work.



Chapter 2

Background definitions

In this chapter, definitions of some of the basic terms that will be used in the rest of the thesis, are

given.

2.1 Partition theory

2.1.1 Partitions and compositions

A composition of an integer m is a sequence of positive integers s1, o, S3, ... where s14+s5+s3+... = m.

Here the order of the sequence is important. For example, the compositions of 4 are
(4)’ (17 3)’ (3’ 1)7 (2’ 2)’ (17 17 2)’ (17 27 1)’ (27 17 1)’ (17 17 17 1)' (2'1)

On the other hand, a composition of an integer m into n non-negative parts is defined as a sequence
of non-negative integers si, sa, 3, ..., S, where s1 + s3 + s3 + ... + s, = m. Again, the order of the

sequence is important. For example, there are 5 compositions of 4 into 2 non-negative parts:
(4,0),(0,4),(1,3),(3,1),(2,2). (2.2)

A partition of an integer m is a sequence of positive integers s1, so, S3, ... where s1+s3+83+... = m,

but here the order of the sequence is not important, so we usually assume a non-increasing order i.e.



$1 > Sg > s3 > .... For example, there are 5 partitions of the integer 4
(4),(3,1),(2,2),(2,1,1),(1,1,1,1). (2.3)

A partition of an integer m into n non-negative parts is defined as a sequence of non-negative integers
81,82, ..., Sp, Where s1 + $o + ... + 8, = m and s; > s3 > ... > s,. For example, there are 3 partitions

of the integer 4 into 2 non-negative parts:

(4a 0), (3, 1)) (27 2)' (2.4)

2.2 Generating functions

2.2.1 Generating functions

A generating function is a power series whose coefficients encode a sequence. Suppose we have a
sequence of integers s, s1, $2, $3, ..., then the generating function of this sequence, G(gq), is defined
as

o0
G(q) = so + 519+ $2q° + s3¢°... = Z snq".
n=0

This representation of the sequence can be very helpful when a closed form representation of G(q)

is known. For example, for the sequence 1,1, 1, ..., the generating function is

4+ +¢@+..= i

A closed form can sometimes be derived from the recurrence that defines the sequence, if such a

recurrence is known. Some of the advantages of having the generating function are:
e It gives a compact representation, provided by the closed form (if there is one).
e It may lead to a direct formula for the elements of the sequence.

e It can be used to prove two families of sets have the same size by proving the generating

functions are equal.

e It can be combined in several ways with other generating functions to provide solutions to

various problems associated with sequences.



e It can provide greater insight into an enumeration problem.

e It can sometimes be used to get the asymptotic estimates via complex analysis.

2.2.2 The generating function of partitions and compositions
The generating function of compositions into n positive parts is given by

n

q

(1_7(1)”. (2.5)

The coefficient of ¢ gives the number of compositions of m into n positive parts. The generating

function of compositions into n non-negative parts is given by

1

o (2.6)

The coefficient of ¢ gives the number of compositions of m into n non-negative parts. For example,
the number of compositions of 4 into 2 non-negative parts is given by the coefficient of ¢* in the
expansion of

which is 5 as shown in Example 2.2.

The generating function of partitions into at most n parts is given by

1
(1-9(1-¢*)(1—¢%)..(1—q")

(2.7)

The coefficient of ¢ gives the number of partitions of m into at most n parts. This is also the
generating function of partitions into n non-negative parts. For example, the number of partitions

of 4 into 2 non-negative parts is given by the coefficient of ¢* in the expansion of

=14q+2¢° +2¢° +3¢* + ...

v
(1-q)(1—¢?

which is 3 as shown in Example 2.4.



2.3 Sequences defined by inequalities

Let C be a set of constraints of the form
C:cio+ciist+ciasatcizsg+...+cinsp >0, 1<i<r

where the c;;’s are integers. Let Sc be the set of non-negative integer solutions
s = (81,82, ..., 8,) to the given constraints C. The weight of s is defined as s1 + $3 + ... + s, and each
of the s;’s are the parts of s. We are interested in obtaining the multivariate generating function of

the set of sequences S¢ given by

G(21, 22, X3, ey Tp) = Z FRRCl P (2.8)
sESc

Instead of G(x1,xa, ..., x,), if we instead compute G(qx1,gxs, ..., gz, ), then, in the resulting polyno-
mial, the coefficient of ¢™ is a “list” of solutions of weight m and if we compute

G(¢,9,4, ---,q), the coefficient of ¢™ in this polynomial is the number of solutions of weight m [3].

2.3.1 Partitions and compositions as sequences defined by inequalities

For the set of integer sequences S¢ to represent compositions, the set of constraints C' would be

8120

Ssn > 0.

The integer solutions of weight m are the compositions of m into n non-negative parts. The multi-

variate generating function would be given by

Z xileﬁZ(Z xil)(zwi")z 1—1x1mljxn.

512>0,...,8, 20 s1=0 $n=0

On substituting all x;’s with ¢, we get the univariate or “counting” generating function of composi-

tions given by Equation 2.6.



For S¢ to represent partitions, C' would be
S1 2 S2

89 > 83

All integer solutions that sum to m are the partitions of m into n non-negative parts. The multi-

variate generating function would be given by

S1 Sn __
E Xy l'nn =

§12>822>583>...25, >0

Sn

Z TP T (@1@e) P2 T (w1 @ews) P T (120X s Ty 1 ) T T (X1 X0 X )
§12>822>832>...28,20

= ( Z a:‘1“82> < Z (mlxg)sz_s“) (Z (a:lxg...xn)s">

s1—s52=0 so—s53=0 sp=0

1
(1—21)(1 —z122)...(1 — 12223... )

Again on substituting all z;’s with ¢, we get the univariate generating function of partitions given

by Equation 2.7.

2.4 Poset theory

2.4.1 Partially ordered sets

A partially ordered set P (poset) as defined in [4] is a set X and a binary relation <p on X that

satisfies the following axioms:
1. For all x € X, x <p z (reflexivity )
2. For z,y € X,if x <pyand y <p x, then z =y (antisymmetry )

3. Forz,y,z € X,if x <pyand y <p z, then z <p z (transitivity ).
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|
Figure 2.1:  Hasse diagram for a poset

Two elements x,y € X are comparable in P if either x <p y or y <p =z, otherwise they are
incomparable . For elements x,y € X, we say that = covers y iff y <p x and there is no z € X such

that y <p z <p x (where y <p x implies that y <p = and y # x).

2.4.2 Hasse diagram

A Hasse diagram is a graphical representation of a poset P, where P is represented by the cover
relationship between two elements z,y of the set X. A point for the elements and a line for the

relationship is used according to these two rules:

1. If x <p y in the poset, then the point corresponding to x is drawn at a lower level than the

point corresponding to y and

2. The line between any two points x and y is included iff = covers y or y covers z.

For example, Figure 2.1 shows a Hasse diagram of the poset P(X,<p) where

X = (:1717 Z2,X3,T4,T5,T6, .’137)

and the cover relations are specified by the line segments.



2.4.3 Linear extensions

A linear extension of a poset P is a permutation w = x1, T3, ..., &, of the elements of the set X, such
that if z; <p x; in P, then ¢ < j. In other words a linear extension is a total order on the set X
that is consistent with the partial order. The set of linear extensions of P is represented by L(P)

and the number of linear extensions is represented by £(P).

2.4.4 Order ideal

An order ideal I of a poset P is a subset of P such that if x € I and y <p x, then y € I. The set of
all order ideals of any poset P along with the inclusion operator (C) is a poset itself. It is denoted

by J(P).

2.4.5 Chain

A chain L is a poset in which all the elements are comparable. A chain C in a poset P is a subset
of P in which all the elements are comparable. C is mazimal if there exists no x € P such that
C U {z} forms a chain. A chain C is saturated if there exists no element z € P — C such that
x <pz<py, for some z,y € C and C' U {z} forms a chain. In Figure 2.1, (21, x5, 25, 27) is a chain

whereas (z1, 22, 3, T5, Ze, T7) is a maximal saturated chain.

2.4.6 Representing posets as digraphs

A directed graph G (digraph) is an ordered pair (V, E) of vertices V' and edges E such that every
e € E has an initial and terminal vertex. The terminal vertex v, of an edge e is denoted graphically
by drawing an arrow toward v;. A digraph is a directed acyclic graph (DAG) if for all vertices v € V,
there are no non-empty directed paths that start and end in v.

We can associate the Hasse diagram for a poset with a corresponding DAG by representing the
set of elements X of the poset P by the set of vertices V' and the line segments S denoting the cover
relations by directed edges E. For a cover relation x <p y where z,y € X, the corresponding edge
e € F originates from the vertex that represents x and terminates at the vertex that represents .
The DAG shown in Figure 2.2 represents the Hasse diagram shown in Figure 2.1. In this thesis, we
will represent a poset by its associated DAG. The number of linear extensions of the poset is equal

to the number of topological sorts of the DAG, where a topological sorting of a directed acyclic graph

11



G is a linear ordering [ of the vertices V' of GG, such that, for all u,v € V if there is an edge from u

to v in G, then u comes earlier than v in [.

¥ i o
w G

ki
W1

i) LE

Figure 2.2: A directed acyclic graph G

2.5 Theory of P-partitions

In this section we talk about P-partitions which are a generalization of compositions (parts of an

integer n where there is no order) and partitions (parts of an integer n where there is total order).

2.5.1 Poset labelling

A labelling of a poset P = (X, <p) is a bijection ¢ : X — [1...k] where k is the size of the set X.
A labelling o is natural if o(x;) < o(x;) whenever z; <p x;. A poset P along with a labelling o is

called a labelled poset. If o is a natural labelling, then P is called a naturally labelled poset.

2.5.2 P-Partitions

If P is a labeled poset with a labelling o, a (P, o)-partition [5] of m, is an order-preserving! map

f: P —[1,2,3..] satisfying the conditions:
1. If z; <p x; in P, then f(x;) < f(z;).
2. If z; <p x; and o(x;) > o(x;), then f(x;) < f(x;).

3. D pex flxi) =m.

If o is a natural labelling, then f is just called P-partition. As in partitions and composition, the
values of f(z;) are called the parts of m. Thus P-partitions are a generalization of partitions and
compositions, where the former is obtained when P is a chain and the latter is obtained when P has

no relations.

L Although Stanley originally defines them as order-reversing maps in [5]
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2.5.3 Generating function of P-partitions

Let (P,o0) be a labelled poset P = (X, <p) with elements X = {X;, Xo,..., X,}. We define the
multivariate generating function F'(P,o; 21, Za, ..., Z,) (denoted in short by F(P, o)) in the variables

T1,X2y..., LTy aS

F(P,o)= Z x{(Xl)xg(X2)...m7fl(X"),
fE€a(P,o)

where (P, o) is the class of all (P, o)-partitions. As before, by substituting all z;’s with ¢, we get

the univariate or counting generating function U (P, o) of the number of (P, o)-partitions:

UPo)= Y ¢/ G0HE)tti(X),
fE€a(P,o)

The coefficient of ¢™ in U(P, o) is equal to the number of (P, o)-partitions of m. If o is a natural

labelling, we denote F'(P,o) as F'(P) and U(P,o) as U(P).

2.6 Informal definitions of #P and #P-complete classes

In the complexity class NP, a decision problem is in NP, if a candidate solution can be verified in
polynomial time. Normally a problem in the class NP is of the form:“Are there any solutions that
satisfy a given set of constraints?” (E.g. Are there any subsets of a set of integers that sum to
k?) The corresponding #P problem is of the form: “How many solutions are there that satisfy a
given set of constraints?” (E.g. How many subsets of that set of integers are there that sum to k7).
The complexity class #P contains the set of counting problems associated with the corresponding
decision problems in NP. A #P problem must be at least as hard as the corresponding NP problem,
as other wise one can simply count the number of solutions and check if it is greater than zero.

A problem is #P-complete if it is in #P and every problem in #P can be reduced to it in
polynomial time. It is believed that there are no polynomial time algorithms to solve #P-complete
problems. Usually, for an NP-complete problem, counting the number of solutions is #P-complete.
On the other hand, there are some problems in P whose corresponding counting problem is #P-

complete.

13



2.6.1 Formal definitions of #P and #P-complete

A counting Turing machine is a standard non-deterministic TM which has an auxiliary output device
that prints in binary notation, on a special tape, the number of accepting computations induced by
the input. For most non-deterministic algorithms, each accepting computation corresponds to a
solution to the problem. The (worst case) time complezity of a counting TM is f(n), if the longest
accepting computation induced by the set of all inputs of size n takes f(n) steps. #P is the class
of counting functions that can be computed by counting TMs of polynomial time complexity. An
oracle TM is a TM that has a query tape, an answer tape and some working tapes and returns the
answer to a query in unit time. The complexity class of problems solvable by an algorithm in class
A with an oracle for a problem in class B is written as AZ. Let FP denote the class of functions

computed by deterministic polynomial time TM. A problem y is #P-complete iff #P C FPY and

y € #P.
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Chapter 3

Background of 2 x 2 x n solid

partitions

In this chapter, we discuss the background of 2 x 2 x n solid partitions and explain in detail the

problem that we will be solving.

3.1 The generating function for solid partitions

3.1.1 Plane partitions

A plane partition is a two dimensional extension of a partition

two-dimensional array of non-negative integers

mi1 M2 M3 - Min
m21 M2 M23 -+  Map
m31 M3z M3z -+ M3p
Mmp1  Mp2 Mp3 - Mpn

such that

15

. A p x n plane partition of m is a



mijZmHlj, 1<i<p, 1<5<n

Mi; > Myjp1, 1<i<p, 1<j5j<n

and

i<p, j<n

E mi; = m.

i=1,j=1

For example, a 3 x 3 plane partition of 10 is

3 20
2 1 0-
2 00

The closed form of the generating function, Gpxn(¢), of pxn plane partitions was given by MacMahon
in [6] as:
1

i On- (@5 Q)n’ (3:1)

prn(q) = 2

(¢ 9)nlq

where

(@5)n=0-¢)1—-g")..A—g* ).

The coefficient of ¢™ is the number of p X n plane partitions of m. A p X n plane partition becomes

an ordinary partition when p = 1 and the generating function for that is given by Equation 2.7.

3.1.2 Solid partitions

A solid partition is a three dimensional extension of a plane partition. A h X p X n solid partition of

m as defined in [7], is a representation of m as a solution to an equation of the form:

i<h, j<p, k<n

m = Z Mijk, (3:2)

i,j,k=1

where m;;;, are non negative integers satisfying
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Mijl = Migp1jk, 1<i<h, 1<i<p, 1<k<n
Mk = Mijrik, 1 <1< h, 1<j<p, 1<k<n

Mijk > Myjet1, 1<i<h, 1<j<p 1<k<n

A closed form for the generating function, Grxpxn(q), of h x p X n solid partitions is not known.
MacMahon in [6] conjectured the generating function, G(gq), of unbounded solid partitions (i.e. when

h,p,n — 00) to be

Glq) = ﬁ (1— ")~ D2, (3-3)
k=1

which was later proved to be incorrect [7, 8]. In particular, Equation 3.3 is incorrect for n > 6.
The closed form representation of the generating function even for special cases, like 3 x 2 x n solid
partitions or 3 X 3 X n solid partitions, is not known so far. In this thesis, our main goal is to derive
a recurrence for the generating function, Goxaxn,(q), of one such special case defined by 2 X 2 x n

solid partitions.

3.1.3 Solid partitions as a special case of P-partitions

Observe that solid partitions (and plane partitions) are just a special case of P-partitions defined in
Section 2.5.2. When the cover relations of the h X p x n poset, Pyyxpxn, is given by the inequalities
of h X p x n solid partitions, the set of P-partitions of Pj,xpxn, are same as h X p X n solid partitions.
Hence the generating function, Gpxpxn(g), of b X p x n solid partitions is the same as the generating

function, U(Phxpxn), of the set of P-partitions of Py pxn.-

3.2 Counting linear extensions

Recall from Section 2.4.3, that a linear extension w is a total ordering of a poset that is consistent
with the partial order. The number of linear extensions ¢(P) of a poset P can vary from just 1
to as high as nl. For example, the total order poset defined in Figure 3.1(a) has just one linear
extension. However, the poset in Figure 3.1(b), has no relations among the elements and thus it has

4! = 24 linear extensions. To “list” all the linear extensions of a poset P would take time O(4(P))

17



() (b
Figure 3.1:  (a) A poset of complete order (b) A poset with no order

which could be exponential in the number of elements of P in the worst case. However, if we are
interested in just counting the number of linear extensions, we might expect an easier polynomial
time algorithm. But this is not the case. Brightwell and Winkler in 1991 [9] proved that the problem
of counting linear extensions belongs to the complexity class #P-complete defined in Section 2.6.
The problem of counting the linear extensions is in #P as we can check in polynomial time,
whether a given linear extension w is consistent with the poset P. The problem was proved in [9]
to be #P-complete by proving that if an oracle Turing machine could count the linear extensions of
the poset P in polynomial time, then it could also count the number of satisfactory assignments to
an instance of 3-SAT in polynomial time. The corresponding decision problem is in the complexity
class P, i.e., we can always tell if a poset has a linear extension (as every non-empty poset has at

least one linear extension).

3.2.1 Linear extensions and P-partitions

The linear extensions of a poset P are related to the set of P-partitions of P, through the fundamental
lemma of P-partitions. Let 7 be a permutation of the set X, = {1,2,3,...,n}. Define A(r) to be

the set of all functions f : X, — {1,2,3,...} such that

f(r(1)) < f(7(2)) < ... < f(7(n))

and whenever 7(s) > w(s+ 1), f(m(s)) < f(w(s+ 1)) [10, 11]. For example, if 7 = (2,4,1,3), A(m)

is the infinite set of all maps f: {1,2,3,4} — {1,2,3,...} such that f(2) < f(4) < f(1) < f(3).
Now, the fundamental lemma of P-partitions [5] says that if A(P) represents the set of all P-

partitions of a poset P , then A(P) is the disjoint union of the sets A(w) over all linear extensions

7 of P:
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AP)= T Aw).

weL(P)
Counting linear extensions from generating function of the set of P-partitions

In terms of generating functions, the single variable generating function U(P) (defined at the end of

Section 2.5.3) of the set of P-partitions of a poset P = (X, <p) can be written as:

Wi(g)
(1-g)(1—¢?)...(1—¢X1)’

where W(q) is a polynomial in ¢ with integer coefficients, called the W -polynomial of the poset P

U(P) = (3.4)

[5, 12], satisfying
lim W (q) = ¢(P). (3.5)

qg—1

Also, the W-polynomial can be calculated as

Wig) = > q¢m™™ (3.6)

weL(P)
where ind(w) = {>_ jlz; > xj11} for z; € w.

Thus the linear extensions of a poset can be counted from the generating function of the set of
P-partitions of the poset. We noted in Section 3.1.3 that the generating function of solid partitions
and plane partitions is same as the generating function of the set of P-partitions of the corresponding
poset. Hence, we can compute ¢(P) of the corresponding poset from the generating function of solid

partitions and plane partitions.

3.2.2 Counting linear extensions for posets represented by plane parti-
tions and solid partitions

The p x n plane partition defined in Section 3.1.1 has a closed form for the generating function,

Gpxn(q), which is same as the single variable generating function, U(P,x,,), of the set of P-partitions

of the corresponding poset, P,y,. Using Equations 3.4 and 3.5, we get the formula to count the

number of linear extensions, £(Ppxn ), of Ppxp as :
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pn

(Ppxn) = lim U(Ppn) « [T (1 =)
i=1

_ oy 190 =) =) (1—¢™)
= 1m 3

a—1 (@ O)n (@ @)n--(qP; @)n
_ (pn)!
T ol (D! (n42)! (ntp—1)!

o 1! 2 (p—1)!

o12l..(p — 1)!(pn)!
(M)(n+D(n+2)L..(n+p—1)

However, for h x p x n solid partitions neither a closed form for the generating function, nor a formula
to count the number of linear extensions of the poset represented by them is known. Another goal of
this thesis is to compute the number of linear extensions, £(Pax2xn), of the 2 X 2 X n poset, Paxaxn,

from the generating function of 2 x 2 x n solid partitions.

3.3 Owur Problem

Our focus in this thesis, is on the 2 x 2 x n solid partitions. They are defined by Equation 3.2 with
h =2 and p = 2. We will derive an explicit recurrence for the generating function, Goxaxn(q), of
2 x 2 x n solid partitions. We will use a set of digraph rules that will be described in Section 4.2 to
derive this recurrence.

Once we have the generating function, we will use Equations 3.4 and 3.5 to compute the number

of linear extensions, ¢(Paxaxn), of Paxaxn-
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Chapter 4

The main technique

As discussed in Section 3.3, our problem is to compute a recurrence for the generating function of
2 x 2 x n solid partitions. We will make use of a set of rules called the “digraph methods” [2] to
build this recurrence. These digraph methods are derived from a set of five rules called the “five
guidelines” [3]. Both the digraph methods and the five guidelines treat partitions as a set of integer

solutions to linear inequalities C as described in Section 2.3.1.

4.1 Five guidelines

Corteel, Lee and Savage [3] proposed the “five guidelines”, which focused on getting a recurrence for
the generating function for the set of solutions to a set of linear inequalities C'. These techniques
were built based on partition analysis techniques developed by MacMahon and were successful in
producing recurrences for many well known problems. The main advantage of getting a recurrence
for a generating function F¢ is not only to be able to write a program for F, but also to get a
closed form of the generating function for the infinite family. It is also proved that these set of five
guidelines are sufficient for any system of homogeneous linear inequalities with integer coefficients.

A brief overview of the five guidelines is presented below.

Theorem 4.1 Let S = (s1, S2,...,5n) be a sequence that satisfies the set of linear constraints C

where each constraint ¢ € C of the form

c: [ao—&—Zaisi > 0],

=1
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where a;’s are integers (possibly negative).

1. If sy >t for some integer t > 0, is the only constraint in C, then

¢
!

Fc:m.

2. If Cy is a set of constraints on the variables si, s2, ..., s; and Cy is the set of constraints on the

variables sjy1,5542, ..., 5n, then
F01U02 (xl,l‘g, ...,a:n) = F01 (xl,xg, ...,xj)F02 ($j+1,$j+2, ...,Z‘H).

3. If the set of constraints C on variables s1, 82, ..., S, (containing the constraint s; > 0,1 < i <n)

implies the constraint s; — as; > 0, for any integer a, then

Fo(X,) = Feo (Xns ) = x527).

57;‘*31,‘*"15]'
4. If ¢ is any constraint with the same variables as C, then
Fo(Xn) = Fougey(Xn) + Fou-ey (Xn).

5. If c € C, then

Fo(Xp) = Fo_ (o (X0) — Fo_qepugae} (Xn)-

Here X,, denotes x1,xo, ..., x, and —c is the negation of ¢ given by —ao—z?zl a;8; > 1, wherec € C.

4.2 Digraph methods

)

There are certain types of constraints C, “s, > s,” and “s, > s,” for which we can simplify the
procurement of a recurrence for the generating function. These constraints can be represented as
a directed graph, where the vertices corresponding to variables (s1, sa,...s,,) are labeled 1,2,3,....,n
and there is an edge (or strict edge) between ¢ and j if C' has the constraint s; > s; (or s; > s;

respectively). The generating function of such constraints can be obtained from a set of digraph

methods proposed by Davis, D’Souza, Lee and Savage [2] which is based on the five guidelines
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explained in Section 4.1. A number of integer partitions problems, when solved using the digraph

rules have given a simpler and neater solution.

Let G(V, E) be a directed graph with vertices V' = {1,2,...,n} and edges E where some edges
are designated as strict. Let S¢ be the set of non-negative integer sequences S = (s1, S, ..., S,,) that

satisfy the constraints s; > s; and s; > s;. We would like to compute the multivariate generating

function

— 81 .82 S,
Fo(xr,20, .. xpn) = E T as?, L.

seSc

Theorem 4.2 Forv; € V, let G' denote the graph obtained from G by adding a vertex v,y1 and an

edge from v,41 to v;. Then

FG(9€17 vy Lj—1, LiTp4-1, Ti4-1, ,fn)
(1 - xn-&-l)

FG’ (xlv ~~'7$naxn+1) =

If the inequality corresponding to the edge (v,41,v;) is strict, then the generating function on the

right hand side is multiplied by x,41. Figure 4.1 shows the an incoming edge (v,11,v;)-

Figure 4.1: G along with the incoming edge forming G’

Below we present a set of five rules that we will be using in our thesis to solve our problem. Some
of these are derived from Theorems 4.1 and 4.2 while some are just graphical representations of the
two theorems (most of them can be found in [13]). An edge is represented as usual whereas, a strict
edge is represented with a double head as shown in Figure 4.2.

Rule 1: Independent Vertex For a graph G(V, E), where V = vy, vs, ..., Uy, if we know the gen-
erating function Fg, then the generating function Fgr of the graph defined by G'(V', E) where

23
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Figure 4.2:  (a) Normal edge representing s; > s (b) Strict edge representing sz > s4

V' =V U{vn41} is given by

FG’(I17x27 "'7In7xn+1) -

-

Figure 4.3: G’ is the graph G along with the independent vertex v, 1

Figure 4.3 shows a graph G’ formed from G and an independent vertex v,y1. The generating
function of G’ can be computed from the generating function of G. This rule can be derived
from Theorem 4.1 (1) and Theorem 4.1 (2). A single vertex graph (G1) with the vertex vy, 41

represents only the constraint s,y; > 0 and Theorem 4.1 (1) directly gives us the generating
function of this graph as
1
(1= 2nt1) .

Theorem 4.1 (2) can then be used to combine the graphs G and G to get the generating

function of the graph G'.
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Rule 2: Redundant Edge A constraint s; > s; is redundant if it can be derived from two or more
existing constraints. An edge that represents such a constraint is called a redundant edge. The
redundant edge operator allows us to remove a redundant edge from a graph without modifying
the generating function i.e. if G is a graph with a redundant edge between (v;,vg), and G’ is

the graph with the redundant edge removed, then

FG'(x].ax27 "'7‘7;1’7,) = FG('%‘].) $25 "'7:1:71)

1 w3

W4 W3

Figure 4.4: G’ has the redundant edge removed

Figure 4.4 shows a graph G with a redundant edge (v4,v2). On removing it, we get the graph
G’ whose generating function remains unaltered. This is not directly derived from any of the

theorems, but intuitively follows from the definition of a redundant constraint.
Rule 3: Incoming Edge This is exactly Theorem 4.2.

Rule 4: Inclusion-Exclusion (1) The first rule is a direct consequence of Theorem 4.1 (4). Con-
sidering the constraint c to be of the form s; > s;, —c becomes s; < s;. Translating to graphs,
the generating function of a graph G can be obtained from the generating function of graphs

G1 and G4 as:

FG($17J;27 7xn) = FG1 ($17$27 teey xn) + FG2 (:E17 T2, 7xn)

where G represents the set of constraints C', G represents C'U{c} and G2 represents C'U{—c}.
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Here ¢ and —c¢ are constraints on variables that exist in C. Figure 4.5 shows a graphical

representation of this rule.

Rule 5: Inclusion-exclusion (2) The second inclusion-exclusion rule is a direct consequence of
Theorem 4.1 (5). As before, if we consider constraint ¢ to be of the form s; > s;, ¢ becomes
s; < s;. Translating to graphs, we can get the generating function of a graph G from graphs

G’ and G” as:

Fo(zy,29,.sxn) = For(x1, 29, ...y n) — For(z1, T2, ...y Tp)

where G represents the set of constraints C, G’ represents C' — {¢} and G” represents C'— {c} U
{—c}. Figure 4.6 shows a graphical representation of this rule. It can be seen that the second
inclusion-exclusion principle is just a rearrangement of the first inclusion-exclusion principle,

nevertheless, we shall mention it as a separate rule to reference it easily.

These set of five rules derived from the two theorems are proved to be sufficient to derive the
generating function of any set of sequences described by inequalities of the form s, > s, and s, > s

13].

4.3 Applicability of digraph rules to 2 x 2 x n solid partitions

We can compute the generating function of 2 x 2 x n solid partitions using the digraph methods,
since they can be represented by inequalities of the form s, > s;. We can model them as a digraph

as described in Section 4.2. The resulting digraph G, is shown in Figure 4.7.

L R ® 5 81 83

5
o™ @

Figure 4.5:  First Inclusion-exclusion principle
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Second Inclusion-exclusion principle

Figure 4.6:

The digraph representing 2 x 2 x n solid partitions

Figure 4.7:
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Chapter 5

Derivation of recurrence

In this chapter, we will apply the digraph rules of Section 4.2 on 2 x 2 x n solid partitions (represented

by the digraph G,, in Figure 4.7), to decompose it and derive a recurrence for its generating function.

5.1 Steps for decomposing G, using digraph rules

We modeled our 2 x 2 x n solid partitions as the digraph G, in Section 4.3 and now apply the digraph
methods on it to decompose it. For the rest of this thesis, generating function of a graph means the

generating function of the solid partitions represented by it.

Step 1: In the first step, we use Rule 4 from Section 4.2 on the graph (G,,) to generate two new
edges (zn,v,) and (vp,x,) (which is strict). Figure 5.1 shows this process. It results in the two
graphs H,, and H),.

As we can see in Figure 5.1, some edges are redundant in the resultant graphs ((w,, vp), (Zn, wy,)
in H, and (v, wy), (un,x,) in H), ) and we can remove them without modifying the generating
function according to Rule 2 from Section 4.2. We notice that H,, and H] are isomorphic to each
other except that H/, has a strict edge. So, most of the operations that we do on H, would be
repeated in the case of H/ . Steps 2-10 will be breaking down of H,, whereas steps 11-20 would do

the same to break down H/,.
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w1

X1

Wi
Wn-1
W1

X1

Wy
Wa-1

Step 1 of Decomposition

Figure 5.1:
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Step 2: In the second step, we take H,, and apply Rule 5 on the edge (2, 2,—1). This results in
two graphs K, and P, as shown in Figure 5.2.
It can be seen that the edge (un,z,) is redundant in P, and can be removed from the graph

without affecting the generating function as per Rule 2.

Wy

W1

w]

W1

Figure 5.2:  Step 2 of Decomposition
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Step 3: In the third step, we take the graph P,, and apply rule 5 on the edge (wy,w,_1). We get
the resultant graphs R, and S,, as shown in Figure 5.3.
It can be seen that the edge (v, w,) becomes redundant in the graph S,,. We now describe how

both of these graphs can be reduced to D,,, shown in Figure 5.4.

Wy

W1

w]

W1

Figure 5.3:  Step 3 of Decomposition
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D,, can be derived from R, by applying Rule 3 on the edge (un,un,—1). On the edge (n,,w,),
Rule 5 is applied, and to the resultant 2 graphs, Rule 3 and Rule 1 are applied. On doing all these,
we get the graph D,, in each of these cases. Similarly D,, can be derived from S,, using the Rule 3,
Rule 5 and Rule 1.

Next, to decompose D,,, we first use Rule 3, but here, not to remove a redundant edge but to
add a redundant edge to the graph. We add the edge (z,,—1,v,—1) which is redundant because the

edges (Tn—1,%n), (Tn,Vn), (Un, Up—1) imply that constraint (Figure 5.5).

Wy-1

]

Figure 5.4:  The Graph D,
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Wy-1

1

Figure 5.5:  The Graph D,, with the redundant edge

Step 4: In the next step, we take D, with the redundant edge and apply Rule 5 on the edge
(n—1,%,) and we get the two graphs T;, and W,, as shown in Figure 5.6.
The graph T,, can be reduced using Rule 3 twice to get H,_1. As for the graph W, it can be

further reduced as in step 5.
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w1

X1

Wn-1
W1

Step 4 of Decomposition

Figure 5.6:
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Step 5: In this step we take the graph W,, and apply Rule 5 on the edge (x,,,v,). We get the two
graphs U, and V,, as shown in Figure 5.7.

The edge (vy,, vn—1) becomes redundant in the graph V,, and hence can be discarded. Both U,
and V,, can be reduced to the graph H,,_; using Rule 3 on the two extra edges. We have reduced

the graph P, from step 2 to H,,_1. Now we take up the graph K, and reduce it.
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w1

X1

Wn-1
W1

X1
L

-1
W1

Step 5 of Decomposition

Figure 5.7:
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In this step, we first use Rule 5 on the edge (wy,,w,_1). We get the two graphs K} and

Step 6:

as shown in Figure 5.8. It can be seen that the edge (v,,w,) is redundant in the graph K2 and

2
n

K

can be removed.

Wi
Wn-1
W1

Hn
En-l
1

Wy
Wa-1

Step 6 of Decomposition

Figure 5.8:
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Step 7: In the next step, we take the graph K} and apply Rule 5 on the edge (u,,x,). We get
the two graphs K2 and K2 as shown in Figure 5.9.
The graph K2 can be reduced to G,,_; with further simplifications that will be shown later. We

next, reduce the graph K2.

Wy

W1

W1

W1

Figure 5.9:  Step 7 of Decomposition
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Step 8: In this step, we take the graph K, and use Rule 5 on the edge (z,,,v,). We get the two
graphs K2 and K¢ as shown in Figure 5.10.

The edge (v,,,v,_1) becomes redundant in the graph KS. Both the graphs K> and K9 can be
reduced to G,,_; which will be shown later. We have reduced the graph K} from step 6 and now we

have to reduce the graph K2.
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Step 8 of Decomposition

Figure 5.10:
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Step 9: In this step, we take the graph K2 and use Rule 5 on the edge (u,,,) and we get the 2
graphs K and K% (Figure 5.11). The graph K can be reduced to G,,_; which will be shown later.
The graph K8 has to be further simplified.

Wy

W1

W1

w]

Figure 5.11:  Step 9 of Decomposition
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Step 10: In this step, we take the graph K& and apply Rule 5 on the edge (z,,,v,) and we get the
two graphs (K?) and (K!°) as shown in the Figure 5.12.

Both KTQL and K}LO can be reduced to G,,_1 which will be shown later. We have now reduced H,
from step 1 into 6 instances of G,,_; and 6 instances of H,,_;. Now we have to reduce H] from step

1 in a similar manner.
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Wi
Wn-1
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Hn
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Step 10 of Decomposition

Figure 5.12:
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Step 11: In this step we reduce H), from step 1. We apply Rule 5 on the edge (vy,v,—1). We get
the two resultant graphs K/, and P; as in Figure 5.13. The edge (uy, v,,) becomes redundant in the

graph P! and can be discarded according to Rule 2.

Wy

W1

W1

Figure 5.13:  Step 11 of Decomposition
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Step 12: In this step, we take the graph P/ and apply Rule 5 on the edge (wy,,w,_1). The
resultant graphs are R, and S/, (Figure 5.14).
The edge (z,, w,) becomes redundant in the graph S/, and can be discarded. Both these graphs

can be reduced to D), shown in Figure 5.15.

Wy

W1

W1

W1

Figure 5.14:  Step 12 of Decomposition
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D!, can be derived from R/, by applying Rule 3 on the edge (uy,u,—1). On the edge (z,,wy),
Rule 5 is applied, and to the resultant 2 graphs, Rule 3 and Rule 1 are applied. On applying all
these, we get the graph D! in each of these cases. Similarly S/ can be derived from D!, using Rule

3, Rule 5 and Rule 1.

/
no

Next, to decompose D!, we first use Rule 2 and again as before, not to remove a redundant
edge but to add a redundant edge to the graph. We add the edge (v,,—1,2n—1) which is not only

redundant, but also is strict, because we want to try to reduce this graph to H), (Figure 5.16).

Wy-1

x

Figure 5.15:  The Graph D),
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W1

1

Figure 5.16:  The Graph D/, with the redundant edge

Step 13: In the next step, we take D] with the redundant edge and apply Rule 5 on the edge
(Un—1,vn) and we get the two graphs T, and W/ as shown in Figure 5.17.
The graph T can be reduced using Rule 3 on the two edges to get H/,_;. As for the graph W/,

it can be further reduced as in step 14.
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Step 13 of Decomposition

Figure 5.17:
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Step 14: In this step we take the graph W) and apply Rule 5 on the edge (v,,z,). We get the
two graphs U/ and V! as shown in Figure 5.18.

The edge (z, xn—1) becomes redundant in the graph V; and can be discarded. Both U], and V]
can be reduced to the graph H/ _; using Rule 3 on the two extra edges. We have reduced the graph

P! from step 11 to H/,_;. Now we take up the graph K/, and reduce it.
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Wn-1
W1

Wa-1

Step 14 of Decomposition

Figure 5.18:
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and

1

n

In this step, we first use Rule 5 on the edge (wy,w,—1). We get the two graphs K

Step 15:

2
S

as shown in Figure 5.19. The edge (z,,,w,) is redundant in the graph K

2
n

K

e e o e e o e e e e e e ol L e e

K’y
Wn
Wy 1
W1

Wn

w

Step 15 of Decomposition

Figure 5.19:
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Step 16: In the next step, we take the graph K;ll and apply Rule 5 on the edge (un,v,). We get
the 2 graphs K;f’ and K,/f as shown in Figure 5.20. The graph K;f’ can be reduced to G,,_; which

will be shown later. Next, we reduce the graph K, ,/14 further.

Wy

W1

W1

w]

Figure 5.20:  Step 16 of Decomposition
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Step 17: In this step, we take the graph K;f, and apply Rule 5 on the edge (v, 2,). We get the
two graphs K;f’ and K;G as shown in Figure 5.21.

The edge (2, x,—1) becomes redundant in the graph K;f. Both the graphs, K;f’ and K,lf can be
reduced to G,,—; which will be shown later. We have reduced the graph K,;l from step 15 and now

we have to reduce the graph K;f.
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Wy
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Step 17 of Decomposition
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Step 18: In this step, we take the graph K;f and apply Rule 5 on the edge (u,,v,) and we get the
2 graphs K: and K;ls (Figure 5.22). The graph K: can be reduced to G,,—; which will be shown

later. The graph K;S has to be further simplified.

Wy

W1

W1

Figure 5.22:  Step 18 of Decomposition
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Step 19: In this step, the graph K;ls and apply Rule 5 on the edge (v, x,) and we get the two
graphs (K.?) and (K,'°) as shown in the Figure 5.23.

Both K;Lg and K,;lo can be reduced to G,,_1 which will be shown later. We have now reduced
H! from step 1 into 6 instances of G,,_1 and 6 instances of H,_;. We have reduced the graph G,

now to G,,_1 and H, _1.
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5.2 Derivation of a recurrence for the generating function

Now, we proceed to derive the recurrence for the generating function of G,, using the digraph rules.

Let the multi-variable generating function of the graph G,, be
G(na ula Ula wla .’,Ul, Y un—la Un—lv wn—la f.l;n_l, una Un; wna In)

Since we only manipulate the last 8 vertices of the graph, we are not concerned with the remaining

vertices. So we shall compute a 8-variable generating function of G,, given by
G(TL, q,Un—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)a

where we use the variable ¢ to represent all the intermediate vertices

Uy Vi, Wy, Ty 1 € [L.m — 2] of the G,,. Similarly, let the 8 variable generating function of H,, be
H(n7 4, Un—1,Un—1,Wn—1,Tn—1,Un, Un, Wn, -Tn)

and H/, be

!
H (n,q, Un—1,Un—1, wn—lyxn—lzunavnvwnyxn)-

Based on Figure 5.1 and Rule 4 from Section 4.2,
G(TL, qyUn—1,Un—1,Wn—1,Tn—1,Un, Un, Wn, xn) = H(n, q,Un—1,Un—1,Wn—1,Ln—1,Un, Un, Wn, xn)

!
+H (TL, q,Un—1,Un—1,Wn—-1,Tn—1,Un,Un, Wn, J}n) (51)

Figure 5.2 gives us the generating function of the graph H, with respect to the graphs K,, and P,.

If the 8 variable generating function of the graphs K,, and P, are
K(TL, q,Un—1,Un—1,Wn—1,Tn—1,Un, Un, Wn, xn)

and

P(na q,Un—1,Un—-1, wn717xnflaun7vnawn7xn)
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respectively, then using Rule 5, we get

H(n, ¢, Un—1,Vn—1,Wn—1, Tn—1, Un, Un, Wn, Tn) = K(N, ¢, Un—1,Vn—1, Wn—1,Ln—1, Un, Un, Wn, Tr)

(5.2)

—P(TL, q,Un—-1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)

Again from Figure 5.3, using Rule 5, we get the generating function of P, as

P(n,q,un—1,Vn-1,Wn—1,Zn—1, Un, Un, Wn, Trn) = R(N, ¢, Upn—1,Vn—1, Wn—1,Tn—1, Un, Un, Wn, Tr)

(5.3)

—S(TL, Q7un—lvvn—lawn—lvxn—launv'Unawnwrn)v

where

R(mq,un,l,vn,l,wn,l, Tp—1,Un, Un, Wn, xn)

and

S(nvqa Un—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)

are the 8 variable generating functions of R,, and S,, respectively. We now derive R,, and S,, from

the graph D,, shown in Figure 5.4. First, we derive R,, from D,,. R, can be further broken down

using Rule 5 as shown in Figure 5.24.

Both R. and R? can be derived from D,, using Rule 3 and Rule 1. We get the generating function

- R,! I R,
Un
Wn
En
Wn-1
En-l En-l

Figure 5.24:  Breaking down R,
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of R}L from D,, using Rule 3 on the edge (uy,u,—1) and Rule 1 on the vertex w, as

1
R (TL, q,unflvvnflawn717xnflaunvvnvwn7xn) =

(un)o « 1
1—wuy) (1—wy,)

(5.4)

D(”y‘]a (un * Un—l)a Un—1,Wn—1,Tn—1, Un, Un, wnaxn) * (

Now we get the generating function of R? from in terms of D,, by using Rule 3 on the edges (u,, tn_1)
and (wy,v,) as

2
R (nv qvunflavnflawn717$n717unavn7wn7$n) -

(un)o « (wn)l
(1—wuy) (1—wy)

D(’n,, q, (un * un—l)vvn—la Wn—1,Tp—1,Un, (Un * wn)vwna xn) *

(5.5)

Here R! (N, qy Up—1,Vn—1,Wp—1, Tp—1, Un, Un, Wy, Tp) is the 8 variable generating function of R}L and
R2(n,q,un_l,vn_l,wn_l,xn_l,un,vn,wn,xn) is the 8 variable generating function of R%. From

Figure 5.24, using Rule 5, we get

1
R(”;Qvun—laUn—lvwn—la'rn—launa”nawnaxn) =R (n7Qaun—lvvn—lawn—lvxn—lvunvvnvwnyxn)

_RQ(na 4, Un—1,Un—1,Wn—1,Tn—1,Un, Un, Wn, -Tn) (56)

Using the Equations 5.6, 5.4 and 5.5 we get

D(TL, 4, UpUn—1,Un—1,Wn—-1,Tn—-1,Un, Un, Wn, zn)
(1 —up)(l —wy)

R(n,q, Un—1,Un-1, wn—laxn—17unavn7wnaxn) =

_ D(TL, q, UnUn—1,Un—1,Wn—1,Tn—1,Un, UnWn, Wn, xn)wn

(1 —up) (1 —wy)

(5.7)

The graph S,, from Figure 5.3 can be further broken down using Rule 5 as shown in Figure 5.25.
We can see that R. and S} are the same graphs and hence have the same generating function as

defined by Equation 5.4. The 8 variable generating function of S2,
SQ(”a 4, Un—1,Un—1,Wn—1,Tn—1,Un, Un, Wn, xn)7

is given by

2 _
S (TL, q»unflyvnflawn717$n717unavn7wnvmn) -

(un)o « (wn)o
(1—wuy) (1—wy)

D(TL, q, (un * un—l)vvn—ly (wn * wn—l)a Tp—1,Un, Un, Wn, xn) *

(5.8)
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Wn Vn

St Sat
Uy Un
Wn Wy
[ ]
En En
Un-1 Un-1
Wyl Wa-1
En-l Zn-1

Figure 5.25:  Breaking down S,

Thus the generating function of S,, from Equations 5.4 ,5.8 is given by

S(naqaunfl,vnflawnfla Tn—1,Un, Un, Wn, xn)

D(TL, Q7unun—1a vn—lawn—la 'In—17u’n.; Unawn; 'In)

(1 —up)(1l—wy)

D(nv q, UpnUn—1,Un—1, WnWn—1,Tn—1,Un, Un, Wn, xn)

_ . 5.9
(1 — up) (1 —wy) (5.9)
From Eqgs. 5.3, 5.7, 5.9 we get
P(n7q»unfhvnfhwn717xn717un7vn7wn7xn)
— D(”v q, UpUn—1,Un—1, WpnWn—-1,Tn—1,Un, Un, Wn, xn)
(1= upn) (1 —wn)
_ D(TL, 4, UnUn—1,Un—1,Wn—1,Tn—1,Un, UnWn, Wn, xn)wn (5 10)

(1 —up) (1 —wy)

Figure 5.6 shows the decomposition of D,, into T;, and W,,. Using Rule 5, we get

D(TL, q7 un—la U’ﬂ—la wn—17 xn—la un7 U’n) wn7 xn) = T(n7 qa un—l; vn—la wn—17 xn—l, un; U’n) w’ru xn)

_W(nv(_%unfla Un—1,Wn—1,Tn—1, Un, Un, Wn, (En) (511)

T, can be derived from H,_; using Rule 3 as follows

T(n7 q,Un—1,Un—1, wnflawnflzun7vn7wnawn) =
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(2n *Un)o N (wn)o

H -1 n—1, n n n—1), Yn—1,+4n— . 12
(n y4,9,9,4,4, Un—1 (SC *Up ¥ 1) Wp—1,T 1)* (1_(1‘71*1)71)) (1_xn) (5 )

From Figure 5.7, we get the generating function of W,, in terms of U,, and V;, using Rule 5 as
W(TL, q,Un—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn) = U(nv q,Un—-1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)

*V(TL, q,Un—-1,VUn—-1, wn—laxn—lyunyvnywnyxn)~ (513)

We can get the generating function of U, and V,, in terms of H,_; using Rule 3 as

U(na q,Un—-1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn) =

H(n-1 (vp, * ) (zp * ) * (vn)° * (2n)° (5.14)
n Up—1, (Vn * V1), Wn—1, (Tp * Tp_ , .
»4,4,9,4, 9, 1 1 1 1 (1 vn) (1 wn)

and

V(nvq7un717 Un—1,Wn—1,Tn—1,Un, Un, Wn, xn) -

(2 % v,)° (vt

H(?’l - 1aQ7qaQ7Q7qaun—17vn—lawn—17 (UTL * Ty ¥ an_l)) * (1 — (fﬂn " ’Un)) * (1 — ’Un) . (515)

From Eqs. 5.11, 5.12, 5.13, 5.14 and 5.15, we get

H(TL — 1, 4,49,4,49,4,Un—1, TpnUnpUn—1, Wn—1, xn—l)
(1 = zpon)(1 —xp)

D(na Q7un—1avn—17wn—1aIn—launavnawnaxn) -

H(n - 17 4,49,49,49,49,Un—1,VnUn—-1, Wn—1, xnmn—l)
(I —v,)(1 =)

H(?’L B 17 4,4,49,49,49,Un—1,VUn—1,Wn—1, ’l}nInIn_l)’l}n (5 16)
(1 —zpvn) (1 —vp) ' '

_|_

We have got the generating function of P, from Figure 5.2 in terms of H,,_;. Now we proceed to
get the generating function of K,,. From Figures 5.8, 5.9, 5.10, 5.11 and 5.12 we get the generating

: : 3 15 16 KT 39 10 ,iqi
function of K, in terms of K, K, K, K/, K, and K" using Rule 5 as
3
K(n7 q7 un—la U'n—lv wn—la In_l, Una Un; wna xn) = K (TL, q7 un—la Un—17 wn—lv xn—la una Una wnv xn)

5 6
-K (naQ7un—1avn—17wn—lv'xn—launavnawnvxn)+K (n7Q7un—1aUn—lvwn—la'rn—launavn;wnaxn)

7 9
-K (naqvunflavnfl,wnflvxnflaunvvnawnvxn)+K (n’%unflavnflvwnflaxnflaunavn;wnaxn)
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Wn Vn

Kn3 1 Kn:n
Uy Un
Wn Wy
[ ]
En En
. Un-1
-1 Wl Wh-1
Hn-1 En-1

Figure 5.26:  Breaking down K3

10
-K (nvqaunflavnflawnflaxnflvunavnvwnaxn»

(5.17)

We now get the generating functions of the graphs K3, K3, K¢ K!, K2 and K!° from G, _;

as follows. The graph K3 can be further broken down as shown in Figure 5.26. We can get the

generating function of K3! and K3? from Figure 5.26 using Rule 3 and Rule 1 and we can derive

the generating function of K2 from that using Rule 5. We get

3
K (n7 q,Un—1,Un—1,Wn—-1,Tn—1,Un,Un, Wn, wn)

G(’ﬂ B 17 q,49,49,4,q,UnUp—1, TnUnUn—1, Wn—1, xn—l)
(1 = up)(1 = 2p0,) (1 — ) (1 — wy)

_ G(n B ]-7 q,4,4,4,q, UpUp 1, WnTnUnUn—1, Wn—1, xnfl)wn
(1 = up)(1 = wpxnvn) (1 — 25) (1 — wy,)

(5.18)

K? can be further reduced using the inclusion exclusion principle as shown in Figure 5.27 and the

generating function of K3 can thus be got as

5
K (TL, q,Un—1,Un—1,Wn—-1,Tn—1,Un,Un, Wn, iCn)

G(TL - ]-v 4,4,49,4,4, TnUnUUp—1,UnUn—-1, Wn—1, xnfl)wn
(1 = zpun)(1 —vp) (1 —zp) (1 — wy)

G(TL - 17 q,49,49,49,4q, TnUnpUn—1, WnUnUn—-1, Wn—1, xnfl)xnwn
(1 — zpup) (1 — wpvp) (1 — z,) (1 — wy,)

(5.19)

KS can be further reduced using Rule 5 as shown in Figure 5.28 and the generating function of K9

can thus be got as
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W Vn
Kns 1 Kn52
Un Un
Wn Wy
®
Hn En

Un-1 el Un-1 Wl

Hn-1 En-1

Figure 5.27:  Breaking down K?

6
K (TL, q,Un—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)

G(n - 1; 4,9,49,49,4, UnTnUnUp—1,VUn—-1, Wn—1, xn—l)xnvi
(1 —vpzpun) (1 —v,) (1 — vz, (1 — wy,)

_ G(n - ]-7 4q,4,49,49,4, WnUnTnUnUn—1,Un—1, Wn—1, $n71)mnv721w§1 (5 20)
(1 — wpVpTpun) (1 — wpvp ) (1 — wpvpxn) (1 — wy)

K can be further reduced using Rule 5 as shown in Figure 5.29 and the generating function of K

can thus be got as

Knﬁ 1 Knﬁz
Un Un
Wn Wy,
[ ]
Hn En
Up-1 Wl Un-1 Wi-1
En-l Zn-l

Figure 5.28:  Breaking down K¢

7
K (TL, q,Un—-1,Un—1,Wn—-1,Tn—-1,Un, Un, Wn, xn)

G(n - ]-7 q,49,49,4,q, UnUp—-1, TnUnUn—1, Wn—1, l'nfl)
(1 —up)(1 — zpup) (1 — ) (1 — wy)
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Uy Un
Wn W
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Wl Wh-1
Hn-1 En-1

Figure 5.29:  Breaking down K

_ G(’I’L - 17 4,49,49,49,4, UnUpn—1, TpnUnUn—1, WpnWn—1, l‘n71> (5 21)
(1 —up)(1 — zpv) (1 — ) (1 — wy,) ’ '

K? can be further reduced using Rule 5 as shown in Figure 5.30 and the generating function of K

can thus be got as

9
K (7?,, q,Un—1,Un—1,Wn—1,Tn—1, unvvnawnaxn)

G(TL - ]-7 4,49,49,4,4, TpUnln—1,UnUn—-1, Wn—1, xnfl)xn
(1 — zpupn)(1 — vp) (1 — ) (1 — wy)

G(TL - 1a 4,49,49,49,49, TnUnUpn—1, UnUpn—-1, WpnWn—-1, xn—l)xn
- . (5.22)
(1 —zpun)(1 —vp) (1 — ) (1 — wy,)

K9 can be further reduced using Rule 5 as shown in Figure 5.31 and the generating function of K!°

can thus be got as

W ¥n
Kngl Knﬂ
Uy Un
Wn W
L4
¥n En

Uy-1 Wil Un-1 Wl

En-l Zn-1

Figure 5.30:  Breaking down K9
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10
K (nvqaunfluUnflawnflyxnfhunuvnawnyxn)

G(n—1,4,4,4,q, ¢ UnTplnln_1,Vn_1, Wn_1, Tn_1)Valn
(1 —vpznun) (1 —v,) (1 — vz, (1 — wy,)

_ G(’I’L - 17 4,49,49,49,4, UnTnUpUUn—1,Un—-1, WnWn—1, xnfl)xnvg (5 23)
(1 — vpzpun) (1 —v,) (1 — vz, (1 — wy) ' '

From Equations 5.17, 5.18, 5.19, 5.20, 5.21, 5.22 and 5.23 we get the generating function of K, in

terms of G,,_1 as

n

Kn].ﬂl Knlln
Uy Un
Wi Wy
®
Hn En
Up-1 &
Wil Ua-1 Wil
Hn-1 En-l

Figure 5.31:  Breaking down K!°

K(TL, q,Un—1,Un—1, wn—lvxn—lvunvvnvwn7xn) =

o G(TL B 17 4,49,9,49,4, UnUn—1, WpnTpUnUn—1, Wn—1, xnfl)wn
(1 —up) (1 — wpzpvy) (1 — ) (1 — wy,)

G(TI, - 17 4,9,49,49,4, TpUnUn—1, WnUnUn—-1, Wn—1, xn—l)xnwn

+ (1= 2nun) (L — wnon) (L= 2n) (1 — wn)

2,,3
G(’I’L - 1a 4,49,49,49,q, WnUnTnUnUn—1,Un—1, Wn—1, xnfl)xnvnwn

(1 - ’U)nUnJ?nU,n)(l - wnvn)(l - wnvnxn)(l - wn)

G(?’l - 1a 4,49,49,49,4, UnUpn—1, TpnUnUn—1, WpnWn—1, xnfl)
(1 —up)(1 = zpupn) (1 — xp) (1 — wy)

G(?’L —1,4,4,4,9, 4, Trupty_1,VpVp_1, WpWy_1, xn—l)xn
(1 —zpun)(1 —vp)(1 — xp) (1 — wy)

2
G(’I’L - 17 4,49,49,49,4, UnTpUpUn—1,Un—-1, WnWn—1, xnfl)xnvn

(1 — vp@pun) (1 — v) (1 — vy (1 — wy) (5.24)
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Now, we can consolidate Equations 5.2, 5.10, 5.16, 5.24 and get the recurrence for H,, as

H(nvqa Unp—1,Un—1, wnfl»xnflvunavnvwn»xn) =

(_ G(n B 17 q,49,49,4, 4, UnUp—1, WnTpUnUn—1, Wn—1, xn—l)wn
(1 = up)(1 = wpxnvy ) (1 — 25)(1 — wy,)

G(n - ]-v q,4,49,49,4, TnUnUn—1, WnUnUn—1, Wn—1, xnfl)mnwn
(1 = zpun) (1 — wpvp ) (1 — 25)(1 — wy)

+

2,,3
G(n —1,4,9,49,q, ¢, WpUpTpUpUy_1,Vn—1, Wn—1, xn—l)xnvnwn

(1 = wpvnxpun) (1 — wyv) (1 — wpvexy) (1 — wy,)

G(n B ]-7 q,49,49,4,4, Unlp—1, TpUpUn—1, WpWn—1, xnfl)
(1= up)(1 = 2p0,) (1 — ) (1 — wy)

G(?’L - 17 q,49,49,4,49, TnUnUn—1,UnUn—-1, WpnWn—1, .’L'n71)l'n)
(1 — zpupn)(1 —vp) (1 — ) (1 — wy)

D(n, q, UnUn—1,Un—1, WnWn—1,Tn—1,Un, Un, Wn, xn)

(1 —up) (1 —wy)

—(

o D(na q, UpUn—1,Un—1,Wn—1,Tn—1, Un, UnWn, Wy, $71)wn
(1 —up)(1 —wy)

);

where

D(naqﬂvbnfla Un—1,Wn—1,Tn—1,Un, Un, Wn, ‘rn) =

H(” B 17 4,49,49,49,49,Un—1, LpUnUn—1, Wn—1, zn—l)
(1 —zpvn)(1 —2y)

H(n - ]-7 q,49,4,49,9,Un—1,UnUn—1,Wn—1, xnmn—l)
(1—vp)(1 =)

+H(TL - 17 q,49,49,49,49,Un—1,Un—1,Wn—-1, Unxnwnfl)vn (5 25)
(1= zpv,)(1 —vy) ' '

We now find the generating function of H] using a similar approach. We briefly describe the

method focusing on the final generating function. From Figure 5.13 using Rule 5

! !
H (n7Q7unflavnflawn71;xnfbunavn,wnamn) =K (nvqfunflaUnflawnflyxnflvunyUn;wnyxn)

/
—P'(n,q,Un—1,Vn—1,Wn—1, Tn—1, Un, Vn, Wn, Tp, ). (5.26)
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Again from Figure 5.14, and Rule 5, we get the generating function of P, as

/ /
P (naQ7un717Unfl»wnflvmnflvunvvnvwnvwn) =R (naqvunflaUnflvwnflaxnfl»unavn7wnaxn)

(5.27)

—S,(TL, q,Un—1,Un—1,Wn—1,Ln—1,Un, Un, Wn, xn)
Both R/, and S, are derived from D/, shown in Figure 5.15 as per Figures 5.32 and 5.33. We get

/
R/(TL @ U1y Un 1y Wi 1 Ty s Uy Uryy Wiy T )_ D (nvq;ununflavnflvwnflvxnflaunvvnawnvxn)
y 4y Un—1,Un—1,Wn—1,Tn—1,Un, Un, Wn, Tn (1 — u”)(l — wn)

_ D/(’I’L, 4, UnUn—1,Un—-1,Wn—1,Tn—1,Un, Un, Wn, wnxn)wn (5 28)
(1 —up) (1 —wy)

and

’
s’ _ D (TL, 4, UnUn—1,Un—-1,Wn—1,Tn—1,Un, Un, Wn, xn)
(Tl, q,Un—-1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn) =
(1= up)(1—wy)

D/(TL, q, UpnUn—1,Un—1, WnWn—1,Tn—1,Un, Un, Wn, xn) ) (529)
(1 —up) (1 —wy)

From Eqs. 5.27, 5.28, 5.29 we get

/
P (na q,Un—1,Un—1, wnflaxnflzun7vn7wnaxn) -

Dl(n7 q, UpUn—1,Un—1, WnWn—-1,Tn—1,Un, Un, Wn, (En)
(1= up)(1 —wn)

D/<n7 4, UnUn—1,Un—1,Wn—1,Tn—1,Un, Un, Wn, wnwn)wn (5 30)
(1 —up) (1 —wy)

Figure 5.17 shows the decomposition of D), into T}, and W, . Using Rule 5, we get
/ /
D (na q,Up—1,Up—1,Wn—1,Tn—1,Un, Un, Wn, xn) =T (TL, q,Upn—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)

/
-W (n, q,Un—1,VUn—1,Wn—-1,Tn—1,Un, Un, Wn, xn) (531)

From Figure 5.18, we get the generating function of W) in terms of U], and V,, using Rule 5 as

/ /
w (nvq;un—lvvn—hwn—lamn—lvunavnvwnamn) =U (naQ7un—1avn—17wn—1axn—17unav'mwna-rn)
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Wn

Rgnl R,n:
Tn Un
Wi Wn
®
En En
Pl Wa-1 M Wn-1
Hn-1 En-l
Figure 5.32:  Derivation of R}, from D],
/
_V (TL, q,Up—1,Vn—1,Wn—-1,Tn—1,Un, Un, Wn, xn) (532)

Using Rule 3 on T}, U}, V,! and using Equation 5.31 and 5.32, we get

H/(n - 17 4,9,49,49,4,Un—1, TpnUnUn—-1, Wn—1, xnfl)
(1= (zn *vp))(1 — 2p)

/
D (’I’L, q7unflavnfhwn717xn717unavn7wn7xn) =

/
H (n - 17Qa q,49,4,4,Un—1, vnvn—hwn—laxnzn—l)

(1—vp)(1—2p)

Hl(n B an q,49,49,49,Un-1, vnflvwnflavnxnxnfl)vn
(1= (v *xxp))(1 —vp)

(5.33)

From Figures 5.19, 5.20, 5.21, 5.22 and 5.23 we get the generating function of K/, in terms of K;f,

Vi

s ,nl g :n2
Wn
En
W1
En-l En-l

Figure 5.33:  Derivation of SJ, from D},
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K;f7 KT/LG, K:, K;Lg and K;lo using Rule 5 as

/ _ '3
K (naqaunfhvnflawnfl;xnfl,un7vnawn;xn) =K (m% unflavnflawnflyxnflaun»vnawn7xn)

’

-K (TL, q,Un—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)

’
6
+K (n7Qa Up—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, -Tn)

’ ’
7 9
_K (naq7unfhvnflvwnflaxnflyun7vn7wn7xn)+K (n7Q7un717vn717wn717"Enflaun7vnvwn7$n)

10
-K (n7Q7un—1aUn—lvwn—la-rn—launavnawnaxn)~

(5.34)

We now get the generating functions of the graphs K3, K5, K,8, K7, K.? and K,'° from G,_,

as follows. The graph K;f’ can be further broken down as shown in Figure 5.34. The generating

function of K3 is

3
K (n7Qa Unp—1,Un—1, wn—hxn—lyun,vnawn71’n)

_ G(” - 17 4q,49,49,49,4,UpUn—1,Un—-1,Wn—1, 'Unxnmn—l)vn
(1 —up) (1 —v,)(1 — v, ) (1 — wy)

_ G(TL —1,4,9,4,q9,q¢, uptin_1,Vn_1,Wn_1, U?Lwnxnxn—l)wnvn
(1 —up)(1 =) (1 — vpwpz, ) (1 — wy,)

K;f can be got from G,,_; from Figure 5.35

!’
5
K (nvq;unflaunflawnflvmn717un,vnvwn7mn)

— G(TL - 17 4,9,49,49,4, UnUpUUn—1,Un—1, Wn—1, -Tnxn—l)vn
(1 —vpupn)(1 —vp)(1 — xp) (1 — wy)

Tn n
K 5n3 1 K ,n:n
Un Un
Wi Wn
®
En En
Un-1 Wl Un-1 Wl
Hn-l Enl

Figure 5.34:  Breaking down K3
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Wn

s
Wn
Hn
Wn-1
Hn-1 En-l
Figure 5.35:  Breaking down K,?
. G(’I’L - 17 4q,49,49,49,4, VnUpUp—1,Un—1, Wn—1, wnxnxnfl)vnwn (5 36)
(1 —vpun)(1 —vp) (1 — wpzy ) (1 — wy,)
K8 can be got from G,,_; from Figure 5.36
KIG(nv q,Un—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)
_ G(n - 17 4,9,49,49,4, TnUnUnUn—1,Un—-1, Wn—1, (Enfl)vnxn
(1 — zpvpun) (1 — 2pv,) (1 — 2,) (1 — wy,)
_ G(n - 17 q,49,49,4,4, WnTnUnUpUn—1,Un—-1,Wn—1, xn—l)vnznw% (5 37)
(1 — wpEpUR UL ) (1 — WU, ) (1 — wpay) (1 — wy,)
K: can be got from G,,_; from Figure 5.37
K 7(”7 q,Un—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, xn)
Vu K8 n K8
Un Uy
Wn Wn
@
En o Hn
Un-1 Wil Un-1 Wil
Hn-l En-l

Figure 5.36:  Breaking down K5
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K ,nT 1 K ,n'.':
Un Un
Wn Wn
®
En En
Un-1 Un-1

Wil Wn-1

Hn-1 En-l

Figure 5.37:  Breaking down K|’

_ G(” - 1a 4,49,49,49,4, UpUn—1,Un—1, Wn—1, 'Unxnl‘nfl)vn
(1 —un)(1 —v,)(1 — v, ) (1 — wy)

G(Tl —1,4,4,4,q,q, untn_1,Vp_1, WyWy_1, Unxnxn—l)vn

_ . 5.38
(1 =) (1 —v) (1 — vy ) (1 —wp) ( )
K;Lg can be got from G,,_1 from Figure 5.38
Klg(nv q,Un—1,Un—1,Wn—-1,Tn—1,Un, Un, Wn, :L'n)
_ G(n — 17 q,9,4,49,q, UnUnUn—1,Un—1,Wn—1, xnxn—l)vn
(1 —vpupn)(1 —vp)(1 — xp) (1 — wy)
- G(TL —-1,4,4,4,9,q, VpUpUp_1,Vp_1, WpWp_1, xnxn—l)vn (5 39)
(1= vpun)(1 —v,)(1 —2,)(1 — wy)
K;Llo can be got from G,,_1 from Figure 5.39
K 10(”7q,unflvvnflawnflvxnflvunvvnvwnvxn)
_ G(n - 1) 4,49,49,49,4, TpUnUnpUn—1,Un—-1, Wn—1, xn—l)xnvn
(1 — zpvpun) (1 — 2pv,) (1 — 2,) (1 — wy,)
_ G(n - 17 q,4,49,4,4, TpnUpUpUp—1,Un—-1, WnWn—1, xn—l)xnvn (5 40)

(1 = 2popun) (1 — 2pv,) (1 — 2,) (1 — wy)
From Equations 5.34, 5.35, 5.36, 5.37, 5.38, 5.39 and 5.40 we get the generating function of K/ in

terms of G,,_1 as

!
K (nvqa Unp—1,Un—1, wn,l,xn,hun,vmwn,xn) =
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W
En
Wl
Hn-1 o1
Figure 5.38:  Breaking down K ;f’
i K,nm 1 W 2 ,nm i
Un
W
En
Wl
Hn-1 201

Figure 5.39:  Breaking down K"

G(n - 17 4,49,49,49,4,UpUn—-1,Un—-1, Wn—1, Unwnxnxnfl)wnvn
(1 —up) (1 —v,)(1 — vpwpz, ) (1 — wy,)

G(TL —-1,4,4,4,9,9, VpUnUn_1,Vp_1, Wn_1, wnxnl'n—l)vnwn
(1 —vpupn)(1 — vp)(1 — wpzy ) (1 — wy,)

+

G(n - 1a 4,49,49,49,q, WnTnUnUnUn—1,Un—1, Wn—1, xnfl)vnmnw%
(1 — wpznvpun) (1 — wWpxpv,) (1 — wexy) (1 — wy,)

G(n - 17 4,49,49,49,4, UnUn—1,Un—-1, WnWn—1, Unmnxn—l)vn

+ (1= ) (1= vn) (L — onaen) (1 — 1)

G(Tl - 17 4,49,49,49,4, UnUnUpn—1,Un—-1, WpnWn—1, xngjn—l)vn
(1 = vpun)(1 —v,)(1 —2,)(1 — wy)

G(n - ]-v q,4,49,49,4, TnUnUpUn—1,Un—-1, WpnWn—1, xnfl)xnvn
(1 — zpopun) (1 — 2pv,) (1 — 2,) (1 — wy,)

+
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Now, we can consolidate Equations 5.26, 5.30, 5.33, 5.41 and get the recurrence for H), as

/
H (n,qaunfla Un—1,Wn—1,Tn—1,Un, Un, Wn, xn) =

(_ G(n — 17 4,49,49,49,4,UnUn—1,Un—-1, Wn—1, vnwnznxn—l)wnvn
(1 —up)(1 —vp)(1 — vpwnay) (1 — wy)

G(TL - 17 4,49,49,4,49, UnUnUp—1,VUpn—1, Wn—1, wnxnxnfl)vnwn
(1 = vpun)(1 —vn) (1 — wpayn) (1 — wy)

+

G(n —1,¢,4,9,q, ¢, WnTrUnUpUn_1,Vn—1,Wn_1, xn—l)vnznw%
(1 = wpznvpun) (1 — wpxnv,) (1 — wexy) (1 — wy,)

G(TL - 1, 4,4,49,49,4,UpUn—1,UVp—1, WpWn—1, (Unmnxnfl)vn
(1 —up)(1 = vp)(1 —vpwy) (1 — wy)

G(’I’L - 17 4,4,49,49,49, UnUnUp—1, Un—1, WnWn—1, xnxnfl)vn
(1 —vpun) (1 — vp) (1 — xp) (1 — wy)

G(TL —1,4,4,4,9, ¢, T UpUnUn_1, Un—1, WpWn—1, xn—l)xnvn)
(1 — zpvpun) (1 — 2pv,) (1 — 2,) (1 — wy,)

+

D,(Tl, q, UpUn—1,Un—1, WpnWn—-1,Tn—1,Un, Un, Wn, xn)
(1 —up)(l—wy)

_ D/(TL, q, UnUn—1,Un—1,Wn—1,Tn—1,Un, Un, Wn, wnxn)wn
(1 —up)(1 —wn)

)

where

/
D (nvqaunfh Un—1,Wn—1,Ln—1,Un, Un, wnyxn) -

Hl(n - 17 4,49,4,49,4,Un—1, TpnUnUn—1,Wn—1, xn—l)
(1= (2p *xv))(1 —xp)

H/(TL - ]-7 4,49,4,4,4,Un—1,UVnUpn—-1,Wn—1, xnxnfl)
(I —wvn)(1—zn)

Hl(n - 17 q,49,49,49,49,Un—1,VUn—-1,Wn—1, /Unxnxnfl)fun ) (542)
(1 - (vn * zn))(l - Un)

We can get the recurrence for G,, using Equations 5.1, 5.25 and 5.42.

5.3 Base Case

Every recurrence must have a base case on which it can be built on. For the 2 x 2 x n graph the

base case is the 2 x 2 x 1 (G1) graph as shown in Figure 5.40. We split this graph up into two graphs
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|
Figure 5.40:  The base graph - 2 x 2 x 1

using Rule 4 and get H; and Hj so that we have a base case for both H,, and H/, as shown in Figure
5.41. We can see from Figure 5.41 that after removing the redundant edges, the two base cases Hj
and Hj are just two straight line graphs. We can get the generating function for them using Rule 3

repeatedly. The generating functions of H; and Hj are

1
H 17 »4,4,4,4,U1, V1, 3 = 5.43
( @4 9,99, 11, 01, $1) (1 —ul)(l —’U,1.T1)<1 — ulxlvl)(l —ulxlvlwl) ( )
and
uLv
H/(17qaQ7Q7q7Q7u1aU17w17x1) = ( L (544)

1-— Ul)(l — ulvl)(l — ullel)(l — ullelwl) ’

u1

Figure 5.41: H; and Hj
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Chapter 6

Automation of the recurrence

6.1 Maple implementation

In Chapter 5, we derived the recurrence for the generating function of 2 x 2 x n solid partitions
represented by the digraph G, in Figure 4.7. We implemented the recurrence in Maple and the
program is shown in Appendix A. Figure 6.1 shows the procedure that implements the first equation

in the recurrence given by Equation 5.1 from Section 5.2. Using this program, we can:

1. Compute G(n, q, Up—1,Vpn—1, Wn—1,Tpn_1, Un, Un, Wy, Ty ) defined in Section 5.2 by calling:
> Gn(n,q,a,b,c,d,u,v,w,x);.

2. Compute the univariate generating function, Goxaxn,(q), of 2 x 2 X n solid partitions by calling:
>Gn(n,q,9,9,9,9,9,9,9,9) ;-

3. Compute the number of linear extensions of the 2 x 2 x n poset (¢(Pax2xn)) using the method

Gn := proc(m,q,a,b,c,d,u,v,w,x);

return (Hn(n,q,a,b,c,d,u,v,w,x)+Hni(n,q,a,b,c,d,u,v,w,x))

Figure 6.1:  The first procedure from the program in Appendix A

76



Table 6.1: ~ Computing the univariate generating function of 2 x 2 x n solid partitions using the
program in Appendix A

n | Time (in Sec.) | Memory (in MB)
1 0 0
2 0 0
3 1 5
4 5 54
5 145 795

described in Section 3.3 by calling:
> subs(gq=1,simplify(Gn(n,q,9,9,9,9,9,9,9,9) *product(’q~i’,’i’=1..4*n)));,

where the Maple function product (’q~i’,’i’=1..4*n))) gives [[", (1 — ¢*). By multiplying
this with the generating function, we get the W-polynomial mentioned in Section 3.2.1. The
function simplify(Q) simplifies a given expression Q. This is required so that W-polynomial
is reduced to a polynomial and we can substitute ¢ = 1 to get £(Paxaxy). The Maple function

subs (a=b,Q) substitutes in Q, for all values of a with b.
We ran our program on a machine running Maple 11 with the following configuration:

e Processor: 2.6 GHz AMD Athelon 64x2 dual core processor
e Local memory available: 3454MB

e Operating System: Windows XP Service Pack 2.

We set a limit on the time as at most five days (432,000 seconds) for any particular value and stopped
the program for any value that took more time that that. We recorded the time and memory required
to compute the univariate generating function on this machine in Table 6.1. Observe that the memory
utilized grows very fast. We can see for each n = 4,5 there is more than a 10 times increase in the
memory utilized when compared to the previous value. On this machine, we were unable to compute
the generating function for n = 6 due to insufficient memory. This is not surprising, as we would

require more than 8000 MB as per the trend.
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Table 6.2:  Computing the univariate generating function of 2 x 2 x n solid partitions using the
program in Appendix B

n | Time (in Sec.) | Memory (in MB)
1 0 0
2 0 0
3 1 )
4 10 6
5 70 9
6 656 22
7 3301 33
8 20711 68
9 111196 161
10 301674 225

6.2 Optimizations

Due to the high memory utilization by the program in Section 6.1 as shown in Table 6.1, we
optimized it in 3 different ways as described below. The limitation in all these optimizations
is that, we can compute only the univariate generating function of G, and ¢(Pyx2xn), but not
G(Ny @y Up—1,Vn—1, Wn—1, Tn—1, Un, U, Wy, Ty ). All the experiments done below are on the same ma-

chine and with the same parameters as described in the end of Section 6.1.

6.2.1 Memoization

On analyzing the recursive procedure calls to our program in Appendix A, we noticed that some
procedures were called several times with the same set of arguments. This prompted us to use
memoization, which is an efficient method to solve problems where procedures with the same set
of arguments are called repeatedly. Maple has an internal memoization facility where, using the
keyword “options remember” along with the procedure, we can instruct it to store the results of all
procedures with their associated parameters in the “remember” table.

To use the storage efficiently, we made some small modifications to our program. Instead of com-
puting the univariate generating function of G,, which is large, we simplified it at each procedure and
computed the W-polynomial described in Section 3.2.1, which is smaller. The generating function
of G, can be obtained from the W-polynomial by dividing it with H?Zl (1 —¢%). This modified
program is shown in Appendix B.

We ran this program and recorded the time and memory required to compute the univariate
generating function in Table 6.2. Observe that there is a dramatic improvement in the memory

usage when compared to the corresponding values in Table 6.1. The memory grows only about twice
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each time. However, the limiting factor now is time. We see that the time required to compute
the generating function of G,, grows by about five times each time. The time for n = 10 is 301675
seconds, which is about 3.5 days. Based on the trend, we would expect n = 11 to take about 15

days which is above the time limit set in Section 6.1 and hence, we did not compute it.

6.2.2 Reduction of variables

In the program in Appendix B, observe that only 4 of the variables are actually modified, the
remaining 4 are just passed on to the next level as such. This prompted us to reduce the number
of variables in the procedure to compute the generating function of GG,,. This also follows from the
decomposition steps in the Chapter 5: only the n'® layer of G,, is modified and the previous layer
is intact.

We modified the program in Appendix B accordingly and the program with reduced variables is
shown in Appendix C. This program also uses memoization, hence computes only the W-polynomial.
We can obtain the generating function from that as before, by dividing with H?Zl (1 —¢%). We ran
this program and recorded the time and memory required to compute the univariate generating
function of G,, in Table 6.3. We have also shown a few values of the W-polynomial. We can see
that, the memory required remains approximately the same, but there is 10-20% improvement in
the time taken when compared to the corresponding values in Table 6.2. But the time still grows by
almost 5 times and hence for n = 11 we would expect it to take about 12 days which is more than

our time limit.

6.2.3 Faster computation for ((Psxox,)

A further optimization can be done if we are only interested in computing the number of linear
extensions, ¢(Paxaxn). We noted in Section 5.1 in Step 1 from Figure 5.1, that both H,, and H]
are isomorphic to each other except that H/ has a strict edge. But the number of linear extensions
of the posets represented by these digraphs will be the same, since linear extensions do not vary
with strict and non-strict relationships. Therefore, to compute the generating function of H),, we
just call H,, with the parameters x,, and v, swapped in all the recursive calls, since these are the
two vertices that are reversed in H]. Although the resulting generating function is incorrect, we

are still guaranteed to get the correct value of £(Pyx2xn) on substituting ¢ = 1. Since we use using

memoization also, only H,, is computed and HJ, is obtained by just looking up previously stored
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Table 6.3:

Computing the univariate generating function of 2 x 2 x n solid partitions using the program in Appendix C

n

W(P)

Time (in Sec.)

Mem. (in MB)

¢ +1

q16+2q14+2q13+3q12+3q11 +5q10+4q9+8q8+4q7+5q6+3q5+3q4-|-2q3+2q2+1

1
2
3

q42 + 2q40 + 3q39 + 5q38 + 6q37 + 12q36 + 14q35 + 25q34 + 29q33 + 41q32 + 46(]31 +
60¢3° +68¢%° +86¢%8 +96¢%7 +117¢%5 +123¢%° +141¢%* +137¢3 +144¢%2 +140¢%' +
144¢%° +137¢" 4+ 141¢"8 +123¢'7 +117¢"% +96¢"° + 86¢'* + 68¢"3 + 60¢"? +46¢"* +
41¢" + 29¢° 4 25¢% + 14¢7 + 12¢5 4 6¢° + 5¢* + 3¢ + 2¢*> + 1

0
0
2

0
0
4

@ +2¢8 + 3¢ +6¢7 + 8¢ +15¢™ +21¢™ +38¢™% + 50¢7T + 78¢™° + 102¢%7 +
147¢5® + 189¢57 4 262¢%6 + 336¢5° + 451¢%* + 565¢% + 730452 + 88846 + 1101¢5° +
1305¢°%9 + 1571¢58 + 1828¢57 + 2163¢°% + 2476¢°° + 2878¢°* + 3252¢° + 3695¢°2 +
4089¢°1 + 4541¢°° + 4906¢*° + 5328¢*® 4 5641¢*7 + 6008¢*® + 6272¢* + 6585¢** +
6781¢*3 + 7003¢*% + 7082¢*! + 7164¢*° + 7082¢3% + 7003¢3% + 6781¢>7 + 6585¢6 +
6272¢%° + 6008¢3* 4 5641¢33 + 5328¢32 + 4906¢3! + 4541¢3° + 4089¢%° + 3695¢8 +
3252¢%7 + 2878¢5 + 2476¢% + 2163¢%* + 1828¢%% + 1571¢%2 + 1305¢%* + 1101¢%° +
888¢'? + 730¢'® + 565¢'7 + 451¢'6 + 336¢'° + 262¢'* + 189¢'3 + 147¢'2 + 102¢' +
78¢"0 + 50¢° + 38¢% + 21¢7 + 15¢° + 8¢° + 6¢* + 3¢° +2¢® + 1

11

(not shown)

78

10

not shown

580

22

not shown

2940

33

15848

68

O] 00 ~J| O Ot

not shown

84059

148

not shown

( )
( )
(not shown)
( )
( )

242555

222
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Table 6.4:  Computation of ¢(Pax2x,) using the program in Appendix D

n ¢(P) | Time (in Sec.) | Memory (in MB)
1 2 0 0
2 48 0 0
3 2452 1 4
4 183958 5 5
5 17454844 32 8
6 1941496508 228 14
7 242201554680 1247 25
8 32959299267334 7693 46
9 4801233680739724 38691 105
10 738810565910888784 111789 164
11 | 118929992674840615128 336722 280

values. So, we can expect the time required to be half of the corresponding values in Table 6.3.
The program with this optimization is shown in Appendix D. We display the time and memory
required by this program along with the values of £(Pax2xr,) in Table 6.4. As expected, the time
is approximately half the corresponding values in Table 6.3. We are thus able to compute up to
n = 11 as it is within our time limits. There is also a significant improvement in memory usage when

compared to the other three programs.

6.3 Remarks

Even though we have a recurrence for the generating function of 2 x 2 x n solid partitions, we are
able to compute, by automation, the generating function for only a few values of n on a machine
with limited resources. But the significance of our work is that, if the recurrence could be solved,
we could get a closed form for the generating function. From that, we could also derive a formula to
count the linear extensions of the 2 x 2 x n poset. With the closed form for the generating function
of 2 x 2 x n solid partitions, we could hope to get some insight into the enumeration of h X p x n

solid partitions.
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Chapter 7

Other approaches to enumerate

2 X 2 x n solid partitions

We derived a recurrence for the generating function of 2 x 2 x n solid partitions using “digraph rules”,
that were devised to find integer solutions to systems of linear inequalities of the type s, > s, and
Sq > Sp. There are other methods that can be used to find integer solutions to linear inequalities
and in this chapter, we study a few of them. We enumerate 2 x 2 x n solid partitions using these

methods and compare their performance, with our program.

7.1 The Omega package

In Section 4.1, we mentioned the “five guidelines” as a simplification of MacMahon’s partition analysis
techniques. MacMahon’s techniques for partitions analysis viewed partitions as sets of solutions
to linear inequalities. He introduced the Omega (S>2) operator, which takes a general form of the
generating function of the partitions and eliminatesiunwanted variables via applications of “Omega
rules” to give the required generating function.

Andrews, Paule and Riese [14] investigated MacMahon’s partition analysis and noted that using
the §>2 operator to get the generating function of the set of sequences represented by linear inequalities
coula be automated using computer software. As a result, the Omega package, [15] which is a
Mathematica package, was built and it was shown in a series of papers [16, 17, 18, 19, 19, 20, 21,

22, 23, 24, 25, 26] that it could be used to compute the generating function of a number of partition
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analysis problems. The Omega rules of MacMahon were then used to prove that the solution was
correct. The package does not treat families of solid partitions, but rather computes the generating
function of a particular solid partition with all the inequalities given. The space complexity of the
Omega package grows with the number of dimensions of the input and the size of the coefficients of
the inequalities. In the case of 2 x 2 x n solid partitions, the coefficients are all 1, but the number
of dimensions increases by four for each each value of n. Hence, we would expect the Omega package
to perform poorly for higher values of n.

We ran the package in Mathematica 6.0 on the following machine

e Processor: 2.6 GHz AMD Athelon 64x2 dual core processor
e Local memory available: 3454MB

e Operating System: Windows XP Service Pack 2.

and input the inequalities corresponding to 2 x 2 x n solid partitions. We were not able to compute

the generating function for n > 2 on this machine due to insufficient memory.

7.2 LattE

7.2.1 The package

LattE (“Lattice point Enumeration” )[27] is a software package used for counting and detecting lattice
points inside convex polyhedra and to compute the generating function of these points. It is the first
ever implementation of Barvinok’s algorithm [28], which is a polynomial time algorithm to count the
lattice points in a convex rational polyhedron when the dimensions are fixed. The algorithm uses
a method of triangulation to decompose the polyhedron into simplical uni-modular cones, and then
find the generating function for each such cone and sum them together.

A polyhedron is defined by a system of linear inequalities given by

Az < b where A € Z™*% A = (a;;), and b € Z™. (7.1)

where Z is the set of all integers, m is the number of inequalities and d is the number of variables.
These inequalities represent the region bounded by a polyhedron P and their solutions represent the

set of vertices
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Table 7.1:  Computation of the generating function of 2 x 2 x n solid partitions using LattE

n | Time (in Sec.)
1 0
2 0
3 1
4 6
) 99
6 86,400

P={zcR: Az <b}.

The goal is to output a generating function

f(P;x) = Z oty

aePNZ4

7.2.2 Computing the generating function of 2 x 2 x n solid partitions using

LattE

We notice from Equation 7.1 that the system of inequalities that is used to represent a polyhedron
is similar to those in Section 2.3.1 used to represent sequences. Thus, we can use LattE for our
problem, since 2 x 2 x n solid partitions can be represented as a set of inequalities of the form given
in Equation 7.1. This package is written in C for the UNIX operating system and hence could not
be run on the same machine described in Section 7.1. We however ran it on a machine with similar

configurations given by
e Processor: 2.6 GHz AMD Athelon 64x2 dual core processor
e Local memory available: 3454MB
e Operating System: Red Hat Linux.

For time bounds, we stopped the program if it took significantly more time than the corresponding
value of n in Table 6.2.

We display the time taken by LattE to compute the generating function of 2 x 2 xn solid partitions
in Table 7.1. The time required by LattE, seen in Table 7.1, is comparable to the corresponding
values in Table 6.2 for n < 5, but significantly higher for n = 6. Even though LattE, promises a

polynomial time algorithm for fixed dimensions, it faces its limitation in our case. The number of
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dimensions here increases by four with every layer n and so very high dimensions are reached for

small values of n.

7.3 The package RotaStanley

7.3.1 The method

Zeilberger studied the use of umbral calculus to enumerate P-partitions (defined in Section 2.5) [29].
In this paper, they propose a method of grafting where two posets P and @ (labeled naturally from
(1,2,...n) and (1,2, ...,m) respectively) that are isomorphic in the last k elements of P and the first
k elements of @), are joined together to form a new poset called the k—graft of P and Q. First the
labels of @) are promoted by n— k so that the elements are named (n—k+1,n—k+2,....n—k+m).
The k-graft of P and @) then consists of elements that are the first n — k elements of P and the m
elements of () identified with the new labeling. If the generating functions of the set of P-partitions
of P and @ are known, then the generating function of the set of P-partitions of the k-graft of P

and @ is found using umbral operators defined in [30].

Application to posets

This method of grafting and using the umbral calculus can be applied to the posets because every
poset P can be described (in more than one way) as a chain of elementary posets (Pi, Ps, ..., Par)
together with a sequence of positive integers (ki, ..., kar—1) that describe the interfaces: the last kg
vertices of P; are identified with the first k; vertices of P, and so on. The resulting poset is denoted

by

G([P1, Ps, ..., Py, [k1, Koy oo kar—1]).

To compute the generating function of the set of P-partitions, the poset is viewed as an iterated
graft and for each iteration, the methods described above are applied. As long as the interface sizes
(k;’s) are not big, the umbral calculus method can be used to compute the generating function of
very large posets i.e., as long as the poset is skinny enough, very tall posets can be handled [29].
This method can be used to obtain the generating function for families of posets when the it-
erative grafting is done with the input poset P itself. The authors have written a Maple package

RotaStanley [31], which implements their algorithm and have studied several recursive poset fami-
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Table 7.2: Computation of generating function of 2 x 2 x n solid partitions using the package
RotaStanley

n | Time (in Sec.) | Memory (in MB)
1 - -
2 10 8
3 14 11
4 21 21
5 33 164
6 - > 1,800

lies.

7.3.2 Computing the generating function of 2 x 2 x n solid partitions using

the package RotaStanley

The authors have studied the 2 x 2 X n poset and have a written a separate function to compute
the generating function of its set of P-partitions. We mentioned in Section 3.1.3 that the generating
function of h x p xn solid partitions is same as the generating function of the set of P-partitions of the
corresponding poset. We ran RotaStanley in Maple 11, on the machine described in Section 7.1 and
display the time and memory required to compute the generating function of 2 x 2 x n solid partition
in Table 7.2. Although the time required to compute the generating function using RotaStanley in
Table 7.2 is comparable to values in Table 6.2, we can see that the memory requirements are higher.
We were not able to compute the generating function for n = 6 as the memory required was greater
than the available memory on the system. This is surprising, as the 2 X 2 x n poset is “skinny” (has
a width of 4), yet our machine is not able to compute higher values of the generating function using

the package.

7.4 The Combinatorial Object Server (COS)

7.4.1 The package

The Combinatorial Object Server is a mathematical tool [32] that can generate different combinato-
rial objects like permutations, combinations, different tree types, unlabeled graphs, linear extensions,
ideals and many more. Of particular interest to us, is the program that generates and counts linear
extensions. Based on the type of listing requested, two different algorithms are implemented. If

Gray code output is requested, the program implements Ruskeys’s algorithm to generate and count
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Table 7.3:  Using the Combinatorial Object Server to count the linear extensions of the 2 x 2 x n
poset

n | Time (in Sec.)
1 0
2 0
3 0
4 0
5 0
6 11
7 1278
8 > 86,400

linear extensions.

Pruesse and Ruskey developed a method of generating linear extensions based on the idea of
listing the successive elements through transpositions [33, 34, 35]. They developed an algorithm
that takes constant amortized time, to generate each linear extension (O(¢(P))). To count the
linear extensions, the program is modified accordingly to save some computations and count them
efficiently. Their algorithm extends the practical range of posets for which this can be done, more

than other previous algorithms.

7.4.2 Counting linear extensions of the 2 x 2 x n poset using the COS

We input the 2 x 2 x n poset to the Combinatorial Object Server to count its linear extensions,
and recorded the time taken for each values of n in Table 7.3. It is a program in C, so we ran it
on the UNIX machine described in Section 7.2.2. When compared to our program to count linear
extensions in Table 6.4, we can see that it is faster up to n = 6, comparable for n = 7 and slows
down for n > 8. It is beyond the time bounds set in Section 7.2.2 and hence we did not compute it.
Even though the program is optimized for counting, it still runs in O(¢(P)) and seeing the growth

of £(Pyxoxyp) from Table 6.4, this slowdown is not surprising.

7.5 The Posets package

7.5.1 The package

Stembridge developed a software package in Maple that consists of about 40 programs that provide
an environment for computations involving partially ordered sets [36]. Among the various programs,

the one that is of interest to us is the one that computes the W-polynomial (defined in Section 3.2.1)
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and the number of linear extensions of a given poset. These algorithms run in time proportional to
the number of order ideals (defined in Section 2.4.4), Njpy, of a poset P. For any poset P, N;p)
is in O(2™) which is asymptotically lower than the number of linear extensions, ¢(P), which is in
O(n!). So we can expect these algorithms to be much faster than any of the other methods described
before. The number of order ideals Nyp,,,. ) of the 2 X 2 x n poset is given by

n%(n? —1)

N'](P2><2><n) = 12

Computing the W-polynomial

Stembridge implements two algorithms to compute the W-polynomial based on the size of the poset.
The first computes the W-polynomial if the size of the poset P is less than 6. It has minimal space
requirements and runs in time, linear in the number of linear extensions of P. It is a straightforward

algorithm that uses Equation 3.6 to compute the descent set for each of the linear extensions.

If the size of the poset is greater than 6, a different algorithm whose running time is quadratic
in Njpy is used. This algorithms involves formation of the order ideal poset J(P) and then com-
puting some functions on the maximal chains (defined in Section 2.4.5) in J(P), to compute the

W-polynomial [37].

Counting Linear Extensions

To count the number of linear extensions, a faster algorithm called the “voodoo” method is used.
This is an application of the result that the number of linear extensions of a poset P is equal to the
number of chains in the order ideal J(P) [5]. It is optimized further by using dynamic programming.
Once the order ideal J(P) is computed, the algorithm computes the number of chains in J(P). If
we think of J(P) as a graph, the number of chains is the same as the number of paths from the top
most element to the bottom most element. The complexity is linear in the number of order ideals

of P.

7.5.2 Using the Posets package on the 2 x 2 x n poset

We ran the Posets package in Maple 11, on the machine described in Section 7.1 and computed the
W-polynomial for the 2 x 2 x n poset. The generating function of 2 x 2 X n solid partitions can be

obtained from the W-polynomial by dividing it by H?Zl (1 — ¢*) (refer Equation 3.4). The time and
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Table 7.4:  Computation of W-polynomial of the 2 X 2 x n poset using posets

’ n ‘ Time (in Sec.) ‘ Memory (in MB) ‘
1 0 0
2 0 0
3 0 0
4 0 0
5 0 3
6 0 4
7 1 4
8 1 5
9 1 6
10 3 9
11 6 16
12 18 25
13 44 41
14 95 63
15 179 103
16 313 172
17 515 243
18 781 380
19 1194 553
20 1707 726

memory required to compute the generating function are displayed in Table 7.4. As expected, the
time required to compute the W-polynomial is much lower than any of the methods described before
including all our programs. We are able to compute much higher values of W-polynomial using this
package in a shorter time. The time taken in Table 7.4 grows by less than three times for each value
of n. Counting linear extensions is even faster. Table 7.5 shows the number of linear extensions of
the 2 X 2 x n poset computed for values of n between 12 and 30 using the Posets package. The time

taken to compute these was less than 20 seconds and the memory utilized was less than 20MB.

7.6 Remarks

On using these packages to enumerate 2 X 2 x n solid partitions, we are able to see their advantages
and limitations. The main advantage of these packages over our program is that, they are not
designed for just one special case. That is also a disadvantage, since they do not have any special
knowledge about our particular problem, unlike our program. The Omega package and LattE, like
the “digraph methods”, treat solid partitions as integer solutions to sets of linear inequalities. The
Omega package is a powerful tool that was used to solve a number of partition analysis problems.

Since its space complexity grows with the number of dimensions of the input, it is not very useful for

89



Table 7.5:  Values of number of linear extensions of the 2 x 2 x n poset computed using posets

’ n ‘ UGy) ‘
12 19880920716640427983476
13 3431624482227380273056728
14 608880419873586515669564728
15 110654016191338341346670548240
16 20536574090713344110860752530646
17 3882925024331174796857101684510428
18 746410931448945012196513727291312844
19 145626362670805760264809414243057616552
20 28794547473359904233269297596817899967540
21 5762931182262926787948946259721346099337448
22 1166185395947574420229000366163857468337148200
23 238380981302510862406586051901289597632003118992
24 49180740964278427332002617903561118285268230978484
25 10233409402065855596885427205182450024540045694903496
26 2146179486209897103540691298354178242048691417482262072
27 453400144256534780139121367761657548145477875223042927920
28 96436903908611647069262069806690816719553841382241397251848
29 20641908397438606421142576358642139410375633787282792348176176
30 | 4444473356427012495261965342058138866936007235709258019584751568

2 x 2 x n solid partitions, since the number of dimensions here, increases by four for every value of
n. LattE has the same disadvantage with respect to our problem. The advantage of LattE over the
Omega package is that, the time complexity of LattE does not increase with size of the coefficients
for a fixed dimension, unlike the Omega package. Hence LattE can be used to solve linear inequalities
with high value of coefficients faster than the Omega package.

All the other packages that we used, focus on the poset aspect of the problem. The umbral
calculus method of Zeilberger, views 2 x 2 x n solid partitions as the set of P-partitions of the
2 x 2 x n poset and computes its generating function. The umbral calculus method could be used on
large and “skinny” posets, and also on poset families, to derive an “umbral recurrence”. However,
our machine running the Maple implementation, RotaStanley, could not compute the generating
function for n = 6 due to high memory requirements. The Combinatorial Object Server for counting
linear extensions is fast for small values of n, but slows down for higher values because of the O(¢(P))
algorithm.

The Posets package also does computations on posets and can compute the W-polynomial of the
poset corresponding to 2 x 2 x n solid partitions. This is the only package that, among the others we
used, outperforms our program. It exploits some of the basic properties of the poset, and combined

with some clever methods, gives a O(Nj(py) algorithm to compute the W-polynomial and count the
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linear extensions. The limitation of this method is that we can never get the W-polynomial for the
general case n, unlike our recurrence. Each poset has to be explicitly input, which could be tedious

for very high values of n.
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Chapter 8

Further observations and future

work

In this chapter, we present some interesting observations we made about 2 x 2 x n solid partitions

in this thesis and some possible scope for future work.

8.1 Further observations

There are a few interesting observations about 2 x 2 X n solid partitions and the W-polynomial of
the 2 x 2 x n poset that we made using the “digraph methods”, Posets package and the Sloan’s

encyclopedia. Let d(n) be the degree of the W-polynomial of the 2 x 2 x n poset, then

1. The values of d(n), follow the sequence 2, 16,42, 80,130, 192, 266, ... which can be generated as

(Sequence No. A139267 in [1])

d(n) = 2n(3n — 2).
2. The sequence formed by the coefficients of the W-polynomial is symmetric i.e.,

coeff (¢*) = coeff (¢4 =F)),
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. In the W-polynomial of 2 x 2 X n poset,

For 0 < i < d(n), {coeff(¢") =0} < {i=0o0ri=d(n)—1}.

. The number of linear extensions of the poset represented by the digraph H, and H] from

Figure 5.1 are the same and equal to %.

. The following identity holds for the reduced variable version of our recurrence:

1
(na q,9,4,4, Q) (’I’L, 1/Qa I/Qa I/Qa I/Qa l/q) * (qd(n)+2) .

It provides another way to compute the generating function of H’'(n) given the generating

function of H(n).

. The number of order ideals N ;( y of the 2 x 2 xn poset follows the sequence 6,20,50,105,...

Paxoxn

called the “4-dimensional pyramidal numbers” and are generated by (Sequence No. A002415

in 1)
n?(n? —1)

NJ(P2><2><n) = 12

where n > 3

. The number of sub-posets of size m/2 in the order ideal poset J(Paxaxn) of the 2 X 2 x n poset
, (where m = 4n) follows the sequence 2,4,8,13,20,30,... (Sequence No. A061866 in [1]) which

is the number of solutions to

rz+y+z=0mod3, where ]l <z <y<z<m.

. The number of sub-posets of sizes 3 —1 and % + 1 in J(Pax2xn), are the same and follow the

sequence 1,3,6,11,18,27,39,... (Sequence No. A014125 in [1]).

. If we split the digraph representing 2 x 2 x n solid partitions along the plane shown in Figure
8.1 we get two graphs that represent 3 x n plane partitions and the generating function for

that can be derived from Equation 3.1 as

1
(@ D@5 )0 (G )n
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However, if we split as shown in Figure 8.2, we get 2 graphs that look like a 3 X n spine shaped
graph. There is no known closed form of the generating function of that digraph. In 1965

Krewaras proved that the formula

4™ (3n)!
(n+1!I2n+1)!

counts the number of planar lattice walks of length 3n starting and ending at (0,0), remaining
in the first quadrant, and using only NE,W,S steps. This proof is considered to be difficult
[38]. It can be shown that the number of linear extensions of the poset represented by the

graph shown in Figure 8.2 can be given by the same formula.

8.2 Conclusion

In this thesis, we are successful in computing an explicit recurrence for the generating function of
2 x 2 x n solid partitions. We implemented the recurrence in Maple, optimized using memoization
and reduction of variables and computed the generating function for a few values of n. We also used
other packages like LattE, RotaStanley, Omega package, COS and Posets package to enumerate
2 x 2 x n solid partitions and count the linear extensions of the 2 X 2 x n poset. We observed that our

program performs better than all these packages except the Posets package, which is much faster.

8.3 Future Work

This work presents some scope for future work. We list some possible directions for future work

below.

1. Solve the recurrence for 2 x 2 x n solid partitions and get the closed form of the counting

generating function.

2. Use the digraph methods to derive the counting generating function of other solid partitions
like 3 x 2 X n, and eventually extend it to get a generalized form of the generating function for

h x p x n solid partitions.

3. In Section 8.1, we mentioned the formula to count the number of linear extensions of the 3 x n
spine graph shown in Figure 8.2. Since the number of linear extensions has a nice form, the

generating function of the set of graph too could have a closed form.
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Another splitting of G,

Figure 8.2:
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Appendix A

Program without optimization

Gn := proc(n,q,a,b,c,d,u,v,w,x);

return (Hn(n,q,a,b,c,d,u,v,w,x)+Hnl(n,q,a,b,c,d,u,v,w,x))

end:

Hn := proc(n,q,a,b,c,d,u,v,w,x);
if n=1 then
return (((1)/((1-u)*(1-u*x)*(1-u*rv*x)* (l-u*xvrwxx))))
else
return (Kn(n,q,a,b,c,d,u,v,w,x)-
Pn(n,q,a,b,c,d,u,v,w,x))
fi;

end:

Kn := proc(mn,q,a,b,c,d,u,v,w,x) ;

return ( -(Gn(n-1,9,9,9,9,9,a%u,v¥b*x*w,c,d)*w)/
((L1—w)* (L-v*x*w) * (1-x) * (1-w))
+((Gn(n-1,9,9,9,9,9,a%u,vb*x,cxw,d)))/
((1-u)* (1-v*x) * (1-x) *(1-w))
+((Gn(n-1,9,9,9,9,q,a*wkx, v¥b*w,c,d) ) *x*w) /

((1-w*x) * (1-v*w) * (1-w) * (1-x))
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-((Gn(n-1,q9,9,9,9,9,a*uxx,vkb, c*w,d) ) *x)/
((L-u*x)* (1-v) * (1-x) * (1-w))
-((Gn(n-1,q9,9,9,9,9,a*uxx*v*w,b,c,d) ) *x*x(v-2)*x(w~3))/
((L-usx*vxw) * (L-xkvkw) * (1-v*w) * (1-w))
+((Gn(n-1,9,9,9,9,9,a*u*x*v,b,c*xw,d) ) *xx*x(v~2))/
((L-uxvkx) * (1-x*v) * (1-v) *(1-w) ) )
end:
Pn := proc(n,q,a,b,c,d,u,v,w,x);
return ( (Dn(n,q,a*u,b,c*w,d,u,v,w,x)-
(Dn(n,q,a*u,b,c,d,u,v¥w,w,x)*w))/((1-u)*(1-w)) )
end:
Dn := proc(n,q,a,b,c,d,u,v,w,x);
return ( (Hn(n-1,q9,9,9,9,9,a,b,c,vkx*d)*v)/
((1-v)*(1-x*v))
+(Hn(n-1,q9,9,9,9,9,a,b*vxx,c,d))/
((1-vkx) *(1-x))
-(Hn(n-1,9,9,9,9,9,a,b*v,c,d*x))/
(A-v)*(1-x)))

end:

Hnil := proc(n,q,a,b,c,d,u,v,w,x);
if n=1 then
return ( (v¥u)/((1-uw)*(1-uwkv)* (1-u*xv*x)* (1-u*xvrw*x)) )
else
return ( Knl(n,q,a,b,c,d,u,v,w,x)-
Pni(n,q,a,b,c,d,u,v,w,x) )
fi;
end:
Knl := proc(n,q,a,b,c,d,u,v,w,x);
return (-((Gn(n-1,9,9,9,9,9,a*u,b,c,d*x*xv*w))*v*w)/
((1-uw)* (1-x*xv*w) * (1-v) * (1-w))

+((Gn(n-1,9,9,9,9,9,a*u*v,b, c,d*x*w) ) *w*v) /
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(A-uxv) * (1-xxw) * (1-v) * (1-w))
-((Gn(n-1,9,9,9,9,9,a*xukvkx*w,b,c,d) ) *vrx*(w~2))/
((L-xxwkvrw) * (1-xxw*v) * (1-x*w) * (1-w))
+((Gn(n-1,9,9,9,9,9,a*u,b,c*w,d*x*v) ) *xv)/
(A-w)*(A-x*xv) * (1-v) * (1-w))
-((Gn(n-1,9,9,9,9,9,a*u*v,b,c¥w,d*x) ) *v)/
(A-uxv) * (1-x) * (1-v) * (1-w))
+((Gn(n-1,9,9,9,9,9,a*u*v*x,b,c*w,d) ) *vxx) /

((L-u*rv*x) * (1-v*x) * (1-x) *(1-w)) )

end:
Pnl := proc(m,q,a,b,c,d,u,v,w,x);
return ((Dnil(n,q,a*u,b,c*w,d,u,v,w,x)-
(Dni(n,q,a*u,b,c,d,u,v,w,x*w)*w))/((1-uw)*(1-w)))
end:
Dnl := proc(m,q,a,b,c,d,u,v,w,x) ;
return (((Hnl(n-1,9,9,9,9,9,a,b*v¥x,c,d)))/
((1-vkx)*(1-x))
+((Hn1(n-1,9,9,9,9,9,a,b,c,d*x*v))*v)/
((A-xxv) *(1-v))
-((Hn1(n-1,9,9,9,9,9,a,b*v,c,d*x)))/
((A-x)*(1-v)) )
end:
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Appendix B

Program with memoization

Gn := proc(n,q,a,b,c,d,u,v,w,x) options remember;

return (Hn(n,q,a,b,c,d,u,v,w,x)+Hnl(n,q,a,b,c,d,u,v,w,x))
end:
Hn := proc(n,q,a,b,c,d,u,v,w,x) options remember;

if n=1 then
return simplify(((1)/
((1-u) * (1-wkx) * (1-uxvkx) * (1-uwkviw*x) ))
xproduct(’1-q~i’,’1i’=1..4))
else
return simplify((
(-(Gn(n-1,9,9,9,9,9,a*u, vkb*x*w,c,d) *w) /
((1-u) * (1-v*xxw) * (1-x) * (1-w))
+((Gn(n-1,9,9,9,9,9,a%u, vkb*x,c*w,d)))/
((1-u) * (1-v*x) * (1-x) * (1-w))
+((Gn(n-1,9,9,9,9,9,a*u*x, vb*w,c,d) ) *x*w) /
((1-u*x) * (1-v*w) * (1-w) * (1-x) )
-((Gn(n-1,9,9,9,9,9,a*u*x,vxb,c*w,d) ) *x)/

((L-uxx)*x(1-v)*(1-x)*(1-w))
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-((Gn(n-1,9,9,9,9,9,a*uxx*v*w,b,c,d) ) *x* (v 2)*(w"3))/
((A—uxxkv*w) * (1-x*rv*w) * (1-v*w) * (1-w) )
+((Gn(n-1,9,9,9,9,9,a*u*x*v,b,c*w,d) ) *x*(v-2))/

((L-u*v*x) * (L-x*v) * (1-v) *(1-w)))

-((((Hn(n-1,9,9,9,9,9,a*u,b, cxw, vkx*xd) *v) / ((1-v) * (1-x*v))
+(Hn(n-1,9,9,9,9,9,a*u,b*v*x,cxw,d) )/ ((1-v*x) *(1-x))

-(Hn(n-1,9,9,9,9,9,a*u,b*v,c*w,d*x) )/ ((1-v)*(1-x)))

-(((Hn(n-1,9,9,9,9,9,a*u,b,c,vkwsx*d) *v*w) / ((1-v*w) * (1-x*v*w))
+(Hn(n-1,9,9,9,9,9,a*u,b*vrwtx,c,d) )/ ((1-vwxx)*(1-x))
-(in(n-1,9,9,9,9,9,a*u,b*xv*w,c,d*x))/
(A-v*w)*(1-x)))*w)) / ((1-w) *(1-w)) ))
*product (’1-q”i’,’i’=(4x(n-1)+1)..4%n))
fi;

end:

Hnl := proc(m,q,a,b,c,d,u,v,w,x) options remember;
if n=1 then
return simplify(( (v*u)/
((1-w) * (1-u*v) * (1-uxv*x) * (1-uxv*w*x)) )
*product(’1-q~i’,’i’=1..4))
else
return simplify
(((-((Gn(n-1,9,9,9,9,9,a*u,b,c,d*x*v*w) ) *v*w) /
((L1~w)* (L-x*v*w) * (1-v) *(1-w))
+((Gn(n-1,q9,9,9,9,9,a*uxv,b, c,d*x*w) ) *wxv) /
((L-urv) * (1-x*xw) * (1-v) * (1-w))
-((Gn(n-1,q9,9,9,9,9,a*uxv x*w,b,c,d) ) *vxx*(w"2))/
((1-xxuxviw) * (1-x*w*v) * (1-x*w) * (1-w) )
+((Gn(n-1,q9,9,9,9,9,a*u,b, cxw,d*x*v) ) *v)/

(A-w)*(A-x*xv)*(1-v)*(1-w))
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end:

fi;

-((Gn(n-1,9,9,9,9,9,a%u*v,b, ckw,d*x) ) *v)/
(A-uxv)*(1-x)*(1-v)*(1-w))
+((Gn(n-1,9,9,9,9,9,a*u*v*x,b, c*w,d) ) *v*x) /

((L-uxv*x) * (1-v*x) * (1-x) *(1-w)) )

-(((((Hn1(n-1,9,9,9,9,9,a*u,bxv¥x,c*w,d)))/((1-vxx)*(1-x))
+((Hn1(n-1,9,9,9,9,9,a*u,b,c*w,d*x*v) ) *v) / ((1-x*v) *(1-v))

-((Hn1(n-1,9,9,9,9,9,a*u,b*xv,cxw,d*x)))/((1-x)*(1-v)) )

-((((Hn1(n-1,9,9,9,9,9,a*u,bkvkx*w,c,d)))/ ((1-vrx*w)* (1-x*w))
+((Hn1(n-1,9,9,9,9,9,a*u,b,c,dxxxwkv) ) *v) / ((1-x*w*v)*(1-v))
-((Hn1(n-1,9,9,9,9,9,a*u,bxv,c,d*x*w)))/ ((1-x*w)*(1-v)) *w))/

((1-w)*(1-w))) d*product(’1-q~i’,’i’=(4*(n-1)+1)..4*n))

107



Appendix C

Program with memoization and

reduced variable optimization

Gn := proc(n,q,u,v,w,x) options remember;
return Hn(n,q,u,v,w,x)+Hnl(n,q,u,v,w,x);

end:

Hn := proc(n,q,u,v,w,x) options remember;

if n=1 then

return simplify(((1)/((1-u)*(1-u*x)* (1-uxv*x)* (1-ukxv*w*x)))
xproduct(’1-q~i’,’i’=1..4))

else

return simplify((

(-simplify((Gn(n-1,q,q*u, v q*x*w,q,q)*w)/
((1-u)* (1-vkx*w) * (1-x) * (1-w))

*xproduct (’1-q~1i’,%i’=(4*(n-1)+1)..4%n))

+simplify (((Gn(n-1,q,g*u,v*q*x,q*w,q)))/

((1-w)* (1-v*x) * (1-x) * (1-w))

xproduct(’1-q7i’,’1i’=(4*(n-1)+1)..4%n))

108



+simplify (((Gn(n-1,q, g*u*x,v*q*w,q,q) ) *x*w) /
((A-uxx) * (1-v*w) * (1-w) * (1-x))
*product (’1-q~i’,’i’=(4*(n-1)+1)..4%n))
-simplify (((Gn(n-1,q,g*u*x,v*q,q*w,q))*x)/
(A-uxx)* (1-v) * (1-x) * (1-w))
*product (’1-q~i’,’i’=(4*(n-1)+1)..4%n))
-simplify (((Gn(n-1,q,q*u*x*v*w,q,q,q) ) *x*(v-2)*(w"3))/
((L-uxxokvrw) * (1-xxv*w) * (1-v*w) * (1-w))
*product (’1-q~i’,’i’=(4*(n-1)+1)..4%n))
+simplify (((Gn(n-1,q,g*u*x*v,q,q*w,q) ) *x*(v"2))/
((L-uxv*x) * (1-x*v) * (1-v) * (1-w))

xproduct(’1-q7i’,’1i’=(4*(n-1)+1)..4*n)))

-(((simplify((Hn(n-1,q,9*u,q,q*w,v¥x*q) *v)/
((1-v)*(1-x*v) ) *product (’1-q~i’,’i’=(4*(n-1)+1) . .4*n))
+simplify ((Hn(n-1,q,q*u,q*v*x,q*w,q))/
((1-v*x)*(1-x) ) *product (’1-q"i’,’i’=(4*x(n-1)+1) . .4%n))
-simplify ((Hn(n-1,q,q*u,q*v,q*w,q*x))/
((1-v)*(1-x) ) *product (’1-q~i’,’i’=(4x(n-1)+1)..4xn)))
-((simplify ((Hn(n-1,q,9%u,q,q, v¥wxx*q) *v¥w) /
((1-v*w)* (L-x*xv*w) ) *product (*1-q"i’,’i’=(4*(n-1)+1) . .4%n))
+simplify((Hn(n-1,q,q*u,q*v*w*x,q,q))/
((1-v*wxx)*(1-x) ) *product (*’1-q~i’,’i’=(4*(n-1)+1)..4%n))
-simplify((Hn(n-1,q,9*u,q*v*w,q,q*x))/
((L-v*w) *(1-x))
*product (’1-q~i’,’i’=(4x(n-1)+1)..4*n)))*w))/
(1-w)*(1-w)))))
fi;

end:

Hnl := proc(n,q,u,v,w,x) options remember;

if n=1 then
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return simplify(( (v¥u)/

((1-uw) * (1-u*v) * (1-uxv*x) * (1-uxv*w*x)) )

*product(’1-q~i’,’i’=1..4))

else

return simplify(

fi;

end:

((-((Gn(n-1,q,9*u,q,q,q*kx*vw) ) *vw) /
(A-w)* (1-xxv*w) * (1-v) * (1-w))
+((Gn(n-1,q,g*u*v,q,q, q*x*w) ) *xwkv) /
((L-wrv) * (1-x*w) * (1-v) * (1-w))
-((Gn(n-1,q,g*uxv*x*w,q,q,q) ) *vx*x(w"2))/
((L-xxurvrw) * (1-xxwkv) * (1-xxw) * (1-w) )
+((Gn(n-1,q,9*u,q,qg*w,g*x*v) ) *v)/
((1-u)*x(A-xxv) * (1-v) * (1-w))
-((Gn(n-1,q,g*u*v,q,g*w,q*x) ) *v)/
((L-uxv)*x (1-x)* (1-v) * (1-w))
+((Gn(n-1,q,g*ukv*x,q,q*w,q) ) *v*x) /

((-wkv*xx) * (1-v*x) * (1-x) *(1-w)) )

-(((((Hn1(n-1,q,qg*u,g*v*x,q*w,q)) )/ ((1-v¥x)*(1-x))
+((Hn1(n-1,q,9%u,q,q*w,q*x*v) ) *v) / ((1-x*v)*(1-v))
-((Hn1(n-1,q,9*u,q*v,q*w,q*x)))/((1-x)*(1-v)) )
-((((Hn1(n-1,q,g%u,q*vx*w,q,q)) )/ ((1-v*x*w) * (1-x*w) )
+((Hn1(n-1,q,q%u,q,q,g*x*wkv) ) *v) / ((1-x*w*v) *(1-v))
-((Hn1(n-1,q,9%u,q*v,q,q*x*w)))/

((A=xxw)*x(1-v)) J*w))/((1-w)*(1-w))) )

xproduct(’1-q7i’,’1i’=(4*x(n-1)+1) . .4%n))
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Appendix D

Program with optimization for
faster computation of linear

extensions

Gn := proc(n,q,u,v,w,x) options remember;
return simplify( Hn(n,q,u,v,w,x)+Hn(n,q,u,x,w,v))

end:

Hn := proc(n,q,u,v,w,x) options remember;
if n=1 then
return simplify(((1)/
((1-u) * (1-u*x) * (1-wkvix) * (1-wkv*w*x) ) )
xproduct(’1-q~i’,’1i’=1..4))
else
return simplify((
(-((Gn(n-1,q,q*u,v¥g*x*w,q,q) ) *w)/
((1-u) * (1-vkx*w) * (1-x) * (1-w) )
+((Gn(n-1,q9,9*%u,vxq*x,q*w,q)))/

((1-u)* (1-v*x) * (1-x) * (1-w))
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end:

fi;

+((Gn(n-1,q,g*u*x,vkq*w,q,q) ) *x*w) /
((L-uxx)* (1-vxw) * (1-w) * (1-x))
-((Gn(n-1,q,g*u*x,v*q,q*w,q) ) *x)/
((A-uxx)* (1-v) * (1-x) * (1-w))
-((Gn(n-1,q,g*u*x*v*w,q,q,q) ) *x*x(v"2)*(w"3))/
((L-uxxrvrw) * (1-xkv¥w) * (1-v*w) * (1-w))
+((Gn(n-1,q,q*wkx*v,q,q*w,q) ) *x*(v-2))/

((Luxv*x) * (1-x*v) * (1-v) *(1-w))) -

((((Hn(n-1,q9,9%u,q,g*w, vkx*xq) *v) / ((1-v) * (1-x*v))
+(Hn(n-1,q9,q%u,q*v*x,q*w,q) )/ ((1-v*x)*(1-x))

-(Hn(n-1,q,q*u,q*v,q*w,g*x) )/ ((1-v) *(1-x)))

-(((Hn(n-1,q9,q9*u,q,q, vuxxxq) *vkw) / ((1-v*w) * (1-x*v*w))

+(Hn(n-1,q9,9*u,q*v*w*x,q,q) )/ ((1-v*w*x) * (1-x))

-(Hn(n-1,q,q*u,g*v*w,q,q*x) )/ ((1-vkw) * (1-x) ) ) *w) )/
(A-w*(1-w)) )

*product(’1-q7i’,’i’=(4x(n-1)+1) . .4%n))
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