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Abstract

This dissertation is based on three different combinatorial papers:

1. The first paper is by Silvia Heubach and Toufik Mansour: Enumeration of 3-Letter Patterns
in Compositions. Combinatorial Number Theory in Celebration of the 70-th Birthday of
Ronald Graham. In: De Gruyter Proceedings in Mathematics. 243-264, (2007).

2. The second paper is by Daniel J. Velleman and Gregory S. Warrington: What to expect
in a game of memory. American Mathematical Monthly, 120:787-805 (2013).

3. The third paper is by Mireille Bousquet-Mélou and Richard Brak: Exactly Solved Models
of Polyominoes and Polygons. Polygons, Polyominoes and Polycubes. In: Lecture Notes in
Physics, 775:43-78, (2009).

These three papers have been elaborated on by manner of adding additional proofs, further
descriptions of specific combinatorial objects and further explanation of theorems, lemmas and
proofs, all contained within the papers.

The first paper deals with the occurrence of specific 3-letter patterns occurring in compositions
and words. A composition of n € N is a sequence of parts o109 -- -0y, where 0; € Nfor 1 <i <k
and Zle o; = n. Words are similar to compositions and also exist as a sequence o105 - - 0%
of parts, but from an alphabet [n] = {1,2,---,n}. Specifically this first paper deals with the
process of finding generating functions that enumerate compositions and words that contain
specific 3-letter patterns.

In the second paper, the card game of memory is discussed. Memory is a game played with
two identical decks of cards that are shuffled together. After the two decks have been shuffled
together the cards are then laid face down and the game is played through a series of moves.
A player performs a move when he flips two cards, one at a time. If the cards match they are
removed from play, else they are returned to play face down. The game is played until all the
cards have been removed from play. Through the use of a series of theorems and lemmas it is
shown that:

1. The average number of moves for a single game of memory is
(3—2In2)n+7/8 — 2In2 ~ 1.61n.

2. The average number of occurrences where the player flips over two identical cards coinci-
dentally is In2.

3. The average number of flips until the first match has been found in a game of memory is
22/ (2) . /.

Specific classes of polyominoes and polygons are enumerated in the third paper. A polyomi-
noe is a plane figure formed by joining a finite number of identical square cells together at their
edges. A polygon is a specific type of polyominoe that exists as a polyominoe’s border. Through
the description of the structure of polyominoes from specific classes, generating functions enu-
merating these specific classes are found.

The elaboration of the problems, theorems and descriptions of the objects within these three
papers forms the basis of this MSc dissertation.
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Part I
Enumeration of 3-letter patterns in
compositions [37]

Abstract

A composition of n € N is defined as an ordered collection of parts from a set A C N, whose
sum results in n. Generating functions for compositions of n, consisting of m parts in A,
that contain specific 3-letter patterns a given number of times are derived. These patterns
are made up of two adjacent occurrences of the statistics levels, rises and drops. Using the
generating functions, asymptotics for the pattern-avoiding compositions are derived. Lastly,
k-ary words of specific lengths are studied, and the generating functions for such words that
contain the aforementioned 3-letter patterns a certain number of times are derived.

1 Introduction
A composition of n, with m parts in A C N, is defined as a sequence
O =0102...0m,

where o; € A for i = 1,2,...,m and Z;Zl o; = n. The o; are referred to as “parts” in the
composition o of n. The objective is to determine the total number of compositions, o, in which
a given pattern 7 occurs exactly r times. The patterns are the statistics: rises, levels and drops,
and can be illustrated by

0 =0102...0j-105...0m
where, for 2 < 5 < m,
e arise is given as 0;_10; such that o;_1 < 0;;
e a level is given as 0;_10; such that o;_1 = 0y;
e a drop is given as o;_;0; such that o;_; > o;

in all compositions of n, where o; € A CN, for alli =1,2,...,m.

Previous authors have studied these statistics in compositions in a variety of different ways.
Compositions whose parts were restricted to {1,2} with relation to the Fibonacci sequence were
studied by Alladi and Hoggat [2]. Restricting parts to different sets of A, Chinn, Grimaldi and
Heubach [21, 22, 23, 33, 34] counted the total number of compositions, rises, levels and drops
and looked for correlations with known sequences.

Rises, levels and falls in permutations and compositions have been studied on the set [n] =
{1,2,...,n} by Carlitz and co-authors ([16, 17, 18, 19, 20]). (It should be noted that Carlitz et
al. added a further rise at the start of each composition and a further fall at the end, but not in
[19], dissimilar to that of Alladi and Hoggat in [2].)

Carlitz et al. considered the specification of a composition. The specification of a composition
is a list consisting of the total number of occurrences of each integer in the compositions, as well



as the statistic levels. Weak rises and falls were studied by Rawlings [43]. These statistics occur
in a composition where the equality is allowed in the statistic, and Rawlings considered these
statistics in the enumeration of compositions related to restricted words by adjacencies. Ascent
variation is a concept that was introduced by Rawlings. The ascent variation of a composition is
the sum of the increments of the statistic rises within the composition. The reason for the concept
of ascent variation is a correlation to the perimeter of directed vertically-convex polyominoes.

A polyominoe is a plane figure made up of square cells that are joined together at their edges,
it is vertically convex if every vertical line that intersects the polyomino does so only once. To
define directedness, consider each cell in a polyomino to be represented as a vertex. If there
exists a path from a specific vertex in a polyomino such that it includes every other vertex, and
it consists of only East steps or only West steps, and only South steps or only North steps, then
that polyominoe is said to be directed. An upper descent in such a polyominoe will the index
of a column, say k for the column C}, in such a polyominoe whose uppermost cell is above the
uppermost cell of the column to the right of it. A survey of the enumeration of these polyomi-
noes was done by Bousquet-Mélou in [11]. The structure for deriving the generating functions
for enumerating rises, levels and falls for an ordered subset A C N was developed by Heubach
and Mansour [36].

The concept of waves, compositions without levels, was introduced by Carlitz et al. Smirnov
sequences and Carlitz Compositions have also been used to refer to waves as can be seen in [32]
and [40] respectively. Up-down sequences are a specific case of waves. They consist of alternat-
ing rises and falls. These up-down sequences were studied in [18] by Carlitz and Scoville, and in
[16] by Carlitz. Now, the Simon Newcomb problem [15, 26], can be obtained from the Carlitz
problem, of counting compositions by their rises and falls, by neglecting the number of falls.
Carlitz and Vaughan [20] studied another version of this problem - an extension of problems for
permutations - viz. finding generating functions for the number of compositions according to
specification, rises, falls and maxima. Pairs of sequences enumerated according to rises, levels
and falls were studied by Carlitz and Vaughan in [20]. Taking a probabilistic approach, Gho,
Hitzcenko, Louchard and Prodinger studied the distinctness and other attributes of compositions
and waves.

Steffen Eger illustrates the connection existing between extended binomial coefficients and
weighted restricted integer compositions in [27]. Similar to Alladi and Hoggat, in [31] Gessel and
Li also studied Fibonacci numbers, using sums over compositions to obtain formulas for specific
sets of Fibonnaci numbers by considering a Fibonacci number as a monoid, and also considering
submonoids of such a monoid.

Banderier and Hitczenko [5] studied the enumeration of compositions that are restricted to
having parts from a given subset of positive integers, and also having the same number of these
parts. In doing so they also found the asymptotics for the probability that two compositions of
a positive integer n consist of the same number of parts.

A case in which compositions were studied in the representation of geometric objects was
done by A. Knopfmacher and M. E. Mays in [39]. They enumerated various families of graphs
by their compositions, and more specifically generalized this enumeration of graph compositions
to ordinary compositions of positive integers.

Jean Berstel and Dominique Perrin [8] discuss the origin of the use of words in combinatorics,
especially the use of the enumeration of words, where words are used to encode various objects
from algebra, geometry, and enumerative combinatorics.

A large field of study for permutations is pattern avoidance, as in [9] and its references. Now
using 2-letter patterns to represent rises, levels and drops, we extend the enumeration problems



from permutations to compositions. As an example of this consider the pattern represented by
11: two adjacent occurrences of a;, a;a; where a; € A C N. As a result, it can be said that 11 is
the same as the occurrence of a level, a;a;. Now considering rises, it can be seen that the pattern
represented by 12 is the same as the occurrence of a a; adjacent to an aj, a;a; with a; < a;
and thus corresponds to a rise. In a similar way the pattern represented by 21 can be seen to
correspond to a fall.

The objective of of Part I is to study and to generalize results relating to compositions
containing specific 3-letter patterns a specific number of times. Now, in the case of 3-letter
patterns, 111 can be represented by a;a;a;, a; € A C N, which would be the same as two
adjacent levels, or simply put: level4level. A table for the different cases for 3-letter patterns
is given below.

Statistic Pattern Statistic Pattern
level+level 111 rise+rise 123
level+rise 112 rise+drop=peak | 12141324231
level+drop 221 drop+rise=valley | 212+213+312

Table 1: Statistics related to 3-letter compositions, and their corresponding patterns.

Using this table, consider the composition of 29 given as 5246822. This composition consists of a
drop, 52, a rise, 24, a rise, 46, a rise, 68, a drop, 82, and a level, 22. Now, considering the statistic
3-letter patterns, the makeup of the composition consists, from left to right, of 312 (drop+rise),
123 (rise+rise), 123 (rise+rise), 231 (rise+drop), and lastly 211 (drop+level). This can
simply be expressed as drop+rise+rise+rise+drop-+level.

Now consider symmetric and non-symmetric compositions: for symmetric compositions each
rise is matched by a drop within the composition itself. For non-symmetric compositions there
exists a composition whose parts are identical but in reverse order, thus for the asymmetric
case the drops and rises are matched between the non-symmetric compositions and its reversed
counterpart. As a result it can be seen that the statistic rise+level, i.e. 122, occurs just as
frequently as the statistic level4+drop, i.e. 221. From Table 1. it can be seen that only the
statistics peak, and valley are represented by 3 different patterns. This is a result of the size of
the adjacent parts present in the two statistics.

The generating functions for the total number of compositions of n with m parts in A C N,
in which the pattern 7, where 7 is one of the 6 patterns listed in the table above, occurs r
times are derived in Section 2. Section 3 consists of the derivation of the asymptotics for the
generating functions for the number of compositions of n that do not contain a specific pattern
7, and are derived through methods relating to complex analysis. In the final section, Section 4,
the results obtained in Sections 1 through 3 are applied to k-ary words, elements of [k]™, where
the respective [k] is a linearly-ordered alphabet of k letters. Results as in [13, 14] are obtained
as well as additional, new results with regard to peaks, and valleys. As a final conclusion it is
found that this application illustrates how words form a subclass of a larger combinatorial class
of objects that are formed by compositions.



2 Compositions of n with parts in A4

Let A C {a1,a9,as,...} CN, such that a; < ay < ..., so that A is an ordered subset of N. The
finite and infinite cases of A where possible shall be treated together, and the infinite case shall
be specifically dealt with if necessary.

Some basic generating functions are defined:-

Let C; (n,r) (C: (j;n,r) for the finite case respectively) be used to denote the number of com-
positions of n with parts in A C N (with j parts in A for the finite case respectively) in which
the pattern 7 occurs r times. The generating functions corresponding to these functions will be
given by

y) = Z Cr (n,r)a"y"

n,r>0

and,

Crlwy,2)= Y, Cr(finr)a™y's =Y Cr(jio,y)

n,r,7>0 j=0

respectively, where the coefficients of x"y" is the total number of compositions of n in which the
pattern 7 occurs exactly r times.

To generalize this, denote the total number of compositions of n with parts in A, (with j parts
in A for the finite case respectively) in which the pattern 7 occurs r times and being restricted
to having their first [ parts as o102 ...0y, by C; (01...01|n,r) (Cr (01 ...01|7;n,7) for the finite
case respectively). Now, the generating functions corresponding to the ones whose first | parts
are restricted, are given by

Cr(o1...01x,y) = Z Cr(o1...00n,r)z"y"

n,r>0

and,

Cr(o1...01z,y,2) = Z Cr(o1...07;n, 1) 2" ZC coolgi,y) 2

n,7,j20 720

with initial conditions given by C (j;z,y) = 0, where j <0, C,(0;z,y) =1, and
Cr(o1...001j;2,y) =0 when j <1 —1.

Taking into account the empty composition we can deduce that the generating function for the
number of compositions of n that contain the pattern 7 exactly r times, with j parts in A, is
equivalent to the empty composition, 1, added to the sum of all compositions of this type that
start with a for all a € A

Cr(z,y,2) =1+ Z C; (alz,y, 2) . (1)

acA



Different patterns 7 = 717273 in relation to the generating functions C; (z, y, z) will be studied
in this section, the aim being to determining the generating functions C; (z,y, z) in their explicit
forms. One way this will be done is through the use of recursive equations.

With regard to the pattern represented by 111, a level + level, the process is simple, however
for the patterns represented by 112 and 221 the process becomes more complex. For the pattern
represented by 123, the composition itself is first separated into different pieces. Each of these
pieces consists of parts that either come from A or are all larger than a particular part. These
steps together with the definition of another generating function form the basis to obtaining an
explicit form for Cya3 (z,y, 2).

For the patterns peaks and valleys continued fraction expansion is used to find the explicit
forms of Cpear (2,y,2) and Cyaiiey (2,9, 2), by again breaking up the compositions into parts
based on where the largest or smallest parts occur respectively.

2.1 The pattern 111 (the statistic level+level)

The subsequent theorem introduces a generating function for the number of compositions of n
with j parts in A in which the pattern 111 occurs a fixed number of times.

Theorem 2.1. Let A be any ordered subset of N. Then
1

Cini (7,y,2) = 1 zez(1+(1—y)zz)
-2 T+zez(1+zo2)(1—y)
acA

Proof. For the pattern 111 to occur in a composition, an integer a € A C N must occur as aaa,
three times consecutively. Consider a fixed a € A and assume that j > 2, i.e. the composition
consists of 2 or more parts.

The number of compositions of n with j parts in A that contain the pattern 111 exactly a
specific number of times, and that have a in the first position (i.e start with a), is equivalent to
the number of compositions that start with aa and the number of all other compositions that
start with ab, where b € A and b # a. Hence

Cin (alj;z,y) = Cun (aaljsz,y) + > Cin (abljsz,y) .
bEA, ba

Removing a from the first position of the compositions counted by ZbeA’ bra C111 (ablj; x, ),
compositions of n — @ must be considered.

Thus the resulting generating functions must be multiplied by a factor of 2% to compensate
for this difference, and now consist of one less part, thus 7 must be decremented by 1 to obtain

Cun (alfs@,y) = Cin (aaljsz,y) +2° Y Cin (B — Li2,y).
beA, b#a

> bea, bra C111 (b7 — L2, y) is equivalent to all compositions of n — a with j — 1 parts in A
that contain the pattern represented by 111 exactly a fixed number of times, less the number of
compositions of that same type that start with a. Hence

Cin (aljsz,y) = Ci (aaljsz,y) +2°Ciin (5 — Li2,y) — 2°Chaa (alj — L2,y) . (2)

For C111 (aalj; z,y), where a € A is fixed, assuming j > 3 the generating function can be split into
|A| different cases: the number of compositions that start with aaa and all other compositions

10



that start with aab where b € A and b # a. Thus

Cui (aalj; 2, y) = Cini (aaalj; z,y) + Z Ci11 (aabdlj; 2, y) .
beA, b#a

For Ci11 (aaalj;x,y) the first a may be removed from the compositions, in doing so one occur-
rence of the pattern 111 is removed, viz. the first aaa is removed thus the generating function
is multiplied by y to amend this. The number of parts is less 1, resulting in j — 1 parts, and
compositions of n — a are now considered resulting in a factor of z¢,

Cii (GGGU; z,y) = zyCi11 (aalj — 1;z,y) .

Considering 3 ;¢ 4 4, C111 (aablj; z,y), the first two a’s may be removed from the compositions.

In doing so, the number of parts j is less 2, and n less 2a, resulting in a factor of z2®. Since
aab is not analogous to 111 the number of occurrences of the pattern 111 are not decremented,
giving
Ci11 (aalj; z,y) = 2°yCi11 (aalj — 1;2,y) + 22 Z Ci11 (bl — 2,2, y) .
beA, ba

By a similar argument as the one for »,_ , pta C111 (blj — 1;2,y), the sum

> G (blj - 2,y)

bEA, bta

is the same as the sum of all the compositions of n — 2a with j — 2 parts in A that contain r
occurrences of the pattern 111, less those compositions that start with a, thus

Ciii (aalj;2,y) = *yCui (aalj — La,y) + 2 Ciun (5 — 252,y) — 2 Chu (alf — 22,y) . (3)
Multiplying (2) by 27 and summing over all j > 1 gives
Ch11 (a|z,y, 2) = Ci11 (aalz,y, 2) + 2°2C111 (2, y, 2) — 292C111 (alz,y, 2) .
Similarly, multiplying (3) by 2/ and summing over j > 1 gives
Ch11 (aalz,y, 2) = %2011 (aalz,y, 2) + 222 22Ci11 (2,9, 2) — 22722011 (alz,y, 2) .
Thus
Ch11 (aalz,y, 2) = (1 + 2%2) C111 (al|z,y, 2) — 292C111 (2,9, 2)

and,

2a .2 2a .2
°?zCh11 (¢, y, 2) — 2°%2°Ch11 (alx, y, 2
Ci1 (aalz,y,z) = ( 1) a a )-
— x%yz

Equating the right hand sides of these two equations and using algebraic manipulation gives

2%z (14 (1 —y)az)
Ci11 (alz,y, 2) = T+ zos (0t 2 (1—9) Ci (z,9y,2).

If this equation is summed for every a € A, then

> Cin(alz,y, 2) = Cian (2,9,2) Y

acA a€A

222 (14 (1 —y)z%z)
1+ax2z(1+2%)(1—y)

11



and considering (1) for 7 = 111, i.e. Cr11 (2,y,2) = 14,4 C111 (alz,y, 2),

2%z (14 (1 —y)z%z)

Ci (2,y,2) =1 = Ci (2,9, 2) Z L+aziz(142%)(1—y)

a€cA

Thus

1

1— z2z(1+(1—y)z22)
&a 14+zz(1+z%2)(1—y)

Clll (LE, Y, Z) =

O

By Theorem 2.1, if A =N, a; = 4, and a; € A for ¢ > 1 then the number of compositions
which avoid the pattern 111 is given by

1

1_ z?(1+x?)
1 i(1 g
51 +at(1+a?)

Cin (I,O, 1) =

The first coefficients in the generated sequence are: 1, 1, 2, 3, 7, 13, 24, 46, 89, 170, 324, 618,
1183, 2260, 4318, 8249, 15765, 30123, 57556, 109973, 210137,401525, 767216, 1465963, 2801115,
5352275 which correspond to n = 0,1,...,25 (see Appendix 1.1 for their derivation). It is inter-
esting to note that because these compositions are avoiding the pattern 111 they only contain
isolated levels, as two adjacent levels would result in the form a;a;a; for an a; € A which is
analogous to the pattern 111.

2.2 The patterns 112 and 221 (the statistics level4rise and level4-drop)

In this section the generating function for the patterns 112 and 221 will be derived for composi-
tions of m with j parts in A, in which these patterns occur r times.

Theorem 2.2. Let A be an ordered subset of N, with |A|=d. Then

1
0112 (x7y’ Z) = d j—l
1-> (gcajz [Ma-1-vy) 1132‘“22))
j=1 i=1
and,
1

Coo1 (2,9, 2) = y ; :
DY (50“”2 [I -1~y 952“1‘22))

i=j+1

j=1

2.2.1 Proving the theorem for Cqq13 (x,¥, 2)

Proof. The generating function for Ci12 (z,y, z) will be considered first. A variant of equation
(2) can be used, with a similar argument as for the proof of Theorem 2.1, to obtain

Chiz2 (a|a;, Y, Z) = Ch12 (aa|x7 y,z) +2%2C 12 (x,y, Z) —2%2C112 (Q\I, Y, Z) s

12



giving
Chiz2 (aa|$,ya Z) = (1 + l”az) Cii2 (a|$7ya Z) —2%2Ch12 (l‘,yv Z) .

Similarly, a variant of (3) can be obtained as

Ciz (aaljsz,y) = Cuz (aaalj;z,y) + Y Chz (aadlj;z,y).
bEA, ba

In this case » 3y 4 4, C112 (aablj;z, y) is split into two cases, where b < a and where b > a. For
the latter case, removing the two a’s from the start of the compositions reduces the occurrence
of the pattern represented by 112 by one, as 112 is analogous to the pattern aab when b > a.
This results in having to multiply the generating function by a factor of y to correct this.

In the case of the former, removing the two a’s from the start of the compositions when b < a
does not remove an occurrence of the pattern 112 since when b < a, aab is not analogous to
the pattern represented by 112. Hence the number of times that pattern occurs in the composi-
tions stays unchanged. Removing the a from the start of the compositions for Cy12 (aaalj; x,y)
results in z*C112 (aalj — 1;x,y), by similar arguments as for the proof of Theorem 2.1, as the
compositions are of n — a and have one less part. This gives

Ciiz (aalj;z,y) =2"Chiz (aalj — Liz,y) + Y Ciig(aabljse,y) + Y Ciig (aablj; ,y)

beA, b<a beA, b>a
=2°Ch12 (aalj — 1;z,y) + 2% Z Ci12 (bl — 2;2,v)
beA, b<a
+ %y Z Cri2 (bj — 25 2,y) .

beA, b>a

Multiplying this equation by 2/ and summing over j > 1 results in

Z Cuz (aalj; z,y) 27 :xazz Ciiz (aalj — L, y) 21 + 2222 Z Z Ciiz (b]j — 2;2,y) 2772

j=>1 j=>1 beA j>1
b<a
2a 2 } :2 : : . j—2
+x “z Yy Cll2 (b|j —Q,x,y) 2 .
beA j>1
b>a
This gives

Ch1o (aalz,y, 2) =2*2C112 (aalz,y, 2) + 222> Z Ci12 (b]z,y, 2)
beEA, b<a

+ 2%%2%y Z Ch12 (b]z,y, 2)
beEA, b>a

and,

x2722 x2122
Ci1z (aalz,y,2) = 125 > Cna(blz,y,2) + y > Cna(blz,y, 2
beA, b<a beA b>a

Combining this with

Cnz (aalx,y, z) = (1 + 2%2) Cri2 (a|z,y, 2) — 292C112 (2,y, 2) ,
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gives

xRy
Cup(aey.2) =55 > Ouellry.2)t7—mg > Cuallryz) (@)
beA, b<a beA, b>a
T2
——0C .
+ 13 pap 112 (z,y,2)

Solving this equation for C112 (z, y, 2) explicitly, for the case that A is finite, a system of equations
for each a; € A = {ay,aq,...,aq} is considered. To simplify this system new notation is used:

o o =Ci2 (CU, yvz)

o z; = Cr2(a|r,y,2)

o (i — 2290 52
i 122952

a;
— xTrtz
i ﬁ" T 1+z%iz”

This new notation reduces equation (4) to

xi—ainj—ainyj—ﬁixozai fOI"iZl,...,d.

j<i §>i
For i =1,...,d, the system of equations is represented in matrix form as
-1 1 —aqy  —oy s —oay —oay Zo o1
—f2 —Q 1 —Qoy o —QrYy —Qay x1 Qo
—p3 —ag —a3 1 e o—agy  —asy T2 a3
—Pa —oy —ay —ay o —ouy —ouy T3 oy
—Ba-1 —Qg-1 —0g-1 —0g_1 - 1 g1y | | Ta—2 g1

—Ba —ayg —ay —aqg . —Qg 1 Tq-1 aq

1 —1 1 1 . 1 T4 1

From this system, the explicit value of xg is obtained through the use of Cramer’s Rule where we
let My be the (d+ 1) x (d + 1) maxtrix represented in the above system and Ny be the matrix
obtained from My by replacing the first column with the column on the right hand side of the
system giving

Ciz (z,y,2) = xo
. det (Nd)
o det (Md) '

14



To simplify the evaluation of det (My), the part of the matrix My without the first column is
triangularized:

1. For j =1,2,...,d, subtract o; times the last row from the j-th row,
—B1— o 1+ -y ap—ay -+ a1 —ary a1 — a1y
—f2 — s 0 I+as ag—aoy -+ az—agy ap — 2y
—B3 — a3 0 0 l+as - az—agy  az—agy
—B1—y 0 0 0 oy — gy g — agy
—Ba-1— g1 0 0 0 e Itagr g1 —agy
—B4 — ag 0 0 0 s 0 1+ ay
1 1 1 . | 1

2. Subtract the j-th column from the (5 4 1)-th column, for j = 1,...,d, starting from j = d,
in descending order to obtain

751 — Q1 1+041 7170&1y 0 0 0
—52—&2 0 ].+O[2 —1—a2y 0 0
—63 — Q3 0 0 1+063 0 0
—,84 — Q4 0 0 0 0 0
—Bd—1 — g1 0 0 0 o I4agr —l1—ag1y
—B4 — ag 0 0 0 0 1+ay
1 -1 0 0 0 0

3. Now My is in a form for which its determinant can be easy calculated through cofactor
expansion along the last row. Let Xy denote the matrix found by removing the last row
and first column of My, and let Y; be the matrix obtained by removing the last row and
the second column. Clearly

det (My) = (—1)% (det (X4) + det (Yy)) .

4. Now Xy is a triangular matrix thus

d
det (X4) :H (1+qj).

5. For Yy, we can use cofactor expansion along the last row, to get

d—1
det (Yy) = (1 + aq) det (Ya—1) — (aa + Ba) [[ (1 + e59),

j=1

where Yy is obtained from Yy by deleting the last row and column of Y.

By induction on d it will be shown that

d d j—1
det (Yy) Z a; + B5) H (14 ;) H (1+ a;y)
j=1 i=j+1 i=1

15



d o+ B 1 1+ oy
:_E(1+ ; 1]+%JH 1+OZZ.

Base case:

det (Yl) = — (051 + [‘31)
1 1 0
= —Z(al —|—61)H(1+a] H 1+ auy)
j=1 =2 i=1
Thus the base case holds.

Induction Hypothesis: Assume that the hypothesis holds for some k > 1, i.e.

k k 7j—1
det (Vi) == (a; = B;) J[ A +aa) J[] A+ ).
j=1 i=j+1 i=1

The Case: k+1

k
det (Yit1) = (1 + agt1) det (Bg) — (k41 + Br+1) H (1+ajy)

k k Jj—1
=(14 ars+1) Z a; + B;) H (1+ai)H(1+aiy)
Jj=1 i=j+1 i=1
k
— (g1 + Bk + 1) H + ojy)
j=1
k k+1 j—1
Z O‘]"’BJ H (1+041)H(1+04iy)
j=1 i=j+1 i=1
k
— (a1 + Brr) [T (1 + asm)
j=1

k+1 k+1 j—1
== (a;+8) [I t+a) ] +aw).

j=1 i=j+1 i=1

Thus the k£ + 1 case holds and hence
d d
a; + B3 1—|—azy
det (Yy) = — 1 I for all d > 1.
ot (Ya) };[1(+ ;Haiﬂ ralld>
6. Combining these results gives
d d d_, +B 1+ auy
det (M, 1)? 1 ~-Tla R :
et (o) = (0" TT0 ) = [T+ 29 T
d 4 a +8 14+ ayy
=0Tl a 1— 1_—_J :
( >g< + o) g el | e
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7. To calculate det (Yy), recall that the matrix Ny was obtained from My by replacing the

first column of M, by the column on the right hand side of the system, viz.

To simplify the calculations for det (Ny) we add the first column of Ny to all the other

aq
Qo
[e%}
(&7}

Ag—1
Qyq
1

—Qd—1

1
—ag
—as
—ay

—ay
-1

—Qg-1

—a1yY

—Q3 1
—ay

—ay

—o1y
1 —Quy

—Qy
—Qg-1

—ay
-1 -1

—a1y
—0yY
—asy
—0yuy

1
—ay
-1

columns of Ny to obtain a matrix with a triangularized part,

Qq
(5]
Qg3
Qg

dg—1
Qg
1

1+aq
0
0
0

o

ap —oy o — a1y

1+ as
0
0

0
0
0

Qg — QoY
1+Ot3
0

0
0
0

a1 — oy
Qg — QY
a3 — a3y
Qg — 0y

1+aq
0
0

—ay
—Qoy
—Qagy
—Q4y

—Qg—1Y
1
-1

ap — oy
Qg — QY
a3 — a3y
Gy — 0y

Ag—1 — Qg—1Y
1+ a4
0

From this det (Ny) can be found by cofactor expansion along the last row,

d

det (Ng) = (-1 [T (1 + o).

i=1

8. Putting all this together

det (Na) _ (—1)" T, (1 + )
det (Ma) (—1)d Hj‘lzl (1+aj) (1 o Z?zl ?Ta% 3;11 111%?)

B 1
= 2?21 (CE‘”ZHz;l (1-(1-y) x2ai22)> .

Thus an expression for Cii2 (x,y,2) is obtained for the finite case. In the infinite case when
|A|= oo take the limit as d — oo of the above expression.

17



2.2.2 Proving the theorem for C9oq (x,¥, 2)

Now considering the generating function for Caa1 (,y, 2), in the case where A is finite, a variant
of equation (2) and a similar process to the one for Cy12 (2,7, 2) is used to obtain

Caa1 (alf; x,y) =Coa (aaljs,y) + Y Caa (ablj;z,y)
bEAb#a

=Coo1 (aaljiz,y) + 2% > Con (b]j — 1iz,y)
bEAbEa

=091 (aalj;z,y) +2%Co21 (j — L2, y) + 2°Ca21 (alj — 1;2,y)
which, after multiplying by 2/ and summing over all j > 1, gives
Co21 (alx,y, z) = Cog1 (aalr,y, z) + 22001 (z,y, 2) + 2920521 (alz,y, 2) .

Another variant of equation (3) gives

Caa1 (aalj; x,y) =Coa (aaalj;z,y) + Y Cao (aablj;z,y)

bEA bta
=Chon (aalj — Liz,y) + Y Cooi (aabljsz,y) + Y Con (aabljsz,y)
beA,b<a beA,b>a
=1°Cho (aalj — Lz, y) + 2%y Y Con (blj — L2,y)

beAb<a

+a% Y Conn (D w,y).

beA,b>a

Where 22%y EbeA’ka Ca21 (b7 — 1;2,y) is obtained from ZbeA,b<a Cs21 (aablj; z,y), by remov-
ing the first two a’s from the start of the compositions, resulting in a factor of £2%, and as aab is
analogous to the pattern represented by 221 when b < a, removing these two a’s results in one
less occurrence of the pattern in the compositions, hence the factor of y.

Multiplying by 2/ and summing over all j > 1 gives

Cao1 (aalz,y, z) =x%2Ca91 (aalz,y, z) + 2222y Z Cao1 (b]z,y, 2)
beAb<a

+ 2222 Z Cao1 (blz,y, 2),
beA,b>a

which simplifies to

$2a22y

Coo1 (aalz,y, z) =
221 (aalz, y, 2) T2y

EQGZQ
> Con (blzy,2) + T > Con (blz,y,2).

beA,b<a beAb>a

From the first equation derived for Ca21 (alz,y, 2),

Co21 (aalx,y, z) = (1 — 2%2) Cag1 (al|z,y, 2) — x*2Ch21 (2,y, 2)

18



and equating this to the second,

22822
(1 —a%2) Con1 (ala,y, 2) — 2%2Cs21 (.Y, 2) = y Z Ca21 (blz, y, 2)
bEA b<a
2a 2
t e > Con (blz,y,2).
beA,b>a
This simplifies to
2a ,2 2a ,2
T2y Tz
Con (alz,y,2) =1 — 5. > Cos (blz,y,2) + [ 2.2 > Cooi (blz,y,2)
beAb<a beA,b>a
xa
+ mCQm (x,y, Z) .

To simplify this system let
e 19 = Ca (2,9, 2),
o z; = Co (ailx,y, 2),
2,/_Zaq-, 22

® & = 7 7a;,2>

° ﬁ_ %z
g 1+z%z"

Now
xifaiyg a:jfaig x;— Bixog =y, fori=1,...,d.
j<i §>i

For i =1,...,d, we obtain this system of equations, represented in matrix form as
—B1 1 - -1 o om0 —oq Zo o
—f2 —any 1 —Qy o —Qy —Qa T Qs
—fs3 —azy —azy 1 e —az —ag T2 as
—Pa —Quy —Quy —Quy o Ty —Qy T3 Qy

—Ba—1 —a1y —g1y —ag1y - 1 —ago1 | | Ta-2 Qg1
—Ba —aqy —aqy —Qgqy o —ogy 1 41 Qg
~1 ~1 s | 24 1

Using Cramer’s Rule, and letting My be the (d + 1) x (d + 1) matrix represented in the above
system and Ny be the matrix obtained from My by replacing the first column with the column
on the right hand side of the system, gives

Coo1 (2,9, 2) =x0
- det (Nd)
_det (Md) ’
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To evaluate det (M), the part of My without the first row is again triangularized:

1. For j =1,2,...,d, subtract a; times the last from the j-th row to obtain

—0B1 — 14+ o 0 0 0 0

—ﬁg — Q9 Qo — QY 1+C¥2 0 0 0

—B3 — a3 a3 — asy g — oy 1+as 0 0

—Bs — oy ay — oy y — oy y — ouy 0 0

—Ba—1 —0g—1 Qg—1 — Qg1Y Od—1 — g1y Q41— C0g—1Yy -+ l+ag 0
—Ba — aq ag — aqy aq — oqy aq — oqy ag—agy 1+ag

1 —1 —1 -1 —1 -1

2. Subtract the (5 + 1)-th column from the j-th column for j = 2,3,4,...,d, starting from
7 = d, and descending, to get

7ﬂ1 — Q1 1+Oél 0 0 0 0

7ﬂ270&2 7170&2],{ 1+042 0 0 0

—ﬂ3—0¢3 0 —1—a3y 1+Ol3 0 0

—ﬁ4 — Q4 0 0 —1- aqy 0 0

—ﬁd,1 — Qd—_1 0 0 0 1+ Qg1 0
—B4 — g 0 0 0 . —1—aqy 1+ ay

1 0 0 0 0 -1

3. Let X; denote the matrix found by removing the last row and first column of My, and let
Yy be the matrix obtained by removing the last row and the last column of M,;. Using
cofactor expansion along the last row,

det (Myg) = (—=1)% (det (Xq) 4 det (Yy)) .

4. Now Xy is a triangular matrix, thus

5. For Yy, cofactor expansion can be used along the last row to get

d—1
det (Ya) = (=1 — yag) det (Ya_1) — (a + Ba) [[ (1 = a))

j=1
where Y;_; is obtained from Yy by deleting the last row and column.

6. Now it is shown by induction on d that

d d Jj—1
det (Yy) = Z o+ B5) H (1+aiy)H(1—|—ai)
j=1 =741 =1
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d d d
o + B 1+ o4y
— 1 i -y My K .
11« +O‘)Z 1+a, 11 <1+C¥i>
1=j+1
Base Case:

det (Yl) = — (a1 + 61)

1 1 j—1
== (a+8) [[ C+am) [JO+a)
j=1 =741 =1

so the hypothesis holds for the base case.
Induction Hypothesis: Assume that the hypothesis holds for some k& > 1.
Case: k+1

Now

k
det (Yk+1) =(-1- yakﬂ) det (Yk) — (g1 + ﬂk+1 H 1 + Ozj

k j—1

k
= (—L—yarpr) | =D (a;+8) [ O+am) [[(1+a)
j=1 i=j+1 i=1
k
— (1 + Ber) [J (1 + )
j=1
by the induction hypothesis. Hence
k k1 j—1 k
det (Yi+1) Z (o + 55) H (1+ ayy) H (1+ a;) — (kg1 + Br+1) H 1+ )
j=1 i=j+1 i=1 j=1
k k+1 j—1 k
Z o + B;) H (1+Oéiy)H(1+ai)+(ak+1+ﬁk+1 H 1+« )
j=1 i=j+1 i=1 j=1
k+1 k+1 j—1
_—Z(%‘ + B;) H (1+aiy)H(1+Oéi)-
j=1 i=j+1 i=1
Thus, the hypothesis holds for the (k + 1)-th case and therefore
d d j—1
det (Yq) = Z%‘Fﬁy H 1 +%Z/)H(1+6Vi)
j=1 _]+1 i=1
z:l J=1 1+ i=j+1 1+ o

for all d > 1.
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7. Combining these results gives

d
det (M) = H (1+ay)

8. Now, as before,

d
det (Ng) = (-1 [T (1 + o).

9. Finally, combining all these results gives

det (Ya) _ (-D)'TIE, (1 +a)
) T o) (1 i T ()
_ 1
a;+B; o
I_ZJ 1 1+q; H—]+1 (ﬁaiy)
1

1- Z;l:l (x%'z H?:jﬂ (1-(1-y) 1‘2‘”2’2)) .

And thus, for the case where A is finite an explicit expression for Cao (x, ¥, 2) is obtained.
In the infinite case, when |A|= oo, the limit as d — oo of the above expression is taken.

O

From these two results,

1
0112 (x7071) = . . .
1= 302 T2 (1 —a%)
and,
1
Ch21 (2,0,1) =

1- ZiZl zt HjZ'H-l (1—a%)

which are the two generating functions for the total number of compositions of n, with m parts in
the set A, that avoid the patterns represented by 112 and 221 respectively. The following sequence
of coefficients is generated by each generating function: 1,1,2,4,7,13,24,43,78,142,256, 463, 838,
1513,2735,4944, 8931, 16139, 29164, 52693, 95213 and 1, 1, 2,4, 8, 15, 30, 58, 113, 220, 429, 835, 1627,
3169,6172,12023, 23419, 45616, 88853, 173073, 337118 respectively for n = 0,1,...,20 (see Ap-
pendix 1.2 for their derivation.)

2.2.3 An interesting observation on the differences in the size of the sets of the
compositions counted by the generating function Cj12 and Cg9q

Theorem 2.3. The set of compositions that contain patterns represented by 112 is larger than
the set of compositions that contain patterns represented by 221.
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Fundamentally this is caused by patterns represented by 112, say aab where a < b, being
smaller when the parts are summed, than patterns represented by 221, say bba, i.e. 2a+b < 2b+a
when a < b. Thus patterns represented by 112 form a smaller part of the composition in terms
of the sum of their parts than those represented by 221. To show this formally:

Proof. Let C112 denote the set of all compositions of n that contain the pattern represented by
112, and let Csz1 denote the set of all compositions of n that contain the pattern represented by
221. Define a map

@ : Coa1 — Cha2

that maps compositions from Cao1 to Ci12. It does so by replacing each occurrence of the pat-
tern represented by 221 with the pattern represented by 1121 using the same parts, and each
occurrence of the pattern represented by 1121 with 221 using the same parts. For a composition
o from Cya1, every sequence aab in o where a,b € N, and where a > b, is replaced with bbab,
and every sequence bbab in o is replaced with aab. This results in a new composition of n that
now contains the sequences with patterns represented by 112, viz 1121, and is thus contained in
Chia-

¢ is injective:

Let 0,0’ € Cya1 such that ¢ (o) = ¢ (o).

Every part of a composition in Csy; can be part of a sequence representing 221, or 1121 or not
part of either of the sequences. For every part a of o, and every part o’ of ¢’ that is not part of
a sequence of parts representing the patterns 1121 or 221

p(a)=a and ¢(a')=a.

As ¢ (0) = ¢ (0’) the parts a and o that are not part of any sequence representing 221 or 1121
are identical for each of the compositions o and ¢’. Consider now a sequence of parts aa in o
representing the pattern 221 , and a similar sequence of parts o’a’’ in ¢’. By the definition of

Y
¢ (aaf) = BBaf and ¢ (a'd'p)=p'Baf
and as ¢ (o) = ¢ (0’) we have that
BBap = p'B'd B

so a = o' and B = f/, and thus each occurrence of the sequence of parts representing 221 in o
is identical to the same sequence of parts in o’.

Consider now a sequence of parts d6vd in o representing the pattern 1121 , and a similar
sequence of parts §'6’4'0" in ¢’. By the definition of ¢,

¢ (0070) =yyd and ¢ (8'0'7'8") =~y
and as ¢ (o) = ¢ (o/), we have that

5678 = 88"~
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so § = ¢’ and v =/, and thus each occurrence of the sequence of parts representing 1121 in o
is identical to the same sequence of parts in ¢’. Thus ¢ = ¢’ and ¢ is injective.

¢ is not surjective:

Consider a composition o € C112 where every occurrence or the sequence of parts representing
the pattern 112 is not followed by a part representing a 1 in that pattern. As ¢ maps every se-
quence of parts representing the pattern 221 to the sequence representing the pattern 1121 using
the same parts, it can never map a composition in Cy; to the composition o € Ci12 without
there being at least one occurrence of the sequence representing the pattern 1121 in o. Hence, ¢
is not surjective.

Now as ¢ is injective it implies that |Ca21|< |Ci12], and as it is not surjective it implies that
|Ca21|< |Ch12]- O

2.3 The pattern 123 (the statistic rise+rise)

Concerning the pattern represented by 123, an explicit form for the generating function for the
number of compositions of n with j parts in A in which the pattern represented by 123 occurs a
particular number of times will be obtained.

Theorem 2.4. Let A be any ordered subset of N, with |A|=d. Then

1
Cra3 (z,y,2) = 773
L—t1(A) = 32 3 (P72t (A) (y — 1)
p=37=0
p .
where tP (A) = > 2P 1] =, and the coefficients of x"y"2? count the number of

1<i1<ia<-<ip<d  j=1
compositions of n with j parts in A, in which the pattern 123 occurs exactly r times.

Proof. Consider the case when A is finite, say A = {ay,as,...,aq}. Let o be a composition of n
that consists of exactly m parts in A. Let Ay, = A\{a1,...,ax} = {ak+1,ak+2,...,aq}. To derive
the recursion that will be used in the derivation of an explicit form of the generating function
Cia3 (z,y, z) the composition o will be partitioned into parts: some parts will consist of pieces
from A, and others from Ag. These compositions will be partitioned according to the position
of the pieces ai,as,.... To simplify this process define D4* to be the generating function for
the number of compositions ¢ of n, with ¢ having m parts in A, and in which the pattern 123
occurs in ac, with a ¢ Ay, exactly r times.

Where A = {a1,as9,...,a4}, a composition ¢ of n with m parts in A may either contain
the element a; or consist entirely of parts from A\{a;} = A;. The generating function for
compositions of n with m parts in A; that do not contain a; is given by Cfélg (z,y,2). If the
composition o contains at least a single occurrence of a; then it can be represented as

0 =0010k+41---Om

where & is a composition with parts in Ay, i.e. having generating function 01‘4213 (x,y,2), and the
section following & having generating function C73; (a1|x,y, z). Thus the generating function for
this o, when combining both cases, is given by

Ciys (2,9, 2) = Oy (2,1, 2) + Cys (2,9, 2) Cibs (ar]7, 9, 2) . (5)
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For the generating function C7}; (a1|x,y, 2), of compositions o of n with m parts in A starting
with a1 that contain the pattern 123 exactly r times, the inclusion of the element a; in the
compositions is again considered: if there is only a single occurrence in the composition then
C{4s (a1|m,y, 2,) may be rewritten as

" zDM (x,y,2),

removing the first a; from the start of these compositions, resulting in the factor z*1z. After
this a; is removed, the new compositions are those generated by D41 (z,v, 2).
In the case that a; occurs at least twice, the compositions resemble

0 =Qa10A10k41-.-0Om

where & is a composition with parts strictly from A;, i.e. generated by Cég (2,9, 2). In this case
a1 may be again removed from the start of the compositions, resulting now in the generating
function

x¥ DM (z,9,2) C’{% (a1lz,y, 2) .

The factor 2%z is a result of removing the first a;, D4t (x,y, 2) is the generating function of &,
and C7bs (a1|z,y, ) is the generating function for the section of the composition o that follows
o. Combining these two cases,

Cf‘23 (a1|z,y,2) = 4 zDM (x,y,2) + x4z DM (x,y,2) 0{23 (a1]|z,y, 2) .
Thus

z" 2D (z,y, 2)
1—z%2D4 (z,y,2)

CféB (al ‘.T, Y, Z) =

Substitute this into equation (5) to obtain

by :2) = O (2,002 + Oy ) (T (202 ),
Multiply this by (1 — 22D (,y, z)) to get
Cég (z,9,2) (1 — 2% 2DM (z,y, z)) :Cg{o’ (z,y, 2) (1 — x% DM (z,y, z))
+ Cf;g (z,y,2) 2 2D (z,y,2).

This simplifies to

City (2,9, 2)
s _ 123\ Y,
Ciag (7,y,2) = 1—zm2zD4 (z,y, z) Y

DAt (z,y,2) is the generating function for compositions o of n with m parts in A;, for which
ao contains the pattern represented by 123 exactly r times when a ¢ A;, i.e. a = a;. So a10
contains the pattern represented by 123 exactly r times. Now the inclusion of the element as in
the composition ¢ is considered: if a, is not in the composition ¢ then, by definition, D42 (x,, 2)
is the generating function for the number of occurrences of the pattern 123 in ao, where a ¢ A,.
However if as is in the composition o then o can be written as

o =dtasd’asy ... adt? for 1 > 0,

where the 67 are compositions with parts in As.

A number of sub-cases with regard to this ¢ now arise:
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1.

', &2 are both empty compositions: in this case

a10 =ai1ag or

a10 =aja2a25° ... a5 T2 for 1 > 1.

So 0 = a or 0 = a2a36° ...axd' T2 for | > 1. The generating function for o = ay is 2% 2.
The generating function for o = agas6? ... a6 12 is a little more complex. Removing the
first occurrence of ag results in a factor of 2?2z, and removing the rest of the occurrences

of ay for each [ > 1, results in a product of (2 z)l as well as the sum of the product of the

generating functions, (DA2 (x,y, z)) for each &'. All of this combined gives the generating
function for the case where &' and &2 are empty as

xa2z+xa2zz 22D (z,y, 2 —x“zzz 22D (2,y, 2 ))l
1>1 1>0
x*?z
1 —2922D42 (z,y,2)

Consider now the case when 2 is not empty, and &' is still empty. Here:

a0 :a1a252 or

a10 =aya202a35° . .. asc't? for [ > 1.

2

The first thing to note here is that since ¢° is a composition in As, it consists of parts

from {03,04,...,04}. Thus if the first ay is removed from a0 = aja26? an occurrence of

the pattern represented by 123 is also removed, therefore the derived generating function

must be multiplied by y to allow for this. Now o = a262 or ¢ = a252a25° ... as5't? for
2

I > 1. The generating function for ¢ = a96° is given by yz®2z (DA2 (z,y,2) — 1)7 where
the factor yz*2z is a result of removing the as from the start of the composition and
D42 (2,y,2) — 1 is the generating function, less the empty case 1, for 2. The generating
function for ¢ = a252a26° ... as5't? can be found in a similar way as the first sub-case.
The first part is the same as for ¢ = 4252, and the part that follows is simply removing all
the other occurrences of as as well as the sum of the product for each [ > 1 of the resulting
generating functions, and thus the generating function for the case where ! is empty and

7?2 is not empty is given by

yr*z (DA2 (z,y,2) — 1)

et (D% (@.2) = 1) Y (2720 (ay.2) = E T

1>0
If 7! is not the empty composition, and 2 is the empty composition then either
o= (_Tlag,
or
o= dlasasd . .. a201+2 for I > 1.

Now the generating function for 5'as is similar to the previous a2&?2 in the second sub-case,
as &' and &2 are generated by the same functions. There is however no factor of y, as no
occurrence of the pattern represented by 123 is removed by removing the as. This means
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that the generating function for ¢ in this case is the same as the generating function for
the previous case without the factor of y:

%2z (DA2 (z,y,2) — 1)

2025 (DAQ (€,y,2) — 1) Z (xlszAz (x,y,Z))l = ,e.DA (z,y,2)

1>0

4. When &' and 3% are both non-empty compositions, their generating function is given by
(DA2 (z,y,2) — 1). In the case where this is true,

or
o =dlayda,. .. a26l+2 for { > 1.
Now the generating function for 5'asa? is given as
(DA2 (z,y,2) — 1) za* (DA2 (z,y,2) — 1),
or
zx®? (DA2 (x,y,2) — 1)2,

where the factor of 2z results from removing the as, similarly to the previous cases. The
generating function for ;a3 ...5'*7? is given by the sum of the products

> (@20 (a,y,2))’
>1

as was seen in the previous three cases. Combining these results gives the generating
function for the case where &' and &2 are not the empty compositions as

a a l x%z (D42 z,y,z) —1 ’
zxr 2 (DA2 (-r) Y, Z) - 1)2 Z (ZE 2ZDA2 (:I;,y, Z)) - 1 _<xa2z‘(DA2 (x>y Z)) .
= Yy

Finally, combining all four of the above sub-cases, where o contains the part as, together with
the case where it doesn’t, and using the notation D# := D4 (z,y,2), the following expression
for D41 is obtained:

292 5 % 2y (DA2 _ 1) 792 5 (DAz _ 1) 292 2 (DA2 _ 1>2
1 — gazz DAz 1 — gazz DAz 1 — ga2z DAz 1 — ga2zDA2
_(1_xa22(1_y))DA2+xa2z(1_y) (7)

1 — zo2zDA2

DA =pA2 4

An explicit expression for D4 is given in the following lemma:

p
Lemma 2.5. For A = {ay,...,aq}, and ¥ (A) = > 2P 1] = for all p and
E41<ig<io<--<ip<d j=1
k=0,1,...,d

2

(A () (g - 1)

(]

1+Z‘

DA — p=2j

1—t1(A) -

I
=)

w
—
co
~—

p—

(75%)tr+3 (A) (y — 1)

M

(e}

3=

p
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Proof. t? (Ay) is a generating function. It counts the total number of partitions with p distinct
parts from a specific set. A partition of a set is a particular way in which the set can be divided
into smaller sets, where the collection of all the smaller sets is equivalent to the original set. In
this case the set is Ag, where Ay = A\{a1,...,axr} as defined before. Deriving a recursion for
tP (Ag) two cases are considered:

1. In the first case the partitions contain the part agy1, and their generating function is
U+ tPT (AL .

As the part ay41 forms a part of the partition, it may be eliminated, resulting in one less
part, and a partition less agy1, hence the factor x%+1z.

2. In the second case, ag1 is not contained in the partition and thus the partition consists
entirely of parts from Ay, here the generating function for this case is given by

tP (A1) -
These two cases combine together to give
7 (Ag) = 17 (A1) + 2™ 2771 (Agya) - )
Lemma 2.5 will now be proven by induction on d :-

Base Case: d=0,d=1
For d =0, D =1

For d=1, Di*h =" gnoizn
n>0

= Z (% 2)"

n>0
1

1—gaz’

Thus the hypothesis holds for the base case.

Induction Hypothesis:

Assume that for some d — 1, where d > 2, the lemma holds (that is [A|=d — 1.)
Case: A ={a1,...,aq4}

Recall equation (7),

1—2%z(1—y)) DY +2%2(1—y)

i
1 — z91zD4

28



Now, by the induction hypothesis for the set A; (where |4;|=d — 1),

5 (P72 (A (y—1)P~

(1— 2%z (1 - y)) —=22 Famz(l-y)
1 (A)-5 % (P72)rti (Ar) (y—1)P~2
DA — p=3 j=0
1+Z Z (P72t (Ar) (y—1)P~?
1— o1z p2is

1-tt (Al)_,gs ‘;o (p;3)tp+j(‘41)(y_1)p72

(1—2v2z(1—-y)) (1 + ZWZZ (")t (Av) (y - 1)p1>

p=2j=

11—t (Ay) — dZ;: 2 (P72 (Ar) (y = )P 7 — a2 (1 + dZI pi (F52)r 9 (An) (y — 1)’”)

p=2j=0

z(1—y) <1t1( 1) — Z:pZ (P2 (A1) (y — 1) _2>
_|_

14()220%W%w1%—w{u§5@%wmwmw>

p=2 35=0

Let
pA =
52
The denominator sp will be simplified first:
d—1p-3 d=lp=2 /o ,
swe1-t )= ("  VﬂAmwﬂp%wv1+ZZmP)MWAm—W1
p=3j=0 p=2j=0 \ J
d—1p—3 3
S ETACOED 95 9 (i [ VB TR Ve R
p=3 j=0
d—1p—2 '
TS (7
p=2 j=0
The second double sum will be re-indexed as
d p—3 4
S8 (7 e
p=3 j=0
Adding this result to the first double sum will result in
d p—3 3
1— ¢! Al ZZ (p ) (tp-‘rJ (Al) 4 g0 =1 (Al)) (y — 1)1772
p=3 j=0 ‘7
Using (9) to simplify the part (P17 (A;) 4+ 2 2tPT7 =1 (4;)) to t? (A), gives
d p—3 _3 .
sp=1—t"(A)=> )" (p . ) (P9 (A)) (y — 1)P 2.
; J
p=3 j=0

29



Thus an expression for s is obtained. Now considering the numerator s,

d—1p—2
s1=(1—a%z(1—y 1+ZZ< . )tp‘f‘] Aﬂ(y—l)pil

p=2 7=0
d—1p—3
+2%2(1—y) l—tl Zz(p .3>tp+.7 (Ay) (y — 1);0 2
d—1p—2
_ p— 2 p+J —xalz _
1+ZZ( e -1y s )
d 1p—
o Z( ) = et () -t (- ()
d—1p—3
_ p—3 p+j _1\p—2
a );3]._0( e -

d—1p—2
142z (y— 1)t (A1) + (p_2>tp+i (Ay) (y— 1P

e e AN
d—1p—2 d—1p-3
+xalzzz< , )w (4) (v~ 1) +xalzzz( , )w (A1) (g — 17!
p=2;j=0 p=3 j=0
To simplify the above expression, consider now the coefficients of (y — 1)™ form = 0,1,...,d—1:

for (y —1)° the coefficient is 1,
for (y —1)" the coefficient is z® 2t (A1) + 2 (A1) = 2 (A).

For powers of (y — 1) greater than 1 consider

d—1p—2 d—1p—2 9
(,)ﬂﬂAn( )P +ﬂv2§:g.)ﬁﬂAg( 1)P
p=2j=0 p=2 j=0
d—1p—3 3
+x‘“zZZ(p )tpﬂ A (y— 1P
p=3 j=0 '7

The first and third terms may be re-indexed to obtain

fiffif ( )tp+j+1(A»)(y1 %*Ialzfzifgf < )tp+a (A1) (y — 1)

p=17=0 p=2j=0
d—2p—2 9
0 ) (e LS ORI
p=2 j=0

Replacing p with m, and considering each case where the powers of y — 1 are equivalent in each
of the three terms gives the coefficients of (y — 1) for m > 2 as

m—1 m—2 m—2

1 , ) , _9 .
> (mj )tmﬂH (A1) +2"2 > (mj >tm+] (A1) +2"2 > (mj )tmﬂ“ (A1),
=0 =0 =0
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or re-indexing the sum for the last term as

m—1

m—2 m—2
O Rl Pl G T o G Bl
j=0 j=0 j=0

This will be simplified using two results:

1.

m—2 m—2 m—2
(e

j=0 J j=0 ( J -1
m—1 m—2
= ( ) )tm+j (Al)
i=o N/
which is possible since (”1_712) = (2:%) =0.
2.
m—1 ‘ m—1 m—9 ‘ m— 2
( )t’”“ (A1) +0 = ( >tm+ﬂ (A1)+( )tm(Al)
j—1 ; j—1 -1
Jj=1 j=1
el m—2
N < ' )tmﬂ (A1)
7j—1
7=0

for the same reason as 1.

Now 1. and 2. give

So the coefficients of (y — 1) for m = 2,3,...,d — 1 become

1

(m N 1)#"“” (A) +
— J

J

m—1 m—1
—1 ) )
291 5 Z (m - >tm+j < ) tm+1+j (A) + 201 i (Al))
j=0 J =0
-1

<m f 1>tm+j+1 (A) ,
=\ J

where the last part is found by applying the equation in (9). Thus the sum s; reduces to

I
§m

<.

T
L

m—1
s1=1+t2(A)(y—1)+ ( ‘ >tm+j+1 (A)(y-1)"

1=

3
Il
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d—1 m—1

_ m—=1\ i1 _ym
‘”;;( et e

For s; replace the m with p, and re-index the sum to finally obtain

d p—2

2 _
511+ZZ(1’ )tpﬂ(A)(ynPl
p=2 j=0
Now
pA =2t
52

RS >y G U O Ui
=t () = S i () (9 () (= 1)

proving Lemma 2.5 (see (8).)

Moving back to C{y; (,y, 2), using Lemma 2.5 gives

A (z,y,2)
Cias (2,9, 2) = P 1p123
T T (P72 erticanw-1p1

p=2 j=
1—z%z i=

1—t1(Aq)— P=3) (¢pti(a —1)p—2
(A1) pggjgo( 72 (ertican) -1

d—1p—3 .
COES>) £ (5% (% (An) (v - P2
p=3j=

=Cfys (2,9, 2) :
d—1p—3 o ) PN p—2 (p—2 i p—1

1-t1(4) - ZS Zo(pj ) (tP+9 (A1) (y — 1P —x‘”z<1+ EE o (P79)trHI (A1) (y — 1P >
p=3j=

The denominator is just the sum ss from the previous case, thus

T
L
i
w

1—t! (Ay) — (773 (Ay) (y — 1)

3
[
w
s |,
Rl
w| o

ng (mvya Z) = ng (xvyv Z)

M=

L1 (A) = XX (7 (4) (y— 1)

is]
[
w

<
Il
o

This equation can be iterated, using the fact that Cg‘g (z,y,2) = 0?23 (z,y,z) =1, to obtain

¥
L
b
w

L=t (Agy) — (p;?))tpﬂ (Ars1) (y— )P

0123 Ty, 2 H

01—t (Ay) -

3
Il
w
N~
|

Il
w| o

M=~

(757 (40) (3 — 1)

=
[
=

S
I
<
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Let 0 <r <d-—1 then

d—1p—3 ) 9
11! (Arg) — (774 (Arg) (y — )P
p=3j=0
d p—3 ] 9
1—tH(A) = 3 3 (F72)tr49 (A,) (y — )P
p=3 j=0
d—1p—3 . 9
1t (A,) — (77 (A) (y = )P~
p=3j=0
X d p—3 ) 9
L= tt(Am0) = 3 3 (F77) 4 (Ara) (y = 1)
p=37=0
d—1p—3 ) 9
1—t ' (Apyr) — (P2 (Aryr) (y = )7
_ p=3 j=0
- d p-3 ) 2'
L=t (Ama) = 35 30 (F77) 4 (Army) (y = 1)

i~
Il
w
<
I
=

So, considering the factors in the product, when r = d—1, the numerator is 1, as t? (44) = 0, and
the fraction’s denominator cancels with the numerator of the factor for r = d. This cancellation
continues until 7 = 0, so each denominator cancels with each numerator except the numerator
for r = d — 1 which has been shown to be 1, and the denominator for r = 0. So the generating
function C4 (z,v, z) reduces to

1
L—t1(A) = Sy Y00 (P57t (A) (y — 1)

C’123 (‘T7 Y, Z) =

For the infinite case, where A = N, another result must be shown:

p+1

tr (N) = «("3) 2 f(;2),

where (a;q), = H;:Ol (1—ag?).

Proof. Recall that,

P (A) = Z 2P f[ x5 for all p.

k+1<ii<ip<--<ip<d j=1
Now from this definition, extending it to N where a; =i for i > 1,
P (N) =P § xi1+i2+mip
1Si1<i2<"'<ip71<ip

and summing over the ordered p-tuple (i1,42,...,%,) the sum may be split into the product of
two sums,

tP (N) =zP g girtiatip—1 g '
1<i1 <@g < <ip_1 >0, 1

. . . ip—1+1
=P E x21+12+...zp_1$7

o ) 11—z
1<i1 <ia<-<ip_1
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_p " Z Lt 2ip
l—2z .
1< <i2<-<ip_1

—zP E glrtizt.ip—2 2 : 22
1-—2z

1<i1 <ip < <ip_2 i>0p 2
i, 242
€T . . xetr
_ D i1ttt tp—
1oz Z I g
1<i1 <ip < <ip_2
2
e — i1+ia+...3ip—2
Tooa-2 > @ ’
1< <ip < <ip_2
continuing in this way
s
€T é—~i=1
tP (N) =2 ————
b (1—ad)
p+1
=zP x( - .
(z;2),,
]
Using this result,
Craa (,9.2) = .
123\, Y, 2 3 3 —2
L—t1(N) = Y00y 3020 (P80 (N) (y — 1)
1
- p—3 3 (H;H) p—2'
- 23t = s 200 () g = 1)
Thus
1
Cia3 ($707 1) = ( +1+j>

L- ﬂ ZP 3 Z ( ) (x; x)]p+J (_1)17—2

is the generating function for the number of compositions with parts in A, where |A|= d, that
avoid the pattern represented by 123. For compositions of n = 0,1,2,...,20 the sequence gen-
erated by Ch,3 (7,0,1) is 1,1,2,4,8,16,31, 61,119, 232, 453, 883, 1721, 3354, 9639, 12735, 24813,
48344,94189, 183506, 357518 (as derived in Appendix 1.3.). As 123 is a composition of 6, and
the smallest representation of the pattern rise + rise, the first time this pattern may occur is
for a composition of 6 - the term 31 in the generated sequence illustrates this as there are 32
possible compositions of 6, and as shown 31 of these compositions avoid the pattern 123.

2.4 The patterns {121,132,231} and {212,213,312} representing the
statistics peak = rise 4+ drop and wvalley = drop + rise.

The statistics peak and valley will now be considered. Recall that the patterns peak and valley
occur in 3 different forms, viz. {121,132,231} and {212,213, 312} respectively. Let Cpeak (z,y,2)

and Cva”ey (z,y, z) denote the generating functions for the compositions of n with m parts in A
that contain the pattern peak or valley respectively exactly r times.
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Theorem 2.6. For BC A and s > 1 let

P? (B) = {(’il,...,is) |(lij S B,j =1,2,...,s, and ig_1 < i < i21+1 fOT’ 1<I< LS/?J}
Qs (B) = {(il,...,is) |a,-j S B,j = 1,2,...,8, and o1 <9 < i21+1 fO’I“ 1<I< LS/QJ}

and,

M (B) _ Z 28 H 2%

(i1,..,is)E€P*(B)  j=1
N?®(B) = Z 2° H %,
(i1,..,35)€Qs(B)  j=1
Then, for A C {a1,az,as,...} CN,

A _ 1+ 30,00 MY (A) (1 —y)
C eak (x,y,z) - i i
: 143000 M2 (A) (1 —y) = 32,50 MPTH(A) (1 —y)’

and,

A - 1+Zj21 M (4) (1*y)j
Cvalley (.13, Y, Z) - ; 7 - 7
1+ 35 MY (A) (1 —y) =350 NPT (A) (1 —y)

Proof. For the proof for C4

peak (37»% Z) the notation

[007clv~-~7cnflacn]:co+c T 1
1 co+—L——

R B
Cn—1+1/cp

will be used. The pattern peak will be considered first: a recursive form for its generating
function will be obtained and this will be used to find the explicit form. To derive the recursion
for C;‘wk (z,y, 2), consider the element ag € A = {ay,...,aq}, the largest element in the set. A
peak will occur around ag if there is a smaller part on either side of it within the composition.
Let Ay, = {ai,...,a;} and o be a composition made up of parts from A = {ay,...,aq}. If
aq is not contained in the composition o then such a o is counted in the generating function

Ag_ . » . .
Cpe‘flkl (x,y,2). Otherwise, if the composition contains ag4, three different cases may occur:

1. The first occurrence of a4 is at the start of the composition o i.e.
g = CLdUI

where ¢’ is a composition made up of parts in A (and therefore with generating function
C;;‘eak (z,9, 2)). In this case, as there is no smaller element to the left of the first occurrence
of a4, no peak occurs at the start of the composition o. Thus a4 may be eliminated, resulting
only in a factor of %z in the generating function for this case which is

:::“dzC;,4 (z,9,2).

eak
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2. The second case is when the part a4 is at the end of the composition, i.e. ¢ = Gag, and it is
the only occurrence of a4 in the composition. & is assumed to be a non-empty composition,
otherwise a duplicate of case 1 occurs, and since a4 does not occur withing &, & is made up

of parts from A;_; and its generating function is accounted for in ( ;tfl‘kl (r,y,2) — 1),

where the —1 is a result of the removal of the empty case as & is non-empty. Similarly to
the first case a4, the largest element, occurs on the outside of the composition o at the
end, and hence no peak occurs at this ay. Removing it results in a factor of z%¢z in the
generating function. All of this together gives the generating function for the second case
as,

20z (Cpt! (29,2) = 1))

3. For the last case, the first aq occurs in the interior of the composition o, with a non-empty
composition & with parts in A;_1, as before, to the left of a4, and a non-empty composition
o’ with parts from A to the right of ay. Thus we may represent:

o =adagqo’.
The generating function for & is ( Ii‘;‘kl (z,y,2) — 1), and for ¢’ is (C’pAwk (z,y,2) — 1),

eliminating the empty composition in each case. Now since ¢’ is a composition with parts
from A it may start with an ag4. If it does then,

o = Gagaqo’

and both occurrences of ay may be removed without removing an occurrence of the pattern
peak resulting in a factor of £2%¢22 in the generating function when this is done. These
results combined give the generating function for ¢ in this case as

(C’;‘ei’kl (,y,2) — 1) mQQdZQC;‘eak (z,y,2).
However, when ¢’ and & are both non-empty compositions, and ¢’ does not start with an
aq, combined with the fact that & is made up of parts from A?~!, a peak occurs at the first
occurrence of ag in the interior of the composition o. Thus splitting off the first a4 for the
generating function for o results in a factor of 22%¢z2y, where the y is a result of removing
an occurrence of the pattern peak. Now as ¢’ is a non-empty composition, with parts in
A, and it does not start with a4, then its generating function is given by

C’;‘eak (x,y,2) —1— xadzC’;‘eak (z,y,2).

That is, it is the generating function Cfeak (z,y,2) less the empty case with generating
function 1 and the generating function for compositions of ¢’ starting with a4. So for the
case where the first ag occurs in the interior of ¢ and it has no a4 neighbor, the generating
function for o is

(CAd’l (x,y,2) — 1) % zy (C’A (r,y,2) —1— z% 204 (z,y, z)) .

peak peak peak
Now combining each of these three cases, where C4 = CAeak (z,9,2),

p

CA =CAa— + 2%z CA 4 gy (C’Ad*1 — 1) + x20a 204 (C’Ad*1 — 1)
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+ 2%y (C4 — 1 — 2% 2C0%) (CAd*I - 1) :
Which can be rewritten as

oA (14 2%z (1 —y)) CAi-t — g9z (1 —y)
1 —gtaz(1— %z (1 —y)) —xtaz (202 (1 —y) 4 y) CAa-1’

Considering the numerator,
(1 a2 (1 —y) Ot =tz (1= y) =CHt 4%z (1 —y) Ot 2z (1 —y)
=tz (1= y) Ch = (1= y)) + CAe
=z%z (1 —vy) (C’Ad‘l — 1) + C’A”"l,
and considering the denominator,

1—2%z(1—2%2)(1—y) —z%z(z"2(1—y)+y) CcAi
=1— 2%z (1 —y) + 22922 (1 — y) — 22922 (1 — y) CAa-1 — glzyCAa—r
=g 2 (1 —y) (1 - CAdfl) — %z ((1 —y) + yCAd*I) + 1
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Dividing the numerator and denominator by z%z (1 — y) (C’Aﬂ‘*1 — 1) + CAa-1 gives

CcA = ! _
1— a0z — cld1-1
(14z%dz(1—y))Cd=1 —gtd z(1—y)
Now

CAa-1 — 1 1
ez (=) (CRm =D+ 0% oz (1—y) + G20

_ 1

Cataz(l—y)+ 1_%7
cAd—1
hence,
1
cA = T (10)

1 — x%dz — —
s [m“dz(lfy),lfl/CAd—l}

Lemma 2.7. Let A= {a1,...,a4}, b; = 2%z, and C* = C’If‘eak (z,y,2), then

1

Tl by — I

CA
[ba(1=y),ba—1,ba—1(1=y),...,b2,b2(1~y),b1]

Proof. This will be proven by induction on |A|= d.

Base Case: d=1
ch :

- 1—zaz

therefore the hypothesis holds for the base case.

Induction Hypothesis: Assume that the hypothesis holds for some £ — 1 > 0. This can be
interpreted to be the same as,

CAk—l — 1

1—

Case: k

Now, from (10) it is known that

c4 = :
1— 20z — [

1
z“kz(lfy),lfl/CA""—l]

1

1
bi(1—y),1-1/CA—1]

1 b —
|
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and thus, by the induction hypothesis

1
ch = .
1—0bg —
b (1=y), 11/ ——— p—
k=1 lbr—1(1—y)bp_ob_2(1—v),..., bo,bo (1—y),bq]
1
1—0b, — L '
[br(1=y),bk—1,bk—1(1=y),....b2,b2(1—y),b1]
This proves the lemma. O

Now C’]‘;‘eak (z,vy, 2) is defined in a recursive form. An explicit version for C’Z‘fwk will now be

obtained. Where M? (fld) = M? (A), for the cases where s is even and where s is odd two
recursion are obtained:

M1 (A) =bgM? (A) + M?**t! (A4_;) and (11)
MQS (A) :bdMQS—l (Ad—l) 4 M2S (Ad—l) .

Recall that
M*®(A) = Z 2° H x
(i1,.,i5)EPS(A)  p=1
and,
P? (A) = {(il,...,is) |(l7;j S A,j =1,...,s and io_1 <9 < i21+1 for1 << LS/2J}

Now for M*® (A) there are two cases for s: either s is odd or s is even. In the case that s is odd,
say 2s + 1, then for (i1,...,d0511) € P?**1(A), ias < igsr1, and since aq € A there are cases
where i9s11 = d and the rest of the cases where igsy1 # d. If 99511 = d then it may be that
ios = d as 95 < ig541. For these cases the equation for M?2s+1 (A) becomes

2541

2s
§ : Z25+1 H g% — E : Z25 Hxaij S
Jj=1 j=1

(il,...,igs,d)€P25+1(A) (il,...,’iQS)ePQS(A)
— by M (A).

If instead, 2511 # d, then for all i; <iss11, i; < d, and the equation for M?T! (A) becomes,

2s5+1
E 228-'1-1 H 2% :M25+1 (Adfl) )
(il7--<7izs7d)EP25+1(Ad,1) j=1

Combining these cases,

M2s+1 (A) :bdM28 (A) + M2s+1 (Ad—1> )
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Considering now the case where s is even, say 2s, the same parts in the tuple are considered.
For (i1,...,i25) € P°(A), the last part is different to the odd case as, i25_1 < i25. Again, note
that ag € A so for cases where iss = d for each i; < is,, i; < d, and thus for these cases M?* (A)
becomes

2s—1

2s
§ Z2s H 2% — E 22371 H 2% yptd
Jj=1

(i1, izar )EP(A)  G=1 (11,0020 -1)€P2 1 (A1)

=bgM**! (Ag_1) .

For the cases where iss < d, then i; < d for all i;. The equation for M?¢ (A) for these cases is
given by

2s
S e e (),
(415, i2.§—17i25)€P25(Ad—1) j=1
Combining results for both cases,
M (A) = bgM* ™" (Ag_1) + M** (Ag-1) .

Both these recursions will be used later in the proof. To simplify further calculations let

G

_ 1
d = oa(T—9),ba—1,0a—1(1—4),.-.,b2,b2(1—4),b1] *

ijo M2IH(A)(1-y) G}

Lemma 2.8. Foralld>2, Gg= 5, ME Ay G

Proof. This lemma will be proven by induction on d = |A|.

Base Case: d=2

1
Go=——7—""—
2 [b2 (1 - y)abl]

B 1
ba (1 —y)+ i

b1

:b1b1 (1 —y) +1

therefore G3 = by and G% = b1by (1 — y) + 1, and hence the hypothesis holds for the base case.

Induction Hypothesis: for d > 3 assume that the hypothesis holds for d — 1, that is

Gl
Gd7 1 d—1
Giy
Case: d
By definition,
1




Thus by the induction hypothesis

1
Gy =
ba (1 —y)+ #
hter
Gl
ba—1+ G%j

b= y) (bar + )

B Gi_1ba1+ Gy,
G2 +ba(1—y) (G2 bar +GY )

Now, simplifying the numerator,

ba1Go 1+ Gy =bay [ 1+ MY (Ag1) (1— )’ |+ > MY (Ag) (1- v)

j>1 j=0
=bg_1 + Z ba—1M* (A4_1) (1 — y)’ + Z M (Ag_q) (1 - y)’
j=>1 ji>0

= Z (M (Ag—1) bg—y + M (Ag_q)) (1 — y)’

j=>0
3 MEH () (1 - gy

>0
=Gl

Similarly, simplifying the denominator, using the result for the numerator,
Gl +ba(1—y) (Giiba1+Gy_y) =G +ba(1—y)Gy
=1+ Z M (Ag_1) (1 —y)’

Jj=>1
+ba(1—y) Y MY (A) (1 -y
Jj=20
=1+ M¥ (A44-1) (1—y)’
Jj=1
+ 3 baMH T (A) (1 y)
j=1
=130 (M (Aaa) +0aM¥ ™ (4)) (1= )
Jj=1
=1+ M¥(A)(1-y)
Jj=1
e
Combining the results for the numerator and the denominator,
Gl
Gd = 7d,
Ga

proving the lemma.
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Recall,

A
¢ _l—bd—Gd’

by Lemma 2.7. Using Lemma 2.8,

1
A= —
1—0bg— Gy
B 1
=0
1—0bg — CT%
Ga

G- baGE -G
_ L4 550 MY (4) (1 = gy’
U M (A) (L g = ba (14 Sy M (A) (1 - ) ) = 0 M+ (4) (1 - )/
_ L 3000 MY (4) (1= gy’
L= ba— M1 (A) + 0y M2 (A) (1= )7 = X, (baM (A) + M2+ (4)) (1 - y)

and thus, using (11),

_ L4355 M3 (A) (1-y)’ _
L= MY (A) + 30,5, M2 (A) (1 —y)’ = 32,5, (MHFL(A)) (1 —y)’
1+ ZjZl M2 (A) (1~ Z‘/)j

TS M (A) (L) — 5,0 (M2 (A) (1= )

CA

A

Hence the proof for the explicit form for the generating function C, . (z,y, z) is completed. O

The proof for valley is almost identical, with slight differences: when considering the compo-
sitions, the smallest element in A, ay is considered instead of a4, and Ay = {akt1, a2, -.,04}
is used instead of Aj. Lastly, with regard to the recursions,

M?® (Ag) = by i N*71 (Ajg1) + M® (Agq1) and N°® (Ay) = bt M7 (Ag) + N® (Agyr)

are used, and they are obtained by separating the elements of the tuples in P® (Ay): instead of
looking at the last element, and whether it is equal to d or not, the first element is considered,
and where it is equal to k + 1 or greater than k + 1.

Theorem 2.6 will now be applied to A = N to obtain Vs > 1

25 ,.5(s+2)
M2s (N) _ § leJr “+ios 225 _ ( )
Xr,T
1<i1<i2<t3...i25s—2<i2s—1<l2s 128
) L Z2s+1xs2+3s+1
M2s+1 (N) _ E gt +zzs+122s+1 _
X, T
1<i1 <i2<iz...i25—1<i25 <i2s+41 ( ’ )25+1
2s5+1,.(s+1 2
N2Zstl (N) = E phttiesyn 25+ &
(CL’; $)25+1

1< <ia<ig...ins— 1 <ios<i2s41
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These equations are obtained in the following way (similar to t? (N)):

1. M2 (N):

Recall

M?2s (N) = Z itz 428

1§i1<i2§i3"'i25*2gi2571 <i2s

:z2s 2: mi1+~~+i2s_1 Z xi

1<i1<i2<13...425s—2<l25—1 St
E ; . $i2371+1
2225 $11+m+123*1 17
— X
1<iy <ig<iz...ins_2<igs_1
:Zzs x xi1+"'+2i25—1
1— E

1<i1 <i9<i3...905 2 <ins_1

:Z231m j: 1’i1+"'+i2872 Z in

1<i1 <i2<i3...925—3<i2s_2 S

2i95_2

2223 x xi1+"'+i2s—2$7
1— > e

1<i1 <ia<iz...i2e_3<izs_o

N 14 +3i2s—
= m Z x't 252

1<i1<i9<i3...i05_3<i2s_2

(
2sm Z xi1+~~+i25_3 Z JCBi

¥
)
8

=z
1<i1<i2<i3...125—4<i2s5_3 iSiae s
:z23; Z xi1+"‘+i2s—3M
Ql-z)(d-2?) _ _ .~ _ 1— 43
1< <i2<i3...0905 4 <i2s_3
x.2° | |
2223 Z le+...+412573

(I—2)(1—22)(1—23)

1<i1<i2<i3...925—4 <1253

:Zzs "E."I;?) e x25_1 Z (E2si1
- — x2 _ 251
(1-a)(1—a?).. (1-a>T) &
2 xr J}S x23_1 $2$
S . e

=2z (171‘)(]_7302)“_(]_*1.2571) . T
2s 2320 .. gp2stl

(1—2)(1—a2)...(1—a2)
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All the odd powers of z* for i = 3,5,...,
and the denominator becomes

25 + 1 are multiplied together in the numerator,

2s 2s—1
[0 -1 -2
i=1 =0
= (z; x)zs .
Thus
s (2i41)
2T
M?* (N) =2 —————
(il’ ‘r)Qs
25x5(5+2)
(5 2)q4
The process for M?5+! (N) is similar:
M2S+1 (N) — § xi1+...i25+1z28+1
1<i1 <i2<i3<... Tigg—1<@2s <2541
:Z2s+1 E IHJF'“ZQS E 7
1<i1 <i2<i3<...{igs—2<i2s—1 <i2s 12025
i2
L2541 Z pirteize L °
o - ) _ 1—x
1< <i2<i3<... <igs—2<ios—1 <d2s
:ZZSHL 2 : it 2ize
11—z

1<y <i9<i3 <+ <dgs—2<ios—1<i2s

1
i )3

mi1+---i25—1 E in

1<i3 <i2<13<... <igs—3<izs—2<fi25—1 >0 1
2i9s—1+2
—,2s+1 1 Z pitize T
1—-z - ] , 1—22
1<i1 <i<13<...<igs_3<ios_2<i25_1
2
:Z2s+1$— Z phtBiza
Q1-z1-22 , , .
1<i1<i2<i3<...<igs_3<i2s—2<i2s_1
2,4 2s
 oet1 z?xt. .z (2541)ins
T T e
— _ (1 —
1<iy
2 .4 2s 2s+1
L2541 otz Sz
(1—-2)(1- z2) (1= x25) 1 — a2+l
2 4 2S+2
2541 r=.x
(1—2)(1— )...(1—x23+1)
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Using results similar to the derivation of M?2® (N), it can be seen that all the even powers of
x' for i = 2,4,...,25+2 are multiplied together along with a term of z~! in the numerator
and the denominator is obtained in an identical manner. Thus

P E)-1

($§x)zs+1

s2+3$+1
2s+1 X

($§m)23+1.

M2S (N) :ZQS-‘,-l
=z
. Now, for N?**1(N), the < and < alternate differently, where < occurs to the left of an

odd indexed i;, and < is to the right. In this case

N2s+1 (N) _ Z gl tizetn 2541

1<i1 <io<ig<ig<-<dgs—1<ios<izs41

:Z25+1 E xi1+“'+i2s E Z‘i

1< <i2<13<14<...<lgs—2<ql2s—1 <i2s 1>1%95
. . gplestl
:z25+1 E ghatoties”
o : , . -z
1<i1 <io<ig<ia <...<igs—2<qiz2s—1<i2s
—p2st1_T E it 2ing
1—=

1<y <ip<iz<ig<...<igs—2<qizs—1<i2s

—2s+1_ T Z itz Z 22
1—2

1<41 <i<i3<i4 < <i25-3<tlo5_2<i2s—1 i>d2s5—1
21251
:2,25+1 € E zi1+"'+i25—1 z
1l—-z , A , 1— 22
1< <ip<i3<ig < - <igs3<i2s2<i2s—1
_225+1 € xi1+"'+3i2371
- 2
(e s D VR
1< <i2<i3<ig <+ <dgs—3<i2s 2<i2s—1
25+ o i1btine 2 3i
=z 2 X x
Ql-a)Q—2> _ ; . , Ny
1< <ia<iz<ig <...<idns—4<izs—3<i2s5—2 i>i5 2
3igs—2+3
25+l x gt tize—2 L
eI RD VR =4
1< <ia<iz<ig<...<igs 4 <ios—3<i2s—2
3
— 2541 x.-T Z gt tdina o

(1—2)(1—22)(1—23)

1< <ia<i3<ig <...<igs 4 <i2s—3<i2s—2

3...{E25_1

__2s+1 Tr.x Z "
- — 2 — 2
=25+l z.axd ..zl £(2541)
(1*:3)(1—1‘2)(173525) 171‘284»1
_2s+1 w3 g2l g2+l

(1—2)(1—22)...(1—az2stl)’
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Thus, in a similar way to M?2¢ (N), all the odd powers of z* are multiplied together for
i=1,3,5...,2s + 1. The denominator is again obtained in an identical way to the first
two examples and this gives

L 2ie1)

(; $)23+1
m(s—&-l)z

(xix)2s+1.

N28+1 (N) :2,23—‘,-1

22234—1

These expressions for M?* (N), M?*+! (N) and N2**! (N) can now be substituted back into the
generating functions in Theorem 2.6 to obtain

14355 ZTZ)
Cpeak (z,0,1) = 1 2iG+2) 223541
+ 2051 Gmo,, T 22520 Gy
and,
(G+2)
1+
Cﬁzlley (l‘, 07 1) = 121 @50y x)2

j(+2) G+1)?2
1 ) xJ _ ) T
+ 2-721 (3};38)2]- Z-720 (:8;9:‘)2j+1

the generating functions for the total number of compositions of n with parts in N, without peaks
and valleys respectively. The generating functions generate the following sequences of coeffi-
cients for n = 0,1,...,20: 1,1,2,4,7,13,22,38,64,107,177,293,481,789,1291, 2110, 3445, 5621,
9167,14947,24366 and 1,1, 2,4, 8,15,28,52,96,177, 326,600, 1104, 2032, 3740, 6884, 12672, 23327,
42942, 79052, 145528 respectively (see Appendix 1.4 for their derivation.) The composition with
the smallest parts that contain a peak is 121, of 4, and the composition with the smallest parts
that contain a valley is 212, of 5.

For reference in Section 4 it is important to note that there are the same number of valleys in
compositions of n with m parts as there are peaks in compositions of m (n + 1) —n with m parts.
This can be shown by considering compositions of n with m parts, say

0 =0102...0,-10;0441...0m

where 0;_10;0;41 forms a valley for some ¢ = 2,...,m — 1. That is 0,1 > 0; and o; < ;1.
Now replace each part in the composition o with (n + 1) — o;. Thus, denoting the transformed
composition by ¢’ and the parts of o’ by o,

oi1=(m+1) -0

(n+1)—o0
z+1 (TL + 1) — Oit+1

~

0; =

and o;_; < oj and 0} > oj ;. Hence the valley in o become a peak in ¢’ and by this transforma-
tion, each valley in o became a peak in ¢’. Now, o’ is a composition of m (n+1) — > 1" o; =
m (n + 1) — n. Therefore the number of valleys in compositions of n with m parts is the same as
the number of peaks in compositions of m (n + 1) —n of m parts. This will be used in Section 4.
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3 Asymptotics for the number of compositions avoiding T

The focus of this section will be to determine the asymptotics for the derived generating functions
that avoid a specific pattern 7, where 7 is any one of the patterns represented by 111, 112, 221,
123, valley or peak. This will be done using tools from complex analysis, namely singularity
analysis to find the dominant pole. To simplify calculations let

C:(2)=0C;(2,0,1) = Z C- (n,0) 2"

n>0

Now, for each 7, C; (n,0) is meromoprhic as it is just a fraction in each case. Theorem 5.2.1
from [51] will be used to obtain the asymptotics for each 7. Now, C; (n,0) counts the number of
compositions of n with parts in N that contain the pattern 7 exactly 0 times. Thus it is counting
a subset of compositions of n, and there are 2"~ ! total compositions of n with parts in N, thus

C, (n,0) < 2" 1
So
Cr(2)=Y_Cr(n,0)z"

n>0

< Z gn—1,n

n>0

1 n
25 Z (22)

n>0

L1
T2\1-922/"

Thus the radius of convergence of C; (z) is greater than 0.5. Now, for each generating function
for T

E=Foy

Thus the dominant pole of C; (z) is the least positive value p for which f (p) = 0. And as the
radius of convergence for C (2) is greater than 0.5 it must be that p > 0.5 for each of the patterns
7. Considering the nature of the poles for the generating functions the argument principle will
be used (from Theorem 4.10a [35]): for a simple closed curve I' the number of times that the
transformed curve f (T') winds around the origin, i.e. the winding number of f (T'), is equal to
the number of zeros of that function. By the argument principle, let the simple closed curve be
the circle r = |z|= 0.7 and the transformation be the f (z) where C; (2) = ﬁ for each pattern 7.
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Clearly, by the graphs in Appendix 1.7 the winding number is 1 for the generating function for
each 7. This means that each f (z) has only one zero for each 7, and hence each p obtained is
the dominant pole, now for each 7,

T=111 :p=0.523351,
T=112 :p=0.55344,
T=221 :p=0.513387,
T=123 :p=0.513286,
T =peak :p=0.61359,
T =valley : p = 0.543207,

(as derived in Appendix 1.5.)

By Theorem 5.2.1 in [51], since p is a simple pole, and the p is the dominant pole, we have

o=k o((1))

where K = —= and v = L. Thus
pf'(p) p

C111 (n,0) =0.499301 - 1.91076™ + O ((10/7)™)
C112 (n,0) =0.692005 - 1.80688™ + O ((10/7)")
Caa1 (n,0) =0.545362 - 1.94785™ 4 O ((10/7)"™)
0123 (n,0) =0.576096 - 1.94823™ + O ((10/7)")
eak (11,0) =1.394560 - 1.62975" + O ((10/7)")
Catiey (n,0) =0.728207 - 1.84092" + O ((10/7)"),

(see Appendix 1.6 for the asymptotic derivation.)

4 Counting occurrences of subword patterns

This section will deal with subword patterns in words on k letters, see [13, 14] for examples of
this topic. Results obtained in the previous section will now be extended to words on k letters.
For this section some definitions are needed:

1. An alphabet [k] = {1,2,...,k} is a totally ordered set of k letters.
2. Words are elements of [k]™.

For a word to contain a pattern 7 it must contain a subsequence of consecutive letters that
resemble the pattern represented by 7, i.e. that are isomorphic to 7. A word is said to avoid 7
if it does not contain 7. Some notation will be defined:

1. The reversal of the pattern 7 will be denoted by r (7) and will represent the pattern as
read from right to left, for example

r(221) = 122.
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2. The complement of the pattern 7 will be denoted by ¢ (7) and will be the instance where
each element 7; in the pattern 7 is replaced by k+ 1 — 7;, for example, on the alphabet [4],

c(113) = 442.

3. Now, with regard to the aforementioned notation, the symmetry class for 7 is given by
{ror(r),c(r),c(r(r))}.

As there is no restriction on the size of the letters of a word (as there is with the elements of
a composition) the patterns represented by each element of the symmetry class occur the exact
same number of times in words consisting of k letters. The structure of words is quite similar to
that of compositions, and only minor alternations need be done to obtain the generating function
for words from the generating functions already obtained for compositions. The generating
functions for the number of words, m letters long, from the alphabet A in which the pattern 7
occurs 7 times, can be obtained from the generating functions

C’;'4 (I7ya Z) )

for the total number of compositions of n consisting of exactly m parts from the set A and that
contain the pattern 7 exactly r times as

C2(1,y,2),

since the size restriction on the sum of elements, letters in this case, does not apply to words.
Applying this to the following theorems for compositions results in similar theorems for words:

1. Theorem 2.1:

" B L+2z(142)(1—y)
Cin (L,y,2) = 1—(k—14+y)z—(k—1) (1 —y)22

2. Theorem 2.2:

(1-y)= _
(1—y)z—1+(1—(1-y)22)"

k k
C{1]2 (15 Y, Z) = CV£2]1 (17y7 Z) =

From this the generating function for words avoiding the pattern 112 = r (211), consisting
of m letters, is obtained to be
z

k k
0[11]2 (1,0,2) = 02[2]1 (1,0,2) = 1+ (- ZQ)k'
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3. For Theorem 2.3, consider ¢} ([k]). When z =1

th ([k]) = Z 2P H 1%

1<iy <ip<--<ip<k  j=1

= Z 2P,

1<y <ig < <ip <k

Thus ¢! ([k]) sums the number of all the ordered subsets of size p of a set of k elements,
i.e. the number of ways of forming a word of length p with letters in the alphabet [k] that
is counted as (];) ways, multiplied by 2P, hence

ACNWES

1
Cy;]i’, (Lya Z) = — — X — -
L—hz = Y0 oS00 (%) (5) 2t (y— )P

Therefore

4. The results for words containing peaks and valleys will now be derived from the previous
results for compositions: for words it is given that A = [k], and = = 1. Applying this to
Theorem 2.6

L+ %0 M ([K) (1~ y)’ |
14 Xy M2 () (1= 9) = g MP([K]) (1= )

To simplify this further, M* ([k]) must be determined. Now

URCIED DI |

(i1, ) € P ([K])

k
Cpea (1.y.2) =

Now
pP? ([k]) = {(il,...,is> |Gij S [k‘],j =1,2,...,8, 051 < t9—1 < l2g for1 << |_8/2J}

To calculate |P* ([k]) | from this definition consider strict inequalities where each element
in the tuple is strictly less than the element to its right, and let

Jn = in + [(n = 1)/2],

so the strict inequalities all hold.
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Then
[P ([K]) [={ (1, 25 - -5 d2s) 11 < 1 < iz <+ < o <k 45— 1}
(k+s—1
N 2s ’
the number of subsets of size 2s that can be made from k + s — 1 distinct elements (where
for the last inequality, jos < k + [(2s — 1)/2] = k + s — 1). Similarly
[P ([R]) [=H (10 das - -0 d2ss1) [T < g1 < o <o+ < Jasr < K+ s}
[ k+s
\2s+1)°
the number of subsets of size 2s 4+ 1 that can be made from k + s distinct elements (where
for the last inequality, josy+1 < k+ [(25)/2] =k +s). And so

e ey = (7, 1),

k41
20+1 _ 2041
M (k) == <2l n 1)

which gives the final result as

il 1,005 - S0 0 ()
eak » - . i k— - X N
2 ijo 227 (1 _ y)J ( 21j+1) _ ijo 22§41 (1 _ y)J (2;;]1)
Due to the nature of the complement of a word,

¢ (peak) = valley,
and therefore it can be seen that
k k
01[)(1]”6:(/ (1’ Y, Z) = Oz[je]ak (17 Y, Z) .
Now
i (k—1+1
ZJ'ZO 22]( 27 )
k—1+j : k+7

Y207 (M57) = Eiso 2 (5551)

which is the generating function for the number of words of m letters from the alphabet
[k] that do not contain valleys or peaks respectively.

(1,0,z) = c

valley

C[k]

peak

(1,0,2) =

o1



Part 11

What to expect in a game of memory
[47]

Abstract

Memory is a game played with two identical decks of cards. The two identical decks are
shuffled together and then their combined cards are laid face down individually. A player
plays the game through a series of moves, which involve flipping over two cards, if the two
cards are identical then they are removed from play, otherwise they are both flipped back
over and the player moves on to the next move. The objective of the game is to remove all
the cards from play.

Consider two identical decks of cards, say of n cards each. It will be shown that as
n — 0o,

1. The average number of moves for a single game of memory is
(3—2In2)n +7/8 — 2In2 ~ 1.61n.

2. The average number of occurrences where the player flips over two identical cards
coincidentally is In2.

3. The average number of flips until the first match has been found in a game of memory

is 227/ (*") ~ /.

1 Introduction

There are two versions of memory, a two player version as in [1], and a solitaire version. Both
versions consist of two identical decks of cards. Each deck consists of n cards, and the two decks
are shuffled together to obtain a single deck of size 2n cards. Each of the 2n cards are laid face
down individually and then the game commences. It is played by a series of moves whereby a
player flips two cards, if the two cards match then they are removed from the game and play
continues to the next move, if they don’t match they are returned, face down, to play. Play ends
when all the pairs of cards have been removed and the game is finished.

For the two-player version, both players are competing to see who can remove the most pairs
of cards from play. This version has its own winning strategies, a risky and a safe strategy
illustrated in [1], the author E. Alfthan describes such a game of memory in terms of the game
of Nim and Misere. This version will not be dealt with - only the solitaire version, played by a
single player, will be considered.

In dealing with the solitaire case it will be assumed that the player has perfect memory and
can remember the position of each of the cards that he has flipped. It will also be assumed that
the player will use the optimal strategy when playing the game, that is,

1. If the player knows the positions of two identical cards he will flip both and remove them
from play.

2. If the player does not know the position of any two identical cards then he begins a move
by flipping a single unknown card. If the player knows the position of its identical partner
then the player flips that card as well and both are removed from play.

52



3. If the player does not know the position of any pair of identical cards, and has already
flipped a card during a move he flips another unknown card. If this card matches the first,
both cards are removed from play otherwise both cards are flipped face down and returned
back into play.

The player continues playing moves in this way until all cards are removed from the game and
the game is finished.

Considering the mechanics of the game, every card in the game of memory is turned over at
least once: once in the case where it is a coincidental match, and at most twice when it has
already been flipped in an earlier move and its match is found after the first flip of a move. This
places the total number of card flips required from start to finish for the a game of memory to
be between 2n, when each card of the 2n cards are flipped over exactly once before their pair is
removed, and 4n where each card is flipped over twice before its pair is removed. Hence, as a
move in the game of memory consists of two flips, a game of memory consists of at least n moves
and at most 2n moves.

It should be noted that for any game of memory the last two cards will always match and
hence the last card is flipped exactly once. This narrows the range of moves to between n and
2n — 1 moves.

A term that will be used throughout the paper is that of a lucky move. When a player
performs a move whereby two unknown cards are flipped and they coincidentally match then the
move will be called lucky.

As the cards are shuffled and flipped at random, the cards may be represented as laid out in
a single row, and flipped going from left to right, without affecting the problem - the random
order of the cards will remain unchanged.

Consider the two following examples relating to the aforementioned format for the problem:

Example 1: Suppose the two identical decks in a game of memory contain 6 cards each, i.e.
n = 6, and that the shuffled deck of 12 cards are laid out in a single row as,

164431262553,

then the player proceeds as follows:

1. The first two cards, 1 and 6, are turned over. They don’t match and are returned to play
face down.

2. The next two cards, first the 4 and then the 4 to the right of it, are turned over resulting
in a lucky move as both cards match and they are removed from play.

3. Next, first the 3 and then the 1 cards are flipped over and since they do not match they
are returned to play face down.

4. The location of both 1’s are now known, and thus, continuing with the optimal algorithm,
both 1’s are turned over and removed from play.

5. Next, first the 2 card then the 6 card are turned over, they do not match and are returned
to play.

6. The second 2 is flipped over and its match has already been seen in the move in the 5.
step, thus adhering to the optimal algorithm, the previous 2’s are both flipped and removed
from the game.
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7. Another lucky move occurs and the two adjacent 5’s are flipped, the leftmost 5 card first
then the one to the right of it, and removed from play.

8. Lastly, the remaining two cards, viz. the two 3’s, are flipped and the game is ended.

Example 2: For this example, the card order for the shortest and the longest games of memory
will be illustrated:

As the shortest possible game of 2n cards consists of n moves, each move must be a lucky move
and hence the cards may be laid out in some form analogous to

112233...(n—1) (n — 1) nn

where each card is laid out next to its copy.

Certainly, if the cards are laid out so that no two adjacent cards match, in the specific order
illustrated below, then there will never be a lucky move, and due to matches laid out such that
the second card in each pair is in an even position from the left each card, except the last, will
be flipped twice, resulting in the maximal 2n — 1 moves as laid out in

123142.. . k(k—2)...(n—1)(n—=3)n(n—2) (n — 1) n.

A structure called an interconnection network [30, 41] will be introduced to illustrate these
examples:

aNdad

1 21 62335445€6
454651123326

[47]

Figure 1: An example of an interconnection network.

For a deck of 2n cards, interconnection networks can be seen to be the 2n cards represented
as points along with n endpoint-disjoint arcs connecting the identical pairs of cards. For any two
deals, if pairs of cards appear in the same place for either deal, where the cards may be different
but still form a pair, both deals will have the same interconnection networks, as illustrated by
Figure 1.

Hence for 2n cards consisting of n identical pairs, for a single interconnection network there
are n choices of pairs of cards for the first pair, n — 1 cards for the second pair, and n — j + 1
choices of cards for the j-th pair. This results in an n!-to-1 map from deals of 2n cards to a
single interconnection network of 2n cards.

In the game of memory, if the cards are dealt in such a way that they are removed in the order 1
to n when the game is played, then the deal is called a standard deal. This is the same as when,
for each i =1,2,...,n — 1, the second 7 in the deal is found to be to the left of the second 7 + 1,
resulting in the removal of the pair of i’s before the pair of i + 1’s for each ¢ = 1,2,...,n — 1,
which is by definition a standard deal.
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(1122,2211} — Y M
(121221213 — £ /M

2112,1221} — A

[47]

Figure 2: The different interconnection networks for the set of cards {1, 2}.

Using the aforementioned definitions, and considering a single deck of 2n cards consisting of
two identical decks of size n, three results will be stated and proven:

1. The average number of moves in a game of memory is (3 — 2ln2)n + 7/8 — 2In2 ~ 1.61n.

2. The average number of times that a player unknowingly flips two identical cards, i.e. the
expected number of lucky moves is In2.

3. The expected number of moves in a game of memory until the first match is found is
22 (21) ~ /7.

Consider now the multiset {1,1,2,2,...,n,n}; clearly a game of memory is equivalent to some
permutation of this set. Denote the set of all of these standard permutations by M,. Every
game of memory is thus some element of this set M.

For each game o € M, o is defined as a map o : [n] — [n]. Say, for example, for the deal
1212 from Ms, o(1) = 0(3) = 1 and 0(2) = 0(4) = 2. Considering the cardinality of M,, leads
to the following lemma.

Lemma 1.1. Let n > 1, for a deck of 2n cards consisting of 2 identical decks of size n, the
number of total possible standard games that may occur is given by

where (2n — 1)!11=1-3-5...(2n — 1), the double factorial.

Proof. This will be proven by induction on n.
Base Case: n =1

For n = 1, the formula is trivially true.
Induction Hypothesis:

Assume that for some n > 2 the number of standard games for a game of memory from two
identical decks of size n — 1 is given by

2(n—1)—1)!1= (2n - 3)!

%)



Case: n

By adding two copies of the card n to a standard deal of size 2 (n — 1), a standard deal of size
2n may be formed: putting an n at the end of the deal to ensure that the deal remains standard
and an n in any of the 2 (n + 1) — 1 places between the initial 2 (n — 1) cards. Thus the number
of games of memory possible from a deck of 2n cards formed in this way is given by

2n-=3)112n—-1)+1)=2n—-3)!1(2n—1)

O

For ¢ € M,,, where n > 1, the position of the second card in the pair that are matched first in
the game o will be denoted by f(c). As 0 € M, is defined to be a standard deal f (o) is the
position of the second 1 card in the deal, as the first matching pair will be a pair of 1’s.

Denote the total number of games o € M, that have f (o) = j by a(n,j). Say for a game
o € M, that f (o) = j. As it is the second occurrence of the card in the first matching pair
there must be at least n — 1 cards to the right of that card - the second occurrence of each of
the 2,3...,n cards for each of the pairs for 2,3,...,n. As the card at position j is the second
occurrence of the card in the first match, there must be at least one card to the left of it viz. the
first card in the pair, hence

2<j3<n+1.

Soif j <2orj>n+1then a(n,j)=0. Using this notation, the probability that for o € M,
f (o) =7, is given by
the number of games that have f (o) =7  a(n,j)

the total number of games (2n)!/(2"n!)’

From this the expected value of f (¢) can be calculated to be
S N ()
;Prob(f(a) =j)-J :;J : W
St ian,j)

T @n)t/2ml) )

Considering the numerator, Z;L;l j-a(n,j), the following lemma is given.

Lemma 1.2. Vn > 2

n+1

> j-a(n,j)=2"nl.
j=2
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Proof. This will be proven by induction on n.

Base Case: n =2

D irang)=2-a(2,2)+3-a(2,3)

=2

=8.

As a(2,2) = 1, since 1122 is the only deal for n = 2 where f (o) = 2; and a (2,3) = 2 as 1212
and 2112 are the only standard deals for n = 2 where f (o) = 3. Now 2"n!= 222! = 8, thus the
hypothesis holds for the base case.

Induction Hypothesis:
Assume that the hypothesis holds for some n — 1 where n > 3.
Case: n

There are two ways that o € M,, with f (0) = j can be made from ¢’ € M,,_1: where f (¢') = j
or f(o/)=7—-1

1. If f(0o’) = j, then the first n is inserted into ¢’ after the position j, preserving f (¢’) = j,
in any of (2n — (14 j)) = (2n — 1 — j) positions and the second n is added at the end of
o’ as the result must still be a standard permutation, resulting in o € M,, with f (o) = j.
This o can be created in (2n — 1 —j) -a(n —1,j) ways.

2. If f(o/) = j —1, then the first n card is inserted in o’ before the position j — 1, resulting in
f (o) = j, in any of j—1 places, and the second n is added at the end of ¢’ ensuring that the
resulting permutation o € M, is still standard. This can be donein (j —1)-a(n — 1,5 — 1)
ways.

The two ways in which o € M,, can be created from ¢’ € M,,_1, where f (¢/) = jor f (¢/) = j—1,
leads to the recurrence

a(nj)=Cn—-1-j)-an=1j)+(G-1-an-1j-1).

Thus
n+1 n+1
diram i)=Y j-[2n—1-j)-an—1,4)+G-1)-a(n—1,j-1)
j=2 j=2
n+1 n+1
=Y j-@n—-1-j)an-1,7)+Y j-G—-1-an-15-1)
Jj=2 Jj=2
n+1 n
=> i-@n-1—-j)-aln—=1,5)+> j-(G+1)-an—1.),
Jj=2 j=1
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andasa(n—1,j)=0if j > n,

n+1 n
Zj-<2n—1—j)~a(n—1,j)=Zy‘-<2n—1,j)-a<n—17j>.
So
n+1 n n
doicaln) = j-@n-1=j)-an=1,7)+> j-(G+1)-an-1,j)
j=2 j=2 Jj=1

=> 2j-a(n—1,)
j=2

n
=2n-) jra(n—1j)
j=2

=2n-2""1(n —1)! (by the induction hypothesis)

=2"n!.

The results from Lemma 1.2 will now be used in the next theorem, and its corollary.
Theorem 1.3. Let n > 1, then the position of the second card in the first matching pair is
expected to be at

2277,

G
Proof. By equation (1) the expected value of f (o), which is the expected position of the first
match, is

(2n)!/(2mn!)

By Lemma 1.2.,
St icalng) ol
(2n)!/(2n!) — (2n)!/(2"n!)
22n
(@)l /(n!)?
22n

)

Corollary 1.3.1.



Proof. Stirling’s approximation [50] states that

n n
n!l~V2mn <7) .
e

Thus
22n _ 22n
G @n)t/(nt)®
_22" (n! )2
 (2n)!

2% (V2mn (2 n)2

(vVaran (22)™)

22" (27n) (%)Zn

oymn2en (2)"
=\/mn.

~

O

A main result with regard to the game of memory will be stated and proven using a number of
smaller lemmas and theorems in the next theorem.

Theorem 1.4. The average number of moves, from start to finish, for a game of memory
consisting of two identical decks of size n is given by

(3-2In2)n+7/8—-2In2+¢,

where limy,_ o€y = 0.

Proof. Consider now f (o), the position of the second card in the first matching pair in a standard
deal 0 € M,,. The number of moves required until the first pair is removed from the game depends
on f (o). If f (o) is odd then flipping the card at position f (o) will be part of the first step in
a move, and as such the first occurrence of 1 will have already been flipped, thus the position of
both 1’s is known and both are flipped and removed from the game. Doing so will take f (o) +1
flips, or (f (o) + 1) /2 moves.

Now if f (o) is even, then the card at position f (o) will be flipped as the second flip in a
move. If the card at position f (o) — 1 is also a 1 then a lucky move occurs and both 1’s are
removed from the game. However, if the card at position f (o) — 1 is not a 1 then an additional
move is required whereby the first occurrence of 1 along with the occurrence of 1 at f (o) are
both flipped and removed from the game. In the case where f (o) is even and a lucky move
occurs, f (o) /2 moves are required until the first match. If a lucky move did not occur then
f (o) /2 + 1 moves are required until the first match.

After the first match both 1’s have been removed from o, as o is a standard deal the next
matching pair will be of 2’s. Once again the player continues playing moves, starting from
position f (o) + 1. Say the next match is found at the card at position f (o) + k, the second
occurrence of the 2 card, for some k > 1. Again the number of moves until the second match
depends on whether k is odd or even.

If k is odd, then as in the case for the first match, it will take k£ + 1 flips from the last match,
until the second match, or (k + 1) /2 moves. If k is even and a lucky move occurs whereby the
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2 card was at the position immediately before f (o) 4 k then it takes k/2 moves from the first
match to the second match. Otherwise if a lucky move does not occur it takes k/2 4+ 1 moves
from the first match to the second match. Each matching pair is removed from the game in this
way until the game is finished.

The notion of a block in a deal o € M,, will now be introduced: a block is a part of a partition
of a standard deal o € M,,. Each block starts at the end of a previous block and ends when the
second occurrence of a card in a matching pair is found. The first block starts at the start of the
deal and the last ends at the end of the deal.

Denote the length of each of these blocks for o as b; (o) for ¢ = 1,2,...,n where the blocks
are listed in the order they appear in the deal from left to right. Clearly by (0) = f (o). And as
o € M,, > | b; (6) = 2n, as the blocks form a partition of all the 2n cards for o € M,,.

When the last two cards in a block form a matching pair then that block is said to be a lucky
block. Now by the previous result, discussing the number of moves until each match, if blocks
are considered then the number of flips required in the i-th block until the i-th pair are matched
is determined by whether b; () is odd or even. The number of moves can be represented by the
equation

bi(0)/2+ai(o),
where

i ifb; (o) odd
a; () =40 if b; (o) even and i-th block is lucky
1 if b; (o) even and i-th block is not lucky.

Denote the total number of even length blocks by e (o), and denote the total number of these
blocks which are lucky blocks by L (o). Then the total number of moves in a game of memory
is given by

n

G e >
) Sbie)

1
3 (number of odd blocks) + 1 - (number of even blocks that are not lucky)

:M-F%-(n—e(U))-i-l'(e(U)_L(U))
3n  e(o)

:74' 2 —L(O’).

Denote the total number of blocks consisting of j cards in every standard deal of ¢ € M,, by
b(n,j) for 7 > 2. Similarly denote the total number of lucky blocks contained in these deals
consisting of j cards by L (n,j) for j > 2.

The first block may have the greatest possible length, which occurs if the second occurrence
of 1 is at position n + 1, followed by the single cards 2,3,4,...,n. Hence, if j > n + 1, then
b(n,j) = L(n,7) = 0. Using the notation b (n,j), the expected value for the total amount of
blocks consisting of j cards in all standard deals of o € M, is

Fin i) — ()
Y Tyt ety
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and for lucky blocks,

L (n,j)

L0 = Gyt

which leads to the expected values

Ele(o)] =Y b(n,2i)

i=1

for even blocks and,

E[L(0)] = ZE(n,Qi),

Thus by the above results the expected length in given by

%+ME[L(0)}—?+W§:L(H,%)- (2)

This equation (2) will be simplified using results that will later be shown. These results are the
asymptotic limits of b(n,j) and L (n,j). For sufficiently large n

2(2n+1) . _ ] 1
e e—— and forj 227 L n,j)~ ——.
JG+1DG+2) )~ 5577

These two approximations for b (n,j) and L (n, j) will be shown to be true by taking the limits
of the following equations and showing them to be 0.

b(n,j) ~ 3)

; . T . 2(2n+1) . . ) _ ' 1
b(n,j)=b(n,j)— ———————— andfor j>2, L(n,j)=L(n,j) — —— 4
) =D = GG ) =t =gy W
This is the same as
T N b 2(2n+1) : N 1
bn,] :bn7] 4+ andfOI'jZQ,LTL’J :Ln7j 4+ —
(m.9) =b{n.3) G+ G +2) ) =Ln.3) jG =1
By the equations given in (4), equation (2) may now be rewritten as
oo oo
= (2n+1) . .
b (n,2i) b(n.2
; . 20) ;(m i+t oM Z))
> 2(2n+1)
= b(n,2i)
;21 2i+1) (2 + 2) +Z n, 20)
Now
2 1 2 1
()

JU+0G+2) 5 g+1 0 j42
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SO

> 2(2n +1)
222 (2 + 1) (26 + 2)

-

=(2n+1) lim
im1 N—o0

s
It
-

-

=Gt fim

s
I
—

1 2 1
=(2 1) l -
(2n + )Nﬁnoo_l toot 2N+1+2N+2>
N
1 2 2 2 2 2 1
=(2n+1) I -4 2=z -
(2n+ )N‘_‘&oz 2 3t17 5" 2N 2N +1 2N+2>

I
—

()=
N N
N | =
|
wl N
+
e
+
=
|
[S 30 N
+
[N
N
2

M=

(2n +1) i 3 2 (1 1 2+2 2+ ¥ 2 2 " 1
=(2n im — — —_ = — = - = e PR
N—o0 2 2 3 4 5 2N 2N +1 2N +2

3 1 101 1 1
=@2n+1) I 2= (144 ——)).
(2n + )NE,HOO;(2+2N+2 ( 23 1t 2N+1>>

o
-

z

Now, 1 — + z— =z + ‘3 N 1 is the alternating harmonic series, which converges to In2, thus
lim 2 (1 ! + L1 + ! = 2In2
N 23 1 oN+1)

So, as limy o 2N+2 =0, the first part of the expression for ;2 b (n, 2i) simplifies to

> 2(2n+1
3 Cntl) op 1) (2 - oma).
20(2i+1)(20+2) 2

=1

Now for lucky even blocks,

Again, the first part of the expression for > ;= L (n,2i) will be calculated. The fraction within
the sum will be decomposed as

1 1 1
jG-1 -1 j’
SO
00 N
1 1
R fl
;%(2@'—1) Ngnoo;( 1 2)
I 1 1 1 1 ISR 1 1
= lim ——4+ === .
N—oo 3 4 2N -1 2N
Now 1 — % + % — i ++ 5 A}_l — W is the alternating harmonic sequence again, and its limit

is known from the previous result, so

- 1
2i(2i—1)

i=1
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Thus far, the following equations are known,

and,

Zb n,2i) = (2n+1) (g —21112) +Y " b(n,2i) (6)

i (n,2i) = In2 + i L (n,2i). (7)

=1

The results from (6) and (7) may now be substituted back into equation (2) to obtain

3n
2

Y2 b(n,2i) = - , 3 oo b(n,2i)
——&—f—ZL(n,QZ):(?)—anQ)n—i—i—21n2+7 ZL n, 2i).

i=1

The last two results needed to prove Theorem 1.4 will be to show that

1.1

(o)
. ; N
nh_)ngog b(n,2i) = 1 and nan;og L (n,2i) = 0.

=1 i=1

limy 00 Y50, b (m, 2i) = 2

Consider first b(n,j), the total number of blocks of length j in all standard deals o € M,.
Trivially for the deal 11, b(1,2) = 1, b(1,5) = 0 if j # 2, since the only deal for n = 1 is 11.
Recall that ¢ € M,, may be formed from o’ € M,,_; by adding an n to the end of ¢’ and inserting
an n somewhere before the added n.

When the n is inserted it may be placed in any of 2n — 1 positions. If it is inserted in a block
of length j the length of that block is incremented by 1. The n added to the end of the deal
results either in a block of length 1 if the second n is not inserted next to the first, or a block of
length 2 if it is, as the second last block ends just before it.

Creating o € M, from ¢’ € M,,_1 in this way results in the following three recursions:

1.

The first recursion is given by,

y. 20 =1)!

b(n,1)=2n—2)-b(n—1,1)+ (2n — 201 (n — 1)1

This recursion is derived in the following way: there are (2n — 2) ways to insert an n into
a deal ¢/ € M,,_; avoiding a particular block of size 1, and there are exactly b(n —1,1)
blocks of size 1. This explains the first term in the recursion. For every game of the
% games a block of size 1 is added at the end if only a single n is added to the
end of the deal and the second n is not inserted next to it. Avoiding the position next to
the n added at the end of the deal, the second n may be inserted into 2n — 2 places. This

explains the second term in the recursion.

The second recursion is given by,

2(m-1)!

b(n,2):b(n—1,1)+(2n—3)'b(n_172)+m‘

Forming o € M, from ¢’ € M,_; in the same way as for the first recursion, an n is
appended to the end of the deal ¢’, and another n is inserted to the left of that n. Each
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block of size 1 that the n is inserted into becomes a block of size 2, and there are b (n — 1,1)
blocks of size 1 in all deals o’ € M,,_1, thus the term b(n — 1,1). There are 2n — 3 ways
that n may be inserted into ¢’ such that it avoids a particular block of size 2 and there are
a total of b (n — 1,2) blocks of size 2 in all ¢’ € M,,_1, hence the term (2n — 3)-b(n — 1,2).
Considering the last term, if both n’s are put at the end of any of the % deals, then
a new block of size 2 is created in ¢’, resulting in the final term in the second recursion.

3. The third recursion, for j > 3, is given by
b(n,j)=0G—-1)-bn-17-1)+2n—-1-j)-b(n—1,j).

Consider blocks of size j where j > 3, when forming o € M, from ¢’ € M,,_; by adding an
n to the end of ¢’ and inserting an n into ¢’ in the same way as in the last two recursions.
Inserting n anywhere in a block of size j — 1, except at the end, results in a block of size
j. This n may be inserted in such a block in any of j — 1 positions, and since there are
b(n—1,7—1) blocks of size j — 1 in all deals 0’ € M,,_; this explains the first term. The
second term is a result of inserting an n into ¢’ € M,,_; by avoiding a specific block of
size j, of which there are b(n — 1,7) in all ¢’ € M,,_1. This n may be inserted into any of
(2(n—1) —j+1) = (2n — j — 1) positions, thus resulting in (2n —1—75)-b(n —1,7).

(2n)!

Dividing each of the 3 recurrences by %777,

b(1,2) =1, and b(1,5) =0 for j#2.

For n > 2, the first recursion becomes

b(n,1)  (2n—2)-b(n—1,1) (2n—-2) 72
(2n)!/(27n!) (2n)!/2mn! (2n)!/27n!
- (2n—2) b(n—1,1) o
TmEn—D@n—2) /@ Tmn—1)l2m)  (2n)!
(2n—2)-b(n—1,1) N (2n —2)(2n —2)!12n
2n—1 (2n)!
_(2n—2)-b(n—1,1)  (2n—2)2n
N 2n — 1 2n (2n — 1)
~(2n—2)-(b(n—1,1)41)
N 2n —1 '
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The second recursion becomes

b(n2) _ bn-L1)  (2n-3)-bn-12) _wieom

(2n)!/(27n!)  (2n)!/(27n!) (2n)!/(27n!) (2n)!/(27n!)
B b(n—1,1) (2n—3)-b(n—1,2) +(2n—2)!2n
TCn—D!1/2 -1  @n-D1/2"I(n-1)) (2n)!
b(n—1,1)  (2n-3)-b(n—1,2) 1
o1 o2n —1 T
b(n—1,1)+(2n-3)-b(n—1,2)+1
N 2n — 1 '

And the third recursion gives
b(n,j) _G=1-bn=-1j-1) @En-1-j)-b(n—-17)
(2n)!/(27n!) (2n)!/(27n!) (2n)!/(27n!)

G- bn-15-1)  @n-1-j)-b(n-Lj)
2n-1)1/21(n-1)!) (Cn-1!/2t(n-11!)
(-1 b-14-1)  @o-1-j)b(n—1.)

2n—1 2n—1
G-1D-b(n—-1jj-1)+@2n—-1—4)-b(n—1,j)
2n—1

These 5 results for b (n, j) will now be stated in terms of b (n, j) using equation (4) in the following
lemma.

Lemma 1.5.

and for j # 2

6

R TSR]

Considering n > 2,

(2n—2)-b(n—1,1)+1
o2n—1 ’

: b(n—1,1)+(2n—3) -b(n—1,2)+1
b(n72):( 2717)1 ( ) ’

b(n,1) =

and for j > 3,
. ) i—1)-b(n—1,j—1)+2n—1—3)-b(n—1,j
b(n,5) (J—1)-b( J ;n (1 J) - b( J)
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Proof. By equation (4)

: - 2(2+1)
b(1,2) _b(1,2)—m

:b(1,2)—13—2

O b(L,2) 1

TN/ 4
1

:1_4

3

=

and for j > 3,
N o 2(2-141)
b(1,7) =b( 73)_m
0 ,j) =0 when j
—O—W(%b(w)—o hen j # 2)
6

:—m(asb(i,j):O when j # 2).

Now, for n > 2,

. - 2(2n + 1)
b(n,1) :b(n,l)—m
@2n—=2)(b(n—1,1)+1)  2(2n+1)
2n —1 6
:vnal@n—m(mn—LU+2@01Z?+U+4>—2@%+U
2n—2 (2n—2)-b(n—1,1) Jr2(27271)(27172)72(2n+1)(2nf1)
2n —1 2n —1 6(2n—1)
(2n—-2)-b(n—1,1) 2(4n*—6n+2)—2(4n>—1) 2p -2
B 2n —1 6(2n — 1) 2n —1
(2n—2)-b(n—1,1) —12n 46 2n—2
2n —1 6(2n—1) 2n-1
(2n—-2)-b(n—1,1) —2n+1+2n — 2
B 2n — 1
(2n—2)-b(n—1,1)—1
- o — 1 ’
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. - 2(2n+1)

b(n,2) =b(n,2) 334
_b(n—=1,1)+(@2n-3)-b(n—1,2)+1 2n+1
B 2n —1 12
! 22n—-1) 22n—-1) 2n + 1
f%_l( T3 th—1L1+(2n 3)( s5q Th(n-12))+1 o
1 l.)(nfl,l)+2n—3 (2n—3)-b(n—1,2) 1 2n+1
-3 2n —1 12 2n —1 2n —1 12
Cb(n—1,1)+(2n—3)-b(n—1,2) +1

2n—1
and,

; N7 . 2(2n+1)
b(n,j) =b(n,j) - m

bn—1,j-1)+Cn—-1-j)-b(n—-1,5)  2(2n+1)
2n — 1 iGHDG+2)

! h 1 2(2(n—1)+1) n—1—j (; o, 2@0-D+1)

=5y (o130 GG ) + T (e < S )

2(2n+1)

JG+1) (G +2)

G-

_G=D-bn-1j-1)+@n—-1-j) b(n—17) L G=12@n-1)
2n —1 G-1DjG+1)2n-1)
(2n—1-75)2@2n—1)

2(2n+1)
JU+DE+)@n-1) GE+D0E+2)

_G=Db—1Lj-1)+@2n—1-j) - b(n—1,j)
2n —1

2(j+2) 2n—1-3)2

iGFDGE+2) G+ G +2)

2(2n +1)

JU+DG+2)

_(jf1)4b(nf1,j71)+(2n717]’)-b(n71,j)+2j+4+4n7272j74n72
2n—1 JG+DG+2)

G- b=l +@n-1-4j) b(n-14)
2n —1
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Using results from Lemma 1.5, the next lemma is obtained.

Lemma 1.6. 1. Forn > 1,

b(n,1)=—1.
2. Form>1,
. 3
b(n,2) =
(n.2) 4(2n—-1)
3. Forn > 2,
b(n,3) =2 b(n,2) = — >
U o 2(2n—1)°

Proof. Each of the three results will be proven by induction on n.
Proving (1):

Base Case: n=1

(2-1-2)-5(0,1) —

b(1,1) =
(1,1) 21-1
=-—1
Therefore (1) holds for the base case.
Induction Hypothesis:
Assume that for some k > 2,
b(k,1)=—1.
Case: k+1
; 2(k+1)=2)-b(k1) -
b(k+1,1
(k+1,1)= (k+ 1)—-1
@R (1) -
2k+1
 2%k+41
2k+1
=1

And thus (1) holds for all n > 1.
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Proving (2):
Base Case: n =1

6(17 2) :b(O, 1)+ (22. .11131) b(0,2) +1

b(0,1) —b(0,2) + 1

Now

2.3 6
. _ 2(2-0+1) 2
b(0a2) :b(072)_ 3.4 __ﬁa
S0
2 2
,2)=—=>—(-=)+1
b2 =3 (~57) +
_3
=7
Therefore the base case holds for (2).
Induction Hypothesis:
Assume that for some k > 1
. 3
b(k,2) = —————.
(k,2) 43k —1)

Case: k+1
Now
, b(k, 1)+ (2(k+1)—3)-b(k,2)+1
b(k+1,2) = ST D 1
—1+(2k—1)m+1
- 2k + 1
 3(2k-1)
42k —1)(2k+1)
3
42k +1)
3

C42k+1)-1)
Thus (2) holds for all n > 1.
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Proving (3):

Base Case: n =2

2.b(1,2) +0.b(1,3)

b(2,3) = 2
_2b(1,2)
-3
_2(9)
3
_1
2
Thus the hypothesis holds for the base case.
Induction Hypothesis:
Let £ > 2 and assume that
: 3
b(k,3) = ———.
(. 3) 2(2k—1)

Case: k+1

By Lemma 1.5,

5%+l3):$b%ﬂyzgizﬂ'wh$

2 (i) + 2k —2) iy
2k +1
3+ (2k—2)3
(2k +1)2(2k — 1)
6k — 3

(2k +1)2(2k — 1)
3
22k +1)
_ 3
C2(2(k+1)—1)

Thus (3) holds for all n > 2. O

Now, still considering b(n, J), the next lemma follows.

Lemma 1.7. Vn,j > 2
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Proof. This lemma will be proven by induction on n.

Base Case: n=1, j=2

. 3
TS

as the products in the right fraction become empty products.

If j > 2, then by Lemma 1.5

Do)

IN
|

Thus the base case holds for n = 1.
Induction Hypothesis:

Assume that the hypothesis holds for some n — 1 > 1. That is
‘<§ 2:4-6...(2(n—1)—-2)
4 3:5-7...2(n—-1)-1)
_§2-4-6...(2n—4)
- 43-5-7...(2n—3)

b(n—1,5)

Let
.(2n—4)
.(2n=3)°

O W~

=] w
Wl N
NS

Case: n

For the case of n, where \b (n—1,7)|< C, there are three different possibilities to consider:

1. For the first case, consider j = 2. Lemma 1.6 gives

; 3 3 2
(.2 l= gy < 1

=




2. For the second case consider 3 < j < 2n — 1. Then, by Lemma 1.5

|G- b=, =)+ @n—1—j) - b(n—1,7)
‘b(n,])‘: 2n —1
j—1 ’ . 2n—1—7 ‘ ‘
< . — — - - 4. _
- w—) bn—1,j—1)|+ T b(n—1,75)
J—1 2n—1-7 . . .
< . .
T C+ o — 1 C (by the induction hypothesis)
2n —2
= 'C
2n—1
2 -2 3 2.4-6...2n—4)
2n—1 4 3-5...(2n-23)

©32:4-6...(2n—2)
C43-5-7...2n—1)

3. Lastly, consider j > 2n. It is assumed that n > 2 thus j > n + 2, this means that for

equation (4), b(n,j) = 0 by definition. Hence, by equation (4)

2(2n +1)

B TSI )

Therefore
2(2n +1)
JG+1) G +2)
2(2n + 1)
“j(2n+1)(2n+2)
1
“nn+2)

b(n.j)| =

(as j > 2n)

A

31 (2 2)>2n—1
_2n_1(abn(n—|—)_ n—1)

2
2n —1

2 4-6-8...(2n—2)
2n—1 3-5-7...(2n—3)
3 2.4-6...(2n—2)
4357 (2n—1)

w

<.
4

w

<.
—4

and thus the hypothesis holds for all n,j > 2. O
Considering the bound in the last lemma,

2.4.6...(2n—2)

073-5-7...(271—1)

from this and infinite product of fractions can be obtained

2 2 4 4 2n—2 2n-—-2 1

c2=2.2.2.2__. . .
1 3 3 5 n—3 2n—1 2n—1’
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as limy, o0 2+ 2.3+ 3... 2222 2022 known as the Wallis product [49]. From [49], it is known

that as n — oo the product converges to 5. Thus, using the result from Lemma 1.6,

’l}( .)‘<§ g g g 4 2n—2 2n—2 1
IIE\\T 33 5 m—3 2mn—1) 2n—1

3 T
=1 2(2n—1) )

Thus as n — oo, then ‘b (n,j)‘ — 0, and thus equation (3) holds as n — oo, that is the asymptotic
limit for b (n, 5) is found to be (3). Now consider

= _°°7 — 2(2n+1)
2 000) = 2 ) = ) T Gy

The expected number of blocks, by definition, is given by Z 1 b(n,7), and Y57 =1 b(n,j) =n as
the expected number of blocks will always be n for any deal o 6 M,,. Now

0 N
(2n+1 12 1
> "—+):(2n+1) lim ) (,—,+,)
JU+1DG+2) Noool=\j j+1 j+2

Jj=1
2 1 1 2 1 1 2 1
—Qn+1) lm (1-24- 424 -4 4% 4 -~
(2n+ )Ngnoo< T3ty 3ttty N+1+N+2>
. 2 1 1 2 1 1 2 1

<2”“)N1§;o<12+2+(33+3>+<44+4)+
(R 21

N N N N+1 N+1 ' N+2

1 2 1 1
=(2n+1) hm - + +
2 " N+1 N+1 N+2
1
=(2 1)1
(2n+1) 1m( N—|—2>
=(2 1
(n+1)
=n+ 3.

L &R, & 2(2n+1)
Dby =Y b)) =Y
= = =i+ +2)
=n—|n+ 1 = —1
B 2) 2
Recall that Lemma 1.6 gave b (n,1) = —1, and thus the sum can be shifted one term,
=2
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Considering the terms in (10) for which j is odd and the terms for which it is even leads to the
next lemma.

Lemma 1.8. Let n > 1, then there exists ky,l, € N such that 2 <k, <l, <n-+2 and

b(n k) b(nk +1) Zb(n,ln)
b(n,ly) <b(n,l, +1) <

Proof. This lemma will be proven by induction on n.

Base Case: For n =1,n = 2,

b(1,2) <b(1,2).

Now
3
b(LZ)—Z
o 6
- 3B41)B4+2)
=b(1,3)
and,
. 6
b(1,3) =—
(1,3) 3(3+1)(342)
< 6 Vk >3

Thus, the theorem holds for the base case n = 1 where k1 = 2 and [; = 3. Now showing the base
case for n = 2,
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Now

b(2,3) = 130
>(4—1)-6(2—174—1)+(2.2—1—4)-6(2—174)
= 221
3-b(1,3) —b(1,4)
B 3
_3(=5is) — (-15)
3

~15.6

3-3-4-5-6

and,

b(2,2)<2-b(2,2)=b(n,3).
Thus the base case holds for n = 2 with ks = 3 and I, = 4.
Induction Hypothesis:

Assume that for n > 3 there exists k,_1,{,_1 such that for 2 < k,,_1 < l,_1 <n+1,

b(n—1,2)<b(n—1,3) <---<b(n—1,kn_1)
b(n—1,kp_1) >b(n 1kn,1+1)2-.->b(n—1,zn,l)
b(n—1,1p_1) <b(n—1,1,_1+1) <

Case: n

For the n case, it will be shown that

b(n,2) <b(n,3) <--- <b(n,kn1) (11)
b(n,kp_1+1) >b(n, kn 1+2)Z~~2[)(n,ln_1) (12)
b(’I’L Ly 1+1) b(’I’L Iy 1—|—2)§"'. (13)

Proving (11): If j = 2, then by Lemma 1.6
b(n,2) <2-b(n,2) =b(n,3)

o (11) holds for j = 2.
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Now consider 2 < j < kp—1 <lp—1 <n+1<2n—2 (since n > 3 it implies that n+1 < 2n —2).
The induction hypothesis gives

bn—1,j—1)<b(n—1,j) <b(n—1,j+1).

j is chosen such that j < k,,_1, and since j, k,—1 € N it implies that 7 + 1 < k,,_1, therefore the
above inequality holds by the induction hypothesis. Now

; =D bn=1j-D+@n=-1-4) b(n—17)

b ] =
(n,4) o — 1
i—1)-b(n—1,5)+2n—1—3j
< G—1)-b(n 5 "7>1+ (2n 7) (by the above inequality from the induction hypothesis)
n—
(2n—2)-b(n—1,5)
B 2n — 1
2n—1
b1, +@2n—2-j)-b(n—1,j)
B 2n — 1
b(n—1,)+2n—2—75)-b(n—1,5+1
SJ (n=1,j)+(@n §)-bn=1j+1) (by the above inequality)
2n—1
—b(n,j+1), (14)

thus proving (11). To prove (12) suppose k,—1 +1 < j < l,,_1 then by the induction hypothesis,
b(n—1,j=1)>b(n—1,j) >b(n—1,j+1).
Again note that as j < l,_1 and j,l,,_1 € Nthen j+1<1,_;. Now

: (=D bn—1j—1)+@n—1—j)-b(n—1,)

b(n,j) = 1

i—1)-b(n—1,/)+2n—-1—75)-b(n—1,j
Z(j )-b(n—LJ) ;n(—nl 7)-bn=1j) (by the above inequality)
(2n-2)-b(n—1,))
B 2n —1

2n—1

jbn—1,)+@2n—2—-j)-b(n—1,)
B 2n —1
b1 )+ @n-2-j)-b(n—1j+1)
- 2n—1
=b(n,j+1).
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Thus (12) is proven. In proving (13), consider j > I,,_1 + 1. The result from (14) holds if
j < 2n — 2 so it must be shown that i)(n,j) < i)(n,j +1) for j > 2n — 1. Since n > 3 this
inequality may be rewritten as j > n + 2, and by definition b(n,j) = b(n,j 4+ 1) = 0. Using
Equation (4) and considering this particular j,

. ) 2(2n+1)
b n, = T T AN AN
(. d) JE+1)0G+2)
2(2n+1) ; )
< — — - - =b n,7+ 1 )
GGGy Ity
and hence proving (13) and Lemma 1.8. O

Lemma 1.9. Consider a monotonic sequence
ai, @z, ..., 0k

where |a;|< d for alli=1,2,...,k. Let

i odd
i<k
k
Be Y w=Yn-4
i even =1
i<k
then
1B — Al < 2d.

Proof. For the proof of this lemma two cases must be considered: the case where the sequence is
monotonically increasing, and the case where it is monotonically decreasing. If it is monotonically
increasing and k is even then

A=a14+as+---+ag-1<as+ags+--+a,=D8,

thus
A—a1=as+ - +ax_1>as+as+-+ax_o =B — ag,

and,

A—a; > B—aqy
<~ 0<B-A<a,—a
<~ |B—-A| < |ag — a1]
< |B — A| <ak| + |a1]| (triangle inequality)
<= |[B—-A|<2d(as |a;|< dforalli=1,2,...,k.)

If k is odd then

A=a+az+---+ap >ay+---+ap1=DB,
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SO

A—ap=a1+a3+ - +apo2<as+ag+---+ax_1=Band
A—ai=a3+as+---+agp >as+aq--+ar_1 =B,

which gives

A—akSB
<— A—- B <ay,

and,
A—a; > B
< A—-B>a,.
Hence,
a1 < A—- B <ay,
SO

1B — A| < |ag| < d.

Thus proving the lemma for a monotonically increasing sequence. The monotonically decreasing
case will now be considered. Suppose the sequence is monotonically decreasing and k is even,
then,

A=a1+a3+ - +ap-1>az2tas+ - +a,=B
S0

A—ay <B—ay
<0< A-B<a —a
<= |A— B| =|B—A| <|a1| + |az| (by triangle inequality)
< |B—A| <2d.

If £ is odd then
A=a+az+-+ag>ax+as+-+ay1 =B,
which gives

A—ap>ay+as+...a,-1 =B and
A—a;<as+as+...a,_1 = B.

Thus,

A—BZGI@,
A—BSGh
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which leads to,
ar < A—B<a.
Hence,
|A—B|=|B—A| <d<2d.
Proving the case when the sequence is monotonically decreasing, and proving the lemma. O

The first limit in Theorem 1.4 will now be evaluated in the next lemma.

Lemma 1.10.
Jm 2 b2 =5

Proof. Recall equation (9), ‘b (n,j)‘ <3 /5@n—1y- Lemma 1.8 states that

b(n,2),b(n,3),...,b(n,2N +1)

is made up of no more than 3 monotonic subsequences for any N € N and by Lemma 1.9, the
absolute value of the difference between the sum of the even and the sum of the odd terms in
one such a sequence is bounded by 2d, where d = < -, /m for this case. Consider now

N N

> b(n,2i) = > b(n,2i+1)|.

i=1 =1

This is the absolute value of the difference between the sum of the odd and the sum of the even
terms between at most 3 monotonic sequences. Hence, by Lemma 1.9, it must be no more than

3(2d), that is,

N N
> b(n,2i) =Y b(n,2i+1)
=1 =1
N N
= —6d <> b(n,2i) Zb (n,2i41) < 6d

i=1 i=

< 6d

N N N
(z)Zb(an—i—l Z (n, 27) Z (n,2i + 1) + 6d.

i=1 =1

Zf;l b(n,2i) is added to obtain

2N+1 2N+1

anz —6d<22bn22 Zb(n,i)+6d.
i=1

79



Recall that equation (10) gives >372, b(n,j) =1+ 1 thus taking the limit as N — oo of the above
inequality gives

1 = 1
- - < ) < — .
5 6d72;b(n,22)72+6d

Substituting the expression for d gives

4113<i\/22n—1> anm i 3(?1 2(2;—1))

Finally taking the limit as n — oo of the above inequality results in,

f: b (n,2i)

which completes the proof. O

MH
»-lk\'—‘

1.2 limy o L (n,2i) =0

Consider now L (n,j). Trivially L(1,2) = 1 and, L(1,5) = 0 if j > 3, as for n = 1 the only
deal is 11 and it is lucky. Two recursions will be used. Obtaining these recursions is similar to
obtaining the recursions for b(n,j) where a standard deal o € M,, is formed from a standard
deal ¢/ € M,,_1 by adding an n card to the end of the deal ¢’ and inserting a second n card in
any of 2n — 1 positions before the n at the end.

1. The first recursion is given by

(2n —2)!

It is obtained by considering that the n can be inserted in any one of 2n — 3 positions
to avoid a specific lucky block, and there are L (n — 1,2) lucky blocks of length 2 in all
o' € M, _1. This results in the first term. The other n may also be inserted next to the
n at the end of the deal ¢’ creating an additional lucky block of length 2 for each of the
deals ¢’ € M,,_1, resulting in the last term.

2. The second recursion, for j > 3, is given by
L(nj)=@G-2)-Ln=1j-1)+2n—-1-j)-L(n—1,j).

Now the n may be inserted into a lucky block of size j — 1, to make it a block of size j, in
any one of j — 2 positions so that the lucky part of the block remains lucky, avoiding the
matching pair at the end of the block. There are exactly L (n — 1,5 — 1) lucky blocks of
size j — 1 in all deals o', hence the first term. Considering the second term, it results from
avoiding a particular block of size j — 1 there are exactly (2n — 1 — j) positions that the n
may be inserted to avoid such a lucky block of size j and there are L (n — 1,5) blocks of
size j in all deals o’ € M,,_1.
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Recall L (n,j) = % so L(1,2) =1and L(1,5) =0 for j > 3. For n > 2, dividing both

recursions by ((227?71),') gives
L2  (2n-3)-L(n—-12) N 2n—2)1/(2" ' (n—1)!)
(2n)!/(27n!) (2n)!/(2™n!) (2n)!/(2™n!)
B 2n(2n—3)-L(n—1,2) (2n—2)!12n
2n(2n—1)2n—2)!/2" 1 (n—1)!) (2n)!
2n—3 L(n-1,2) 2n
Tm—1 2m-2)/2"T(n—1)! " 2n(2n-1)
therefore
L(n2)= (2n — 3) ~2i(7_11—1,2) +1
For the second recursion,
Lng) _(G=2)Ln=1j-1) @n-1-j)-L(n—-1)
(2n)!/(27n!) (2n)!/(27n!) (2n)!/(2™n!)

_(G-2-Ln-1j-1)  @2n-1-j) L(n—1j)
Cn- D@ (-1 Gn-DIE (n-1)1)

(=2 Ln-15-1) (@n-1-4) L(n-17j)

2n —1 2n—1
Therefore
= (=2 Lin—1,j-1)+(2n—1—3)-L(n—1,5)
L(n,j) = o — 1 :
ASL(TL’]):E(TLL])*ﬁ,
L(1,2) =L(1,2) L
O 2(2—1)
1
:1—7
2
_1
=3
and for j > 3,
(1) =L (1,5) - —
’ JjG -1
1
JG—=1)
B 1
JG—=1)
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Now, for n > 2,

. _ 1
L(n,2):L(n,2)—m
(2n=3)-L(n—1,2)+1 1
B on—1 S 2
(2n—3)(ﬁ+L(n—1,2))+1 )
B on — 1 T2
(2n—-3)+2(2n—-3)-L(n—1,2)+2 1
2(2n —1) 2
(2n-1)+2(2n-3)-L(n—-1,2) 2n-1
N 2(2n —1) 2(2n —1)
_(2n-3)-L(n—1,2)
N 2n — 1 '
For j > 3,
_(j72)-f/(n71,j71)+(2n717j)~i(n71,j)_ 1
o o2n—1 2n —1 J=1)
j-2 1 T 2n—1—3j 1 1
s (gpg=g i 1i-0) P (g - 1)
1
G-
(=2 -Ln-1,j-1)+2n-1-j)-L(n—1,j)

2n—1
ji—2 2n—1—3j 1

T DG-DG-2 JG-D@En-1 JjG-1)
(j-2-Ln-1Lj-1)+2n—1—4) L(n—1,j)
2n —1

JG=2)+Cn-1-j)(-2)-(G=2)@2n-1)

' JG-DG-2)@n-1)
:(j—2)-L(n—1,j—1)+(2n—1—j)-L(n—1,j)+ 0
2n—1 JU-1)0G—-2)(2n-1)
:(j—2)-L(n—1,j—1)+(2n—1—j)-L(n—l,j).
2n —1

These results lead to the following lemma.

Lemma 1.11. Let j > 2, then Vn,

. 1
L | <
‘ (”’*7)‘ =9202n 1)
and ¥n > 2,
. . 1
L(n,2)=L(n,3)= SEn—1)

82



Proof. This lemma will be proven by induction on n.
Proving the inequality in the lemma:
Base Case: n =1,

Forn=1, and j = 2,

. - 1
L(1,2)=L(1,2)—
(1.2 =L(1.2) - 55—
1
:1—7
2
_1
=5
So
2= 2(2-1)
and for j > 2,
. 1
‘ (1.4) JG=1)
_ 1
JG=1)
<1 (as j > 2)
=331
1 1 1
—— <= .
62 2(2-1-1)

Thus the hypothesis is true for the base case n = 1.
Induction Hypothesis:

Assume that the hypothesis holds for some n > 1 and j > 2, that is,
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Case: n+1

Now, forn+1 and 3 < j < 2n — 1,

. , j=2)-L(nj—1+@2n—-1—4)-L(n,j

‘Lm+idﬁ= ( ) L( ;nfl ) L(n,j)
NG=2- L -] |@n-1-j) L(nj)
- 2n —1 2n —1
_J- . 2n—1—j .
=2 1 n—1—3j 1

: : by the induction hypothesi
S 1 3@n=D T 2n=1 2{n_1) (b the induction hypothesis)

242 —1-j
 2(2n-1)*
2n—3

2(2n —1)*

_ (2n-3)(2n+1)
202n—1%(2n+1)

(asn>2and 3<j<2n-—1)

_ An? —4n — 3
S (4n?2 —4n+1)2(2n+1)
dn? —4dn+1
“(@n?—4n+1)2(2n+1)
1
S 2(2n+1)
1

S 2(2(n+1)-1)
Therefore the hypothesis holds ¥n > 1 proving the inequality in the lemma.
Proving the second part of the lemma:

Base Case: n =2

For the base case, when n = 2,

(2-2-3)-L(1,2)
2.2-1
L(1,2) 1 1
3 6 2(2-2-1)

L(2,2) =
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and,

L(1,2)+(2-2—1-3)-L(1,3)

L(2,3) = 221
~L(1,2)+0-L(1,3)
o 3
L2 1
T3 6

Therefore L (2,2) = L(2,3) = 2(#_1) and the hypothesis holds for the base case.
Induction Hypothesis:

Assume that the hypothesis is true for some n — 1 > 1, that is,

L(n—l,Q):L(n—lﬁ):m.

Case: n

For the case n,

Ln,2) = o —1
(2n —3) %
— 2@(n=1)-1) (by the induction hypothesis)
2n—1
-
“2(@n-1)

and,

L(n73):(3—2)-L(n—173—1;;—_(2:—1_3).[/(”_1’3)

Lin—1,2)+(2n—4)-L(n—1,3)
2n—1

L(n—1,2)+(2n—4)-L(n—1,2
= (n—1,2) + (2:7 1 ) L(n=1,2) (by the induction hypothesis)
(2n—3)-L(n—1,2)
2n—1

(2n - 3) (Emin=n)
2n —1

v
2(2n —1)’

proving the lemma.
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Lemma 1.12. Vn > 1

ZL(n j)=0.

Proof. The first equation will be proven by induction on n.

Base Case: n =1

> L(1,j)=L(1,2)+0+0+...
j=2
=1.
Thus the hypothesis for the first equation holds for the base case.
Induction Hypothesis

Assume that the hypothesis holds for some n — 1 > 1, that is

e}
Ln-1,7)=1.
j=2

Case: n

For the case n,

L(n,j) =L (n,2) —|—ZE (n,7)
j=2 j=3
~(j—2-L(n—1,j-1)+@2n—1-35)-L(n—1,75)
+Z 2n —1
7j=3
(2n—3)-L(n—1,2)+ 1+§°:(g—2) Lin—1,j—1)+@2n—-1-3)-L(n—1,5)
N 2n — 1 ; 2n — 1
Jj=3
(2n-3)-L(n—1,2)+1 1 &, - .
= 5T —&-2”71;(‘7 Ln-1,7-1)

2n—3)-L(n—1,2)+1 1 > .
_( ) L( ) Z

+
2n —1 2n —1 e e
MY L(n—1,4)-Y Ln-1,5)=> j-L(n—1,)
J=3 7j=3 =3
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(2n-3)-L(n—1,2)+1 1 >

i+1)-L(n—1,7)—2> L(n—1
h— s el DOICER P ACERN) Z n—1,7)
j=2 Jj=2
+2nZL (n—1,4)—2n-L(n—-1,2)=> L(n—1,4)+L(n—12)
j=2 J=2
~> j-L(n—1,j)+2-L(n—1,2)
j=2
(2n—3)-L(n—1,2)+1 1 S >
= Ln-1 L(n—1
S S ;J (n 7J)+; (n—1,5)

+
- Zj L(n—1,5)+2-L(n—1, 2)) (by the induction hypothesis)
Jj=2

(2n—=3)-L(n—1,2)+1

B 2n —1

+3 1(1—2+2n—2n-i(n—1,2)—1+E(n—1,2)+2~E(n—l,z))
n_

2n—2+41

 2n—1

=1

proving the first equation in this lemma.

For the second equation, Z] , L (n,7), recall the definition of L (n, j),

Jj=2 j=2 Jj=2
= 1
=1— Z ﬁ (by the first equation in this lemma.)
=i0-1)

Consider the second term in the above equation,
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Clearly the sum of the partial fraction decomposition forms a telescoping series. This gives,

ii(n,j):l—lzo,

j=2
thus proving the second equation and the lemma.

Lemma 1.13. Let n > 1, then dp, € N such that for 2 < p, < n+ 2,

L(n,2)>L(n,3)>...>L(n,pn),
L(n,pn) < L(n,py +1).

Proof. This lemma will be proven by induction on n.

Base Case: For n =1 it will be shown that p; = 3,

L(1,2):%
L(Lg):_#

and,

1
B+k)(B+k—1)
1

1
[ 11k>1.
Grmesh S g loraltk=1)

L(1,3+k)=—

Now,

. 1
LA+ k+ D)) == grrmes ke )
1
(1+k) (3+E)
1
ST BrRETR
=L(1,3+k)

proving the base case for n = 1.

Now for n = 2 it will be shown that p; = 4. We have

L(22)=¢=L1(@23)
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and,

(4—2)- L(2-1,4—1)+(2-2—1—-4)-L(2—1,4)

L(24)= 221
_2-L(1,3) - L(1,4)
N 3
:2 <_%)_(_112)
3
1 1
=— —<Z.
127 6
For the second part,
. 1
L(2,4) 13
and Vk > 1,
L(2’4+k):(4+k72)~L(271,4+k71)+(2~2717(4+k))~L(271,4+k)
2:-2—-1
C(2+k)-L(1,3+k) —(1+k)-L(1,4+k)
N 3
1 1
24k (_W) —(1+k) (_W)
N 3
1 1
:——>—77
4+k)B+Ek) — 2
and

)

A+k+1)—2)-LE2-1,44Fk+1)-1D+2-2-1-(@A+(k+1) - L2-1,4+ (k+1))

L(2,44+ (k+1) =

2.2-1
_(34+k)-L(1,44k) —(@2+k)-L(1,5+k)
- 3
1 1
:(3""“) <_(4+k)(3+k)) —(2+4k) <_(5+k)(4+k))
3

1 1 .

= =L(2,4+k),

T G+k)(A+k) 2_(4+k)(3+k)

proving the base case for n = 2.
Induction Hypothesis:

Suppose that the hypothesis holds for some n — 1 > 2.
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Case: n

It will be shown that,

L(n,2)>L(n,3)>...>L(n,py_1) and

L(nvpn—l + 1) < L(nypn—l + 2) <....
Consider 2 < j < p,_1. For j =2,
L(n,j)>L(nj+1),

by Lemma 1.11. Suppose j > 3 and note that 2< j <p,1 <(n—1)+2=n+1<2n-—2 for
n > 3. Thus by the induction hypothesis,

Lin=1,j-1)>L(n-1,j)>L(n-1,j+1).

Therefore
. i—2)-Ln—1,j—-1)4+2n—-1—3)-L(n—1,j
L(n’j):(J ) L( J—+( J) - L( J)
2n — 1
i —2)-L(n—1,)+@2n—-1-45)-L(n—1,5
> (G=2)Ln=1J) _571( 7711 ) Lin=1j) (by the induction hypothesis)
(2n—3)-L(n—1,5)
B 2n — 1
@n=3)-Ln—14)+ (G —4)-bn—17)
2n —1
_JLn—-1,j)+@2n-3-j) L(n—1,)
B 2n — 1
o Ln—1,5)+2n—-3—4)-L(n—1,j+1
2‘7 (n=1,j) +( n2 3 1‘7) (n=Lj+ )(by the induction hypothesis)
n—
=L (n,j+1).

Suppose j > p,_1 + 1. Consider two cases:

1. j<2n—2

Then, by the induction hypothesis,
Lin=1,j-1)<Ln-1,4)<L(n—1,j+1).

2.522n—-1:

In this case, as n > 3, it implies that j > n + 2. So,

L(n,j)=L(n,j+1)=0.
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Therefore,

= 1
Emg) =L (n.3) = 75—
_ 1
iG—-1
1 .
T L(n,j+1)

proving the lemma.

Lemma 1.14.

oo
nlLH;OZ;L (n,2i) = 0.
Proof. Using Lemma 1.13 it can be seen that the sequence of L (n,2), L (n,3),..., L (n,2N + 1)
contains no more than 2 monotonic subsequences. By Lemma 1.11, L (n,7)] < m, thus by

Lemma 1.9 the absolute value of the difference of the sum of the even and the sum of the odd
terms in the sequence is the difference of at most 2 monotonic subsequences. Thus it is bounded

by 2 (2d) where d = m That is,
N . N .
> L(n,2i) = L(n,2i+1)| <A4d,
=1 =1

SO

N
—4d§ZLn2z ZLn2z+ ) < 4d
=1 1=
N N

N
<:>ZL(n2z+ Z (n, 21) Z (n,2i 4+ 1) + 4d.

=1 =1

Add 32N L (n,2i) to both sides to obtain,

2N+1 . N ) 2N+1 )
> Ln,i)—4d<2) L(n,2)) < Y L(n,i)+4d,
1=2 i=1 =2

taking the limit as N — oo, and n — oo, gives,

i ' < <
nh_)n;o <ZL(n,z 4d> ZHILIEOZL n, 27) n11_>1r010 (ZL n,i +4d>

=1 =1 =1
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and by Lemma 1.12,

_ . < . - . < .
0 4nh%rrgcd72nlgréO;L(n,21) 70—1—471131010(1

1 <. 1
= —2lim —— < 1i L 21) <042 lim ——
oo 2(2n — 1) = ninéo; (n,2i) <0+2 lim o 2n—1)
< 1 i ) <
—=0< nh—{ch;L (n,2i) <0,
1=
thus the lemma follows. O

And this proves Theorem 1.4. By Lemma 1.10 and 1.14 the ¢, in Theorem 1.4 is of

O (dy + dy) =0 (;ﬁ + i)

()

As a corollary to this result the expected number of lucky moves in a game of memory can also
be obtained.

O

Corollary 1.14.1. For a game of memory consisting of 2 identical decks of size n, the expected
number of lucky moves in a game tends to In2 as n — oo.

Proof. As a move consists of two flips, the cards of a single block are flipped two at a time, one
after the other. Therefore there is a lucky move for each even block as the last two cards will
only be flipped in a single move if the block length is even. Thus the expected number of lucky
moves is

ii(n,%) = 1n2+§:i(n,2¢),
=1

i=1

and hence Y o2, L (n,2i) — In2 as n — o0. O
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Part 111
Exactly solved models of polyominoes
and polygons [11]

Abstract

A polyomino is the interior of a polygon on the square lattice. It is a plane geometric
figure formed from square cells of equal width that are joined together at their edges. As a
polyomino may form the interior of a polygon, a polygon may be thought to be a special type
of polyomino. Generating functions for the enumeration of specific classes of polyominoes
and polygons will be derived using first a recursive description for the structure of the
polyomino and then using one of three different methods to obtain the generating function
for the enumeration for that class of polyominoes from this structure.

1. Polyominoes whose structure is linear and recursive will be counted by the first method,
and the resulting generating function will be rational.

2. Those polyominoes having an algebraic structure will be considered next, and the
method used in their enumeration will result in an algebraic generating function.

3. The class of convex polyominoes will be enumerated last, using the Temperley method,

whereby a new column is added to the polyominoes when defining their recursive
construction.

1 Introduction

Polyominoes are plane geometric figures; thus the parameters considered when enumerating
polyominoes are their area and perimeter. As each cell is a square of area 1 the area of a
polyomino may be used to count the number of blocks of that polyomino. The edges of the
square cells shared by other cells don’t contribute to the perimeter of the polyomino, so the
perimeter measures the length of the border around the polyomino, as it should.

As the perimeter along the north border of a polyomino is equivalent to the perimeter along
the south border, and the perimeter along the east border is equivalent to the perimeter along
the west border, the perimeter of a polyomino is always even.

Now the perimeter of a polyomino consists of a vertical perimeter and a horizontal perimeter,
the perimeter may thus be partitioned into these two parts which may be considered individually
when enumerating polyominoes.

Using this information, let C' denote a class of polyominoes. The complete generating function
for C' will be given by,

Cla,y.q) = Y aPP/2yve(P)/2qa(P)
PeC

where hp (P) denotes the horizontal perimeter of a polyomino P; vp (P) denotes the vertical
perimeter of P; and a (P) denotes the area of P. Therefore the coefficient of 27y*q" enumerates
all those polyominoes from the class C that have horizontal semi-perimeter r; vertical semi-
perimeter s; and area t.

Let C (z,y, z) denote such a generating function. Thus C (¢, t, 1) is the perimeter generating
function, where the coefficients of ¢ enumerate all those polyominoes having half perimeter n.
Similarly C (x,y,1) is the anisotropic version, the perimeter generating function distinguishing
between horizontal and vertical perimeters. Lastly, it can be seen that C'(1,1,q) = > pce q“P)
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is the area generating function for the class C, where the coefficient of ¢" counts all polyominoes
from the class C' which have area n.

This generating function C (z,y,q) can be used to obtain many different results relating to
the class of polyominoes C'. Some of the results obtainable, such as the asymptotics relating
to such a generating function, are found through the use of results from Complex Analysis as
illustrated by Sedgewick and Flajolet in [30].

Due to the nature of polyominoes, the various different types and classes, the task of enu-
merating all polyominoes is tremendously complex. Sub-classes of polyominoes are thus studied
instead to simplify this task. The enumeration of certain classes of polyominoes is applicable to
fields outside of combinatorics:

1. In number theory partitions themselves are enumerated as well as in relation to represen-
tations of symmetric groups.

2. Andrews too considered the enumeration of partitions exclusively as described in [4].

3. In considering directed percolation, directed polyominoes are used, these directed polyomi-
noes also appear as binary search networks in the field of theoretical computer science as
shown in [52]

The majority of classes of polyominoes are formed by considering convexity and directedness
conditions relating to polyominoes. These classes will be defined and their conditions explained
in the following sections.

1.1 Three different counting methods

The following three methods may be used to enumerate a large number of classes of polyominoes.
Each method starts by recursively describing the structure of the polyominoes relating to a
specific class. This structure is then translated to a generating function, C (z,y, ¢). The methods
differ in the way in which the recursive construction of the polyominoes is described. Each of
these methods is applicable to specific classes of polyominoes.

The first method that will be discussed is applicable to all classes of polyominoes that have
a linear recursive structure. The resulting generating function is rational. The second method
is applicable to those polyominoes whose structure is algebraic and gives rise to an algebraic
generating function. The last method is applicable to the class of all convex polyominoes, and
is sometimes referred to as the Temperley approach or the Temperley method. It consists of
adding an extra column to the polyomino when describing its recursive structure and was used
by Temperley in 1956 as illustrated in [46]. It can result in either an algebraic or a rational
generating function.

Other methods also exist which utilize less generalized techniques to enumerate specific classes
of polygons. Among the tools used in those techniques two occur most frequently: the first
appears in a paper by Polya [42] and it concerns staircase polyominoes. This tool may also
be used in the case of polygons that may be self-intersecting and works by eliminating those
polygons which self-intersect through an inclusion-exclusion principle. More general polygons
have been enumerated in [28, 29] using an extension of this tool.

Bijections are the second tool that are used most frequently in the enumeration of specific
classes of polyonimoes - a bijection is found between the class being counted and one with a
simpler recursive structure, thus the original class may be enumerated by proxy of the simpler
class. Examples of the use of this technique can be seen in [12, 25].
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1.2 Different classes of polyominoes and their animals

Consider a polyomino P. It is made up of square cells. An animal is defined to be the set of all
centers of each square cell in P. Let A be the animal that corresponds to the polyomino P. As
all the cells of P are connected, so each of the centers that form A are also connected. These
centers will be called vertices.

An animal is said to be directed if there exists a vertex vy such that there exists a path
between vy and every other point A consisting entirely of only east or only west steps, and only
north or only south steps. Polyominoes may thus be North-West, South-West, North-East and
South-East directed.

Considering now the convexity property of polyominoes:

1. If every vertical line that intersects a polyomino intersects it exactly once then that poly-
omino is column-convex,

2. similarly, if the same holds for horizontal lines, then the polyomino is row-convex.

Distinct classes may be formed by considering each of the four direction properties of polyominoes
as well as each of the four convexity properties. There are 31 classes of polyominoes that adhere
to at least 1 convexity property, and 4 classes of polyominoes that have at least one directional
property. The next figure illustrates some of these polyominoes, as well some animals from the
different polyominoes.

(2) (&) () [11]

Figure 1: (a) shows a polyomino on the left, and that polyomino’s animal on the right. The
animal shown in (b) is North-East Directed, as every other vertex in the animal can be reached
starting from the bottom leftmost vertex, using only North and East steps. The polygon shown
by (c) can be intersected only once by a vertical line and is thus column-convex.
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The five classes of polyominoes that will be dealt with in the next sections are:
1. Convex polyominoes, which are those polyominoes that are column- and row-convex;
2. staircase polyominoes, which are North-East (or South-West) directed polyominoes;

3. bargraphs, which are the special type of polyominoes known as polygons, and are North-
East and North-West directed;

4. stacks is the fourth class of polyominoes that will be considered, and are a subclass of
bargraphs, that are row-convex;

5. lastly, the polyominoes known as partitions, or Ferrers diagrams will be considered which
are polygons that are convex and North-East, North-West and South-East directed.

The next figure illustrates some examples of these polygons.

(a) (®) (c) d ()

L | [ ] | | [ ] ||[11]

Figure 2: The figure in (a) represents a convex polygon. A staircase polygon is shown in (b). (c)
gives an example of a bargraph. (d) is a stack polygon. The diagram in (e) represents a Ferrers
diagram.

Concerning the generating functions and recursions for the different classes of polyominoes,
two definitions will be needed:

1. A rational function: a function is said to be rational if it can be defined by a rational
fraction, that is expressed as a fraction with a polynomial numerator and denominator.

2. An algebraic function: a function is algebraic if it is the root of a non-trivial polynomial.

Now, starting with the enumeration of classes for the first of the three methods, the enumeration
of bargraphs will be considered.

2 Constructing linear models and obtaining rational series

2.1 The class of bargraphs enumerated by area

In this subsection bargraphs will be enumerated with regard to their area. Let the number of
bargraphs that have area n be denoted by b,,. Trivially it is true that by = 1. Bargraphs with
an area greater than 2 can be partitioned into two different subsets:

e bargraphs with a rightmost column consisting only of a single block, which will be referred
to as bargraphs of type 1,

e or bargraphs for which the rightmost column consists of two blocks or more, which will be
referred to as bargraphs of type 2.
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Bargraphs of area n > 2 may be formed from bargraphs of area n — 1 by the addition of a single
block. To obtain bargraphs of the first subset add the block at the end on the right of any
bargraph of area n — 1. This results in a bargraph of area n whose rightmost column consists of a
single block. To obtain bargraphs of the second subset add the block onto the rightmost column
of any bargraph or area n — 1. The result is a bargraph of area n with a rightmost column of
height at least 2.

Since the two different types of bargraphs come from mutually exclusive sets the following
recursion is obtained

bhh=1
if n>2thenb, =b,_1+b,_1
= zbn—l-
Thus
by = 2",

and the area generating function of bargraphs may be given by

> bag”

n>1

Z 2n71qn

n>1

¢ (29)"

n>0

B (q) :

1—2q’

where the coefficients of ¢ enumerate the number of bargraphs with area n.

2.2 Constructing polyominoes as linear objects

Constructing bargraphs in the way described in the previous subsection uses two steps:

1. Partitioning a set into two disjoint sets and using the union of these disjoint smaller sets
instead of the entire larger set to represent the larger set,

2. and forming a larger object from a smaller one by adding a single cell to it.

When considering the area generating function B (g) of bargraphs, the two aforementioned steps
give an expression for the generating function as

B(g)=q+q(B(g)+ B(9)-
The single g represents the area of the trivial case of a single cell bargraph, and the ¢ (B (¢) + B (q))

is a result of concatenating an extra cell onto either one of two different bargraphs, where the
factor ¢ increments the area of those bargraphs by 1.
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If any object in a particular class, with a given size, can be formed exactly once
e from a finite number of starting objects,
e using a disjoint union to represent a larger set,
e and adding a cell to a smaller object to obtain a larger object in a different set,

then that class is defined to be linear.

In continuing with deriving an exact functional expression for B (q) we denote the area
generating function for bargraphs of the first type, that is bargraphs of whose rightmost column
consists of a single block only, by B (¢). These bargraphs have only a single cell in their rightmost
column and thus are formed by adding a single cell to the right of any bargraph, or exist as the
single cell only, thus

B(q)=q+qB(q),

where ¢ represents the area of the single cell bargraph and ¢B (q) represents forming a bargraph
of type 1 by adding a cell to the right of any bargraph.

Returning to the method used in obtaining this generating function, generally the generating
function for such a linear class, consisting of k different disjoint subclasses, is obtained from the
system

k
7j=1

as the first component, where a; ; € N, P; (¢) = x2tb; + -+ + b1 + bo and b; € N Vi.

As can be seen from the area generating function of bargraphs, P; (q) represents the number
of all the initial objects, all of type ¢, while the a; ; represent the total number of ways that a cell
may be added to the objects of type j creating objects of type i. N-rational series are the series
obtained from the above equation, and it can be seen in [45] that there is a strong correlation
between N-rational series and the theory of regular languages.

2.3 Further linear constructions

Three more problems will be considered and solved by the first method, through the use of a
linear recursive description. Two additional tools will be used for these three problems:

1. To utilize the linear recursive description of a class, bijections will first be found between
polyominoes and objects that have a linear recursive structure. The first method can then
be applied to this class of objects.

2. Directed graphs will be used to describe more complex linear constructions.

2.3.1 Enumerating Ferrers diagrams

The first of the three problems is the enumeration of Ferrers diagrams by perimeter. A Ferrers
diagram is a polygon that is convex and directed, as such the class of Ferrers diagrams may be
divided into three disjoint subsets:

1. The first set consists of a single object - the unique diagram of half-perimeter two, that is
the single cell.
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2. The second set is all diagrams whose interior is at least two blocks wide, having rightmost
column height 1.

3. The third set is all diagrams having all columns with height 2 or greater.

This may be illustrated by the following figure.

[11]

Figure 3: The linear structure of Ferrers diagrams.

The diagram in the first set is obtained trivially. The second diagram in the set can be
constructed by simply adding a column of height one to any Ferrers diagram of width at least
1. Diagrams obtained by duplicating the bottom row of any non-empty diagram illustrate the
third set.

Using these three disjoint sets it will be shown that the North-East border of Ferrers diagrams
may be described as a path starting from the North-West corner of the diagram and ending at
the South-East corner.

The set of these words may be used to give a linear construction of Ferrers diagrams by
perimeter. The North-East border of a Ferrers diagram consists entirely of South and East steps
if traversed going from the North-West corner to the South-East corner. Thus such a border may
be represented as a word over the alphabet {e, s} where e represents East steps and s represents
South steps.

Traversing the border of a Ferrers diagram in this way the first step is always East, starting
at the top left corner, and the last step is always South, ending at the bottom right corner.
Hence, all words starting with an e and ending with an s over the alphabet {e, s} encode Ferrers
diagrams along the North-East border.

Denote the class of these words by F and the set of all prefixes of length at least 1 to these
words by L. From this the following linear description is obtained

F=Ls
L={e}ULeULs where Ls= {us|u € L}.

Every word encoding a Ferrers diagram in this way can be seen to consist of a prefix appended
to the letter s, thus F = Ls. This prefix must start with an e as all words encoding Ferrers
diagrams over this alphabet start with an e. It may be only the letter e, or have length greater
than 1, consisting of another similar prefix appended to the letter s as it is not a complete word,
thus

L ={e}ULeULs,

a union of disjoint sets.
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The generating function enumerating these words by length will thus be obtained using the
following system

F (t) =tL (t)
L(t) =t +tL(t) +tL (¢)
—t+ 2L ().

Since a word encoding the North-East boundary is made up of all the steps along that boundary
its length is equivalent to the half-perimeter of the diagram. The above system therefore gives,

t2
Y

— Z 2n72tn’

n>2

F(t)

which is the length generating function of Ferrers diagrams, where the coefficients of ¢ enumer-
ate Ferrers diagrams with perimeter 2n.

Recall that the coefficients of y™ enumerate the polyominoes with vertical perimeter 2n and the
coefficients of " enumerate polyominoes with horizontal perimeter 2m. Considering the border
as consisting of East and South steps separately, and using the linear description given, where
F (z,y) is the generating function for Ferrers Diagrams, we obtain

F(z,y) ==L (z,y)
where L (z,y) =z + L (z,y) + yL (x,y) .

The anisotropic perimeter generating function of Ferrers diagrams can be obtained from this,
where the coefficients of ™ counts the East steps and y™ counts the South steps encoding the
border, as

=y Z <n :_nm> x™y™ (the bivariate generating function)

(” + m) gy

> ()

n,m>1

(]

2.3.2 Enumerating stack polygons

The perimeter generating function of stack polygons will be obtained next, using an identical
argument, and still by the first method. Recall that stack polygons are row-convex bargraphs,
this means they are row- and column-convex.

First consider that a stack may be only the unique polygon of half-perimeter 2, that is the
single cell. A stack polygon of half-perimeter greater than 2 may occur as one of two types:

1. As stacks whose leftmost column has height 1,
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2. or stacks whose leftmost column has height greater than 1.

This divides the stacks into two disjoint subsets with criterion identical to that for the case of
bargraphs. The first type of stack can be formed from the class of all stacks by simply adding a
single block to the left of any stack, increasing the horizontal perimeter by 2, or may exist simply
as the single cell. Stacks of the second kind can be formed in two ways. They can be obtained
from any stack by duplicating the bottom row, increasing the vertical perimeter by 2, resulting
in at least two blocks in the leftmost column, or they can be formed from stacks already having
leftmost column height 1 by adding a block to the right of such stacks. This gives the following
recursive diagram for stack polygons,

- \\. e \ .__.f" "\_I

.z.--"'f- "".\ _I_,-"" ""‘-_k ,.'( \___

L~ 1 - ®mu ®m_______ 1 u I—IS .
~,

L _,..-"'f- \"'\, ~ _,z‘_'--\

L i / I L

Se ) - — s w
t = I t [1 1]

Figure 4: The decomposition of the set of stack polygons into a recursive structure.

The leads to the following system, where the coefficients of ™ enumerate stacks with horizon-
tal perimeter 2n and the coefficients of y™ enumerate stacks with vertical perimeter 2m, given
by

S (.’t, y) =zy + xS (ﬂf, y7) + S+ (QC, y)
Sy (z,y) =yS (z,y) + 254 (2,9).
Therefore the perimeter generating function for stack polygons is

xy (1 —x)

S (v, y) = (1_x)2_y'

2.3.3 Enumerating polygons that are column-convex by their area

Column-convex polygons will now be counted by area. Let P be a polygon from the class of
column-convex polygons, consisting of n cells. Starting from the bottom, leftmost cell label the
cells from 1 to n in the following order:

1. The leftmost column is labeled from bottom to top starting at 1.

2. The cell in the right bordering column that is closest to the cell in the first column is
labeled next.

3. The cells below this cell are then labeled from top to bottom, then the cells above this cell
are labeled from bottom to top.

4. This process is repeated from step 2 for each column, going from left to right, until all the
cells have been labeled.
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This process is illustrated by the following diagram.

1 [ ] 4] [s] a| [a)
3|78 alilc|e
2|5 10 |18 alc B|a
1 11|15 c b|a

o o 1zl b|c

|| [14] | P ]

Figure 5: An example of the labeling process described, encoding the column-convex polyomino
to the word caaacacacbbbcbaa.

The labeling will now be used to encode a column-convex polygon of n cells to a word of n
letters over the alphabet {a,b,c,a,b,¢}. The word will be formed going from the labels 1 to n.

Let w = wiws ... w, be a word encoding a column-convex polygon. Then for : =1,2,....n

1. w; = c if the cell labeled i has the smallest label in its column,
2. w; = b if the " cell is below the cell labeled ¢,
3. and w; = a of the i*" cell is above the cell labeled c.

A bar will be used to denote specific cells: if there is a cell to the East and a cell to the South
of the cell 7, and if there exists no cell to the South-East of the particular cell i, then the letter
encoding it, w;, will have a bar above it. Note that only one cell per column may be encoded
with a bar, as only one cell per column can have an East neighbor but no South-East neighbor
in a column-convex polyomino. It should also be noted that the last column of a column-convex
polyomino can not be encoded with any barred letters, as none of the cells in the rightmost
column have an east neighbor.

This encoding allows any column-convex polygon to be encoded as a unique word w over the
alphabet {a,b, c,a,b,c}. Each of these coding words encodes a column-convex polygon uniquely,
and hence the class of these coding words is the same size as the class of all column-convex
polygons.

We will thus focus on the enumeration of the class of these coding words instead. The set of
prefixes, including the empty prefix €, of these coding words will be denoted by L, and every word
may be constructed from different prefixes. Each prefix may only end on a certain combination
of letters, encoding the rightmost column of a column-convex polyomino. As a result of this
L can be partitioned into 5 disjoint subsets, wviz. Li,Ls, L3, Ly, and Ly, each of which shall be
described as follows:

Ly ={€},

Ly =LicULsa U Lga U Lyc,
Ls =LocULsbU Lse,

Ly =Lsa U Lsa U Lya U Lsb,
Ls =Loc¢ U LsbU L3zé U Lsb.
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Together, all 5 sets L1, Ls,...,Ls form a partition of L and make up every possible prefix
to the words encoding column-convex polygons, as will be explained using the following two
diagrams:

sequence of [ | asingle
atleastl " | labelled cell
labelled cell| -

o [e

L Lo @ EEEEE
. . NI
b b ||b |—]|Db
c || cC S
) 1| P |
. B || || b
b
b
55 a || a
a a || a a ||l a
C C i
d d
al|l | |le|]c¢ al|c
b
cl|l|lec | |- Ellc | |lc]] .
b - k
b||b||b ]|
' b
b

Figure 6: This diagram illustrates all possible rightmost columns which each of the prefixes may
be encoding, and in which set the prefixes belong depending on the rightmost column of the
column-convex polyomino which they encode. Some prefixes do not encode a completed column-
convex polyomino, as is the case in set 4, and 5. Each of the numbered sets 7 corresponds to a
subset L;.
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Figure 7: An illustration, demonstrating the encoding of column-convex polygons to words,
starting at the vertex 1. A prefix in one of the sets L; starts at 1 and ends at 4.

The subsets are classified according the letters on which the prefixes in L end. The first
diagram shows that the five subsets L, Lo, L3, Ly and Ls, form a partition of L based on the
last column of the polyomino which the prefixes in L encode, as each of the possible rightmost
columns allow a prefix to be in one subset only, and each possible rightmost column is considered.

As the prefixes in Ly and L5 have barred letters, @, b and ¢, the words following their prefixes
must still have extra columns added since the bar above the letter signifies a new column.

The prefixes contained in both Ly and L3 can be seen as complete words, encoding certain
column-convex polygons completely. Translating the sets into a series representation that enu-
merates these words by length gives

L, =1,
Ly =q(Ly+ Ly + L3 + Ly),
Lo+ Ls+ L3),

L2+L3+L4+L5),

Ly+ L3+ Ls+ Ls).

L3 =¢q
Ly =q

~ o~~~

Ls =q
As Ly and L3 are seen as encoding polyominoes completely i.e. there are no more letters needed

so that their prefixes fully encode a polyomino, the area generating function for column-convex
polygons is given by

C(q) =L2(q) +Ls(q)-
The above system of equations may be solved to obtain

_ q(-g’
1 —5q+7¢%> — 4¢3

This is the area generating function for column-convex polyominoes, where the coefficient of ¢"
enumerates the total number of column-convex polyominoes having area n (see Appendix 3.1 for
the solution.)

A column-convex polygon may be North-East directed and is North-East directed if the word
encoding it does not contain the letter b, as b will lead to the requirement of a South step in
reaching all the vertices in the polygon from a given vertex. Adjusting the area generating
function C (q) for the case of directed column-convex polygons, all terms L;b must then be
removed from the recursive linear description. Hence the linear recursive description becomes

C(q)

Ly =1,
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Ly =q(L1+ Ly+ L3+ La),
L3 =q(L2+ L3),
L4 :q(Lg —|—L3 —|—L4) .

The set of prefixes L5 becomes irrelevant. Solving this system gives the area generating function
for directed column-convex polygons as

q(1-q)

P =55

(For the solution please see Appendix 3.2.)

2.3.4 Enumerating polygons whose height is restricted to a strip

The next set of polyominoes that will be enumerated are polygons whose height is confined to a
strip of a given height. These polygons thus have a linear structure. Confining polyominoes in
this way to fit in a strip aids in the enumeration of polyominoes, self-avoiding-walks as well as
self-avoiding polygons as can be seen in [3, 6, 44, 53, 54].

Enumerating polyominoes in this way gives an approximation to the enumeration of the same
type of polygons but in a class independent of height. Thus, increasing the height restriction of
the strip leads to more polyominoes being counted and a better approximation.

Consider now self-avoiding polygons restricted to lie in a strip of a fixed height k. The
horizontal edges of a self-avoiding polygon lying in such a strip determine the polygon completely,
as shown in the next diagram.

This polygon may be intersected by a finite number of vertical lines spaced one cell length
from each other. The points at which the edges of the polygon intersect a particular line will be
referred to as a state. As the height of a strip is fixed, the number of edges at specific positions
that one of these vertical lines may intersect is finite, hence there are a finite number of states.

|
Sl
i

ﬁ
2.4 -)-

TI_I_I' :

b
[11]

Figure 8: The illustration of states on a 2-strip, and their mapping to letters over an alphabet
of 3 letters. The polygon on the left is encoded to the word bbbaabaaba.

Those states may be used to encode a self-avoiding polygon of a given height k& to a word,
listing the states as they occur from left to right.

The above figure illustrates a self-avoiding polygon restricted to height 2 encoded to a word
over the alphabet {a,b,b}. Therefore the set made up of these words for any given height & has
a structure that is linear.

Another example of encoding self-avoiding polygons is the way illustrated by the next figure
over the alphabet {a, b, b,c,é,d,e, I+
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Figure 9: The 8 states used to encode self-avoiding polygons restricted to a 3-strip. The polygon
on the left is encoded to the word dba féceaa fcaceeabece.

It should be noted that the position of the intersections of the horizontal boundaries of the
self-avoiding polygon intersecting the vertical lines is important and used to encode the self-
avoiding polygon to a word.

Let the height k of the strip be fixed. Denote by S the set of all the words that encode
a self-avoiding polygon restricted to having height no more than k. Let L denote the set of all
prefixes of the words in S. Now L has a linear structure, containing the words encoding incomplete
self-avoiding polygons. L is also Markovian with memory 1, as for each w € L, the set a of letters
for which wa € L is dependent only on the letter at the end of the prefix w. Thus denote by L,
the set of all prefixes that end in a distinct letter a for every distinct letter a in the alphabet
encoding the self-avoiding polygon to a strip of height k. A graph can be used to encode the
linear structure, and from this graph the equations for the different sets L, can be obtained for
each distinct a.

Now, considering self-avoiding polygons restricted to a strip of height 2, from Figure 7, it can
clearly be seen that in the words encoding these polygons b cannot follow b, and b cannot follow
b. Thus the linear structure of the prefixes is given as follows

Lo = (UL, ULy ULy)a,
as a may follow a,b and b,
Ly = (eUL, ULy)D,
as b may only follow a or b, and
L; = (UL, UL;)D,

as b may only follow a or b.

This structure can now be translated to linear equations, counting the horizontal edges, where
the coefficients of ™ count the total number of incomplete self-avoiding polygons, in a strip of
height 2, having horizontal perimeter 2n, and the coefficients of ¥y counts those having vertical
perimeter 2m.

Adding a horizontal edge is thus equivalent to multiplying by v/z, and adding a vertical edge
is equivalent to multiplying by \/y = z in the generating function. To get a self-avoiding polygon
consisting of just a from the initial vertex you need two vertical and two horizontal edges, i.e. it
has generating function \/z\/zzz = xz2. To add a to the end of the prefixes in L, you only need
two horizontal edges, i.e. multiply the generating function by /x+/z resulting in

Lox.

To add a to the end of the prefixes in L, you need a single vertical edge, and two horizontal
edges, thus the factor of z\/x\/x in

Lyzv/z/2 = Lp2z.
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Adding a to Lj is the same as adding a to L, hence it has generating function
Lyzx.
All of this combines to give
Lo=(e+La+Lp+Lj)a

Consider now the prefixes Ly: to have b from the initial vertex takes one vertical edge and two
horizontal edges, that has generating function zx. Having a b after an a takes a vertical step and
two horizontal steps, giving

LozvVzvz = Ly za.

Finally, to have a b state follow a b state takes only two horizontal edges, and this has generating
function

Lyvav/@ — Lya.
Combining each case gives
Ly = (z + zLo + Lp) .
The set of prefixes L; have a similar linear equation to L,
Ly = (2 + 2L + Lj) @,

as only b states can be followed by a b. Adding a letter to any word in the set L represented by
one of the above equations is illustrated by the second graph in the middle of Figure 9.

The generating function of self-avoiding polygons restricted to a strip having height 2 can
be obtained from the classes of prefixes corresponding to incomplete polygons by adding the
required number of vertical edges to complete the polygons. The polygons ending in an a state
need two vertical edges to be complete, resulting in a factor of 22 when considering the generating
function. The prefixes ending in a b and b need only 1 vertical edge and thus a factor of z in
the generating function. This translates to the generating function for all self-avoiding polygons
restricted to a strip of height 2, given by

Sy (z,y) = 22Lo + zLy + zLg.

Consider the states b and B, from Figure 9 it can be seen that they contribute exactly the same
to the linear structure of the self-avoiding polygon in a 2-strip. They can thus be replaced by a
unique state [ representing both states. The incomplete self-avoiding polygons which end in a 3
state, that is not in an a state, is equivalent to the sum of the generating function enumerating
the number of self-avoiding polygons ending in a b and a b state. This gives the equation

Lﬂ = Lb—‘rLg.
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The next figure illustrates a directed graph for encoding polygons restricted to a specific
height, for k£ = 2. Every word illustrated by the graph is represented as a path starting from a
vertex 0.

O, (b)) (B)<Ox
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©) JO @ (@O 0) (@O
\\ .'ll " h .-. 1)
\ {0 hY Foo
\\\ [ | S Tz | Tz
™ \ o/ rz N\
SN Ny
= =, .
b0 \{34\' ST
[11]

Figure 10: The graph illustrating the linear structure of these polyominoes.

Now, the above system may be simplified to
L, =x (22 + Ly + zLB) ,
Lg =2 (224 2zL,+ Lg),
Sy (w,y) =2°Lg + zLg.

This can be solved to obtain

2y (2 — 2z +y + 3xy)

So (z,y) =
2 (2,) (1- 33)2 —2z2%y

(See Appendix 3.3 for the solution.)

Polygons existing entirely of b states are identical to those existing entirely of the same number
of b states. Thus the series for S (x,y) counts polygons of height 1 twice. To correct this the
generating function for self-avoiding polygons of height 1 given by

St (z,y) =zy Y _ o'
i>0

ay
1—=x

i

should be subtracted from Ss (z,y) to get the generating function for self-avoiding polygons in
a 2-strip as

xy (2 — 2z + y + 3zy) Ty

(1—x) — 222y 1—z
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2.3.5 Counting self-avoiding polygons of height 3

Consider now self-avoiding polygons in a 3-strip. Using the same alphabet as in Figure 8, the
following figure illustrates their linear structure.

?Iz'],-*""-_ Q_, - .,
|'/ dq\l___ = h:‘x—x rx.I{l + 27
A — _uf:"/ ;‘\—:

o/

|
I'. ‘ \ I ",
\ 2rz "
" ! \\\1: 22 / o NEE
|3, . S EEN
| ! : Y
3

 —— 1]

Figure 11: The graph which illustrates the linear structure of self-avoiding polygons, encoded by
words formed as a path from the root vertex 0.

In the same way that the b and the b states in self-avoiding polygons in a 2-strip were combined
in a [ state, they are again combined in a /3 state, however here now too the ¢ and the ¢ states
play symmetric roles and can be combined in a y state similarly.

Having the x and z weights the same as for a 2-strip, Figure 10 can be used to obtain the
following linear recursive system of equations for self-avoiding polygons in a 3-strip, as

=z (2 + Lo + 2zLg + 2°Ly + 2°Lq + 2L.) ,
LB x(2z +22Lg + (14 2%) Lg + 2L + 22Ly)
=1 (22 +22°Lq + 2Lg + Ly + 22Ly) ,
(z+z Lo+ 2zLg+ Lag) ,
Le =x (z +ZL,Y+L6),
Ly =2 (2L, + Ly).
This system may be solved to obtain the generating function for self-avoiding polygons in a
3-strip by first completing the polygons ending in the various states by adding the appropriate
number of vertical edges to get (see Appendix 3.6 for solution.)
S3 (w,y) =2°Lg + 2°Lg + 2L, + zLq + 2*L;
_xyN (z,y)
D (z,y)

where

N(z,y) =3 +1)> 1 -2+ Gz +2)2z-1)(z+ 1) (@ -1y
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— (z—1) (62° 4+ 42° — 182" — 62° + 112> + 8z + 1) ¢/°
—z(z+1) (22" +62° — 827 + 4z + 1) ¢,
and
D@y)=@+1)2@-1°"—2(1+42) 2+ 1)@ —- 1y
+ 2% (32" 4 42® — 62 — 8z — 3) (z—1)y?
+ 2% (z +1) (2 + 32® — bz + 3) °.

S3 (x,y) is the anisotropic perimeter generating function of self-avoiding polygons of height at
most 3. The half-perimeter generating function of the same polygons can be obtained by letting
r =1y =1, that is

(=8t 4+ 413 4+ 107 — 2015 — 15 — t* 4 713 4 312 — Tt + 3)
CA10 — 219 — 518 4 87 — 16 4+ 265 — 41 + 263 + 3¢2 — 4t + 1

S (t)
By counsidering a cylinder instead of a strip, this method may be improved as in [6].

2.3.6 Obtaining g-analogues of the already obtained generating functions

Obtaining now the complete generating function for Ferrers diagrams the area must also be
considered. Let the coefficients of ¢ count Ferrers diagrams with area n.

Referring back to Figure 3, the unique single cell of half-perimeter 2 has area 1, which
translated to a factor of ¢q. Adding a cell to the right of any Ferrers diagram increases the area
of the diagram by 1, resulting in a factor of g. Duplicating the bottom row increases the area
of the Ferrers diagram by the length of the bottom row, as the length of a single cell is 1 which
is the same as the area of the cell. Thus the length of a Ferrers diagram is the same as the
half-horizontal perimeter. The coefficients of ™ in the generating function for Ferrers diagrams
counts Ferrers diagrams having horizontal half-perimeter n, or having length n. Thus increasing
the area by the length of the diagram results in a factor of ¢ for each z. That translates to the
generating function

yF (2q,9,q) .

All this combined gives an expression for the complete generating function for Ferrers diagrams
as

F(z,y,q) = vyq+ zqF (z,y,q) + yF (zq,y,q)

a g-analogue of F' (x,y,1). The term yF (zq,y,q) makes the expression non-linear. An explicit
form of this equation will be determined through iteration,

ryq Y
F(z,y,q) =7 —g 1 _qu(xq,y,q)
2 3
ryq Y ryq Y Y ryYq Y 3
= F
1—xq+ 1—2q1— xq2 +1—xq1—mq2 (1—xq3 + 1— ¢ (vq ,y,q))
_ e zy?q? N zy’q’
l—zq (1-zq)(1-2¢*) (1-2q)(1-2¢*)(1—2¢)
3
Y

3
" (1—zq)(l—2z¢%)(1— xqs)F (:L‘q 'Y, q)
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—y W
= (zq),,

where

(zq)g =1, and (zq),, = (1 — zq) (1 — xqz) (L =zq™).

Finding now the complete generating function enumerating stack polygons, the same factor ¢ is
introduced as for Ferrers diagrams, and Figure 4 will now be used again.

Identically the area of the single cell is 1, resulting in a factor of ¢. Adding a single cell to
a stack increases its area by 1, which results in multiplying the stack generating function by a
factor of ¢. Now those stacks whose leftmost column has height at least 2 are made from two
sets, as described previously. Duplicating the bottom row of any stack increases its area by the
length of that stack, in the same way as for Ferrers diagrams, which gives the term

yS (24,9, q),

Adding a single cell to the right of stacks whose left most column has height at least 2 increases
the area of those stacks by 1, hence the term ¢S5 (x,y,q). This all together gives
xyq Y

S(z,y,q) = T—wg (1_mq)25(wq7y,q)-

which again is non-linear as a result of the S (zq,y, q) term.
Solving this by iteration gives,

ryq )

S(2,y,4) =7 o a _xq)gs(ﬂfq?y,q)
2
ryq y ryq y y 2
= + + S(xq%y,q
l-zq¢  (1-=¢’1-2¢* (1-wq)(1—2g?)’ ( )
_we oy wye .y y xyq’
l-z¢  (1-=g’1-2¢* (1-wq)*(1-a¢*)°1-2¢°
Y Y Y 3
+ S(zq”,y,q
(1—=g)” (1 —2g?)” (1 — wg?)’ ( )
T vy’q? N vy’q’
l—zq (1-2q)(1-2q)(1-2¢*) (1—-2q)(1—-2¢*)(1—2q) (1—2¢°)(1—2¢)

y3

T (=2 (=) (L —2q) (1 — 2®) (1 — 2¢®)

=2 (zq

2 @), (va),,

S (z¢®,y,q)

which finally gives the complete generating function for stacks as,

2 ), (va),,
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2.4 Constructing algebraic models and obtaining algebraic series

The second method will now be described and illustrated through a number of examples. It
consists of using algebraic models and obtaining algebraic series.

2.4.1 Counting the class of bargraphs by perimeter

The first example will be counting bargraphs by perimeter. Considering the perimeter, the set
of all bargraphs will be partitioned into subsets based on the criterion of the position of the first
column of height 1 from left. The description of these classes of bargraphs will be illustrated by
the following figure.

[y I"-\"._ Il'-'k--._
My | WV Mo | W ! WOy Py
II -I‘.-I ! _H_/\II 1 I| '||_.' % U/\II 1 1 II| .I‘... Y ""hll
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Figure 12: Constructing bargraphs recursively, this time to obtain an algebraic structure.

Each representation of the set of bargraphs in the above figure, shown as a general bargraph
having its bottom row duplicated in the first set; which is added to the left of the single cell in
the third set; whose bottom row is again duplicated in the fourth set, with a single cell added
the to right of the duplicated row; and whose bottom row is duplicated in the left part of the
fourth set, and who is added to the right of the single cell added to the right of the duplicated
bottom row in the fifth set, represents a non-empty set of bargraphs.

Using this decomposition it can be seen that there are bargraphs having no column of height
1, shown by the first object in the figure. A single cell is a bargraph of one column of height 1,
and is its own set; next, the class of bargraphs whose first column has height 1; second to the
last is the class of bargraphs whose last column is the only one having height 1; and lastly is the
set of all bargraphs that have some internal column having height 1, that is not the first or the
last column.

So the partition of bargraphs according to this criterion has been explained. These classes of
bargraphs may be encoded by words that describe their entire top border, i.e. the part of the
boundary not on the base of the bargraph. Denote by B the set of these words over the alphabet
{n, s,e} where n, s and e encode North, South and East steps respectively. Let L represent the
part of the words from B without the first or last step. It may be noted that the first step will
always be North and the last South. Thus

B = nlLs,
and using Figure 11
L =nLsU{e}UelL UnlLseUnlLsel.

As the bargraphs from the first set have no column of height 1, there will be at least two North
starting steps and two South ending steps, hence the term nLs when encoding their border. The
set {e} is trivial as the top boundary for a single cell can be encoded as nes. The second step
in the border of the bargraphs from the third set will always be East since the bargraphs from
it have their first column height 1, this gives the eL term. The second last set’s bargraphs only
have their last column height 1, so the first two steps will be North and the last two steps will
be encoded by ses, giving the term nlse.
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Finally the last set of bargraphs have two parts. The first part has no column of height 1,
so the first two steps on the border will be nn. That part is followed by a column of height 1,
resulting in a guaranteed two steps of the border encoded by se. This is followed by the last
part which may or may not have a column of height 1. All of these given terms combine to give,
nlsel.

Using the description of the partition of bargraphs into disjoint sets based on the occurrence
of a column of height 1, the following system for the anisotropic generating function of bargraphs
is obtained where the coeflicients of 2"y™ enumerate the number of bargraphs having horizontal
perimeter 2n and vertical perimeter 2m,

B (z,y) =yL (,y)
L(z,y) =yL (z,y) + o+ zL (z,y) + zyL (z,y) + zyL (z,y)>.

Solving these equations gives,

1-a—y—ay—f-) (10 -y (1 +27)

2x ’
the perimeter generating function of bargraphs (see Appendix 3.4 for the solution.) This gener-
ating function is clearly algebraic. The equation for this generating function may be determined
differently, without the use of words.

Bargraphs may still be partitioned into sets according to the occurrence of a column of height
1, as was done earlier. Firstly there are two disjoint classes into which the set of bargraphs may
be partitioned - those having no column of height 1, which will be referred to as thick bargraphs,
and those that have at least a single column of height 1.

The set of thick bargraphs can be obtained from the set of all bargraphs by simply duplicating
the bottom row of any bargraph. This set thus has generating function yB (x,y). The set of
bargraphs having at least 1 column of height 1 may be partition into 4 disjoint subsets. The
first set contains only the single cell bargraph which has the perimeter generating function zy.
The rest of the sets all have at least two columns, one of which has height 1. The first of these
contains bargraphs whose first column has height 1. These bargraphs may be formed from the
set of all bargraphs by simply adding a column of height 1 to the left of any bargraph, and thus
have perimeter generating function

B (x,y) =

zB(z,y).

The second of these sets is made up of bargraphs whose last column has height 1, and it is the
only column of height 1 in the bargraph. These may be formed by adding a column of height 1
to the right of any thick bargraph and thus have perimeter generating function

ryB (z,y) = zyB (z,y) .

The third set has first column height 1 internally, that is not the first or last column of the
bargraph. This may be created by adding a column of height 1 to the right of any thick bargraph
and adding any bargraph to the right of this column. The perimeter generating function for this
set is thus given by

yB (x,y) xy ' B (z,y) = 2B (z,y)°.

Adding all these perimeter generating functions gives the expression for the anisotropic perimeter
generating function of bargraphs as

B (z,y) =yB (z,y) + xy + aB (z,y) + 2yB (x,y) + =B (z,y)°.
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2.5 Enumerating sets of algebraic objects
Outlining the second method, it consists of two steps:
1. Partitioning a set into disjoint sets having simpler structure,
2. and then taking the Cartesian product of these sets.

If a class of objects can be defined through these two steps, that is through the use of disjoint
unions and the concatenation of elements from different sets through Cartesian products, and
be described recursively in a non-ambiguous manner, then that class is said to be algebraic. The
size of the elements in an algebraic class will be assumed to be additive when two such sets are
concatenated.

The use of algebraic objects now allows for the concatenation of objects from different classes,
and thus generalizes linear constructions which previously only allowed the concatenation of an
object and a cell. The concatenation of objects from two classes results in the set obtained
by taking the Cartesian product of the two classes. Translated to generating functions, the
generating function for the set of concatenated objects is simply the product of the generating
functions of the two concatenated sets. As the generating function of an algebraic class is itself
algebraic, by the definition of an algebraic function it will be the first term in the solution of the
system of polynomials,

Ai:Pi(t,Ah...,Ak) for 1§Z§]€

for polynomials P; whose coefficients are natural numbers.
More examples of the second method will be shown, obtaining algebraic models and generating
functions for each.

2.5.1 Counting staircase polygons by their perimeter

The enumeration of staircase polygons by perimeter will be considered next. Recall that a
staircase polyomino is North-East directed and is also convex. With these properties in mind
staircase polyominoes may be constructed recursively as illustrated by the following figure.

A
-
,

H v Wl

[11]

Figure 13: Constructing staircase polygons recursively.

The set of staircase polyominoes can be partitioned into 2 sets. The one set contains staircase
polyominoes whose width remains the same when their bottom most cells are deleted, and will
be called thick staircase polygons. The second set contains all staircase polygons that are not
thick.
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Keeping with the algebraic construction of the generating functions, let S (z,y) be the
anisotropic perimeter generating function enumerating staircase polygons, where the coefficient
of ™y enumerate staircase polygons with horizontal perimeter 2n and vertical perimeter 2m.

Thick staircase polygons may be formed from the set of all staircase polygons by simply
duplicating each of the cells at the bottom of every column. The resulting generating function
is given by

yS (,y) -

The vertical perimeter is increased by 1 as a result of the left most duplicate cell and increased
by 1 as a result of the right most duplicated cell, hence the factor of y.

Consider now the second set containing staircase polygons that are not thick. The single cell
is contained in this set and has generating function xy. The rest of this set consists of staircase
polygons having at least two columns, and can be split into two types:

1. Staircase polygons whose first column is a single cell, which may be formed from any
staircase polygon by adding a single cell to their left, and thus the set has generating
function

xS (v,y),

2. and staircase polygons that consist of a thick polygon concatenated to a non-thick polygon
by two columns overlapping at one cell only, and thus the set has generating function

yS (x7y) y_ls(x7y) = S($>y)2>

where the factor of y~* is a result of removing a vertical edge of length 1 from the perimeter
of the thick polgyon and the non-thick polygon at the overlap.

1

The generating functions for these sets are added together to obtain the expression for the
anisotropic perimeter generating function of staircase polygons as

S (z,y) = yS (2,y) + xy + 28 (z,y) + 5 (z,9)".

Solving for S (z,y) gives

1
D It G | G E
p7q21p+q_1 p q

This expression is found by the Lagrange Inversion Formula, and its full solution is shown in
[10]. To obtain the isotropic semi-perimeter generating function let x = y = ¢ as in previous
examples to obtain

S (t,t) = % (1-2t—Vi—dt)=> Cpt"*',

n>1
where C,, = (*")/(n + 1) represents the n'" Catalan number and the coefficients of ¢ enumerate

staircase polygons having semi-perimeter n. In [10, 24] the same method is demonstrated for the
directed-convex polygons, and general convex polygons.
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2.5.2 Enumerating the set of column-convex polygons by perimeter

For the next example column-convex polygons will be enumerated by perimeter. Denote the
set of column-convex polygons by C, and let C (z,y) be the anisotropic perimeter generating
function enumerating these polygons.

The partition of C into two subsets will be used in the recursive construction of C'. Let Cy
denote the set of all column-convex polygons that have a cell marked in the last column, and
have generating function C; (z,y). By the symmetry of column-convex polygons the generating
function for the set C; counts those column-convex polygons which have a cell in the first column
that is marked.

Let C5 be the set of all column-convex polygons having a cell marked in the first, and in the
last column uniquely, and having generating function Cs (x,y). Using C; and C5 the recursive
construction of C' is shown in the next figure.

[11]

Figure 14: The symbolic decomposition illustrating the way in which column-convex polgyons
are constructed recursively.

The concept of thickness will again be introduced for column-convex polygons where a
column-convex polygon is said to be thick if its width does not change when the cells at the
bottom row of each column are eliminated.

Thick column-convex polygons may be constructed from any column-convex polygons by
simply adding cells at the bottom of each column, duplicating the bottom row, and thus have
generating function

VIVYC (2, y) = yC (z,y),

where the factor of y is a result of increasing the polygon’s vertical perimeter by 1 on either side
of the duplicated row.
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Finding the perimeter generating function of column-convex polygons that are not-thick, we
must first consider the disjoint subsets forming the set of these polygons. The single cell is a
subset of this set and has generating function xry. Column-convex polygons that are not-thick
but have at least two columns compromise the rest of this set. The subset of these column-
convex polygons of at least two columns may again be divided into disjoint subsets, based on the
criterion of the position of the first two columns from left that overlap by only a single edge. The
first such set of these column-convex polygons are those consisting of column-convex polygons
whose first column has height 1, and may be formed from any column-convex polygon having a
marked cell in its first column, by simply adding a single cell to the left of the column, adjacent
to the cell which is marked. It thus has perimeter generating function xC; (z,y). The factor of
x is a result of adding a cell to the left which increases the horizontal perimeter by 2.

The second subset comprises of column-convex polygons that consist of a thick column-convex
polygon appended to a general column-convex polygon so that the two polygons are joined by a
single cell only.

Again this set will be separated into smaller disjoint subsets. The polygons in this set may
be constructed in a number of different ways, depending on where the thick and general column-
convex polygons are joined. The bottom rightmost cell of the thick column-convex polygon may
be joined to the top leftmost cell of the general column-convex polygon. The set of these polygons
will thus have generating function

yC (x7y) y_lc (ac,y) =C (xvy)Q )

as two edges are removed from the vertical perimeter where the polygons overlap we have a factor
of y=L.

The polygons may overlap at the top rightmost cell of the thick column-convex polygon
and the bottom leftmost cell of the general column-convex polygon giving a set with perimeter
generating function

C (z,y)°,

by identical reasoning as for the previous set.
If the leftmost column of the general column-convex polygon which overlaps with the right-
most column of the thick column-convex polygon has height 1 then two cases may occur:

1. The general polygon only consists of this column of height 1 and the generating function for
the polygons constructed from the thick polygon and the general polygon which is obtained
by adding a single cell to the right of a marked cell in the thick column-convex polygon is

xyCh (2,y) .

It should be noted that this generating function also enumerates the cases where the top
of the leftmost cell of the thick polygon is added to the bottom of the rightmost cell of a
polygon consisting of a cell which is already counted by the generating function C? (z,y).
Thus when considering the perimeter generating function for all column-convex polygons,
the case must be subtracted, as

xyCy (z,y) — 2yC (z,y) -
2. The second set contains the polygons where the column of the general polygon which joins

to the right of the thick polygon has height 1 and where the general polygon has at least
two columns. It may be obtained by joining thick polygons at the marked cell on their left
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to a general polygon at a marked cell on its right, by a single cell only. This set therefore
has generating function

yCi (z,y) zy ' C1 (z,y)

where the zy~! term is a result of the joining cell that adds two horizontal edges and
removes two vertical edges. This generating function, similar to the previous one, counts
those column-convex polygons for which the top cell of the rightmost column of a thick
column-convex polygon overlaps with the bottom cell of the left most column, a column of
height 1, of a general polygon which is also counted by the generating function C? (z,y)
thus considering the perimeter generating function for all column-convex polygons this case
must be subtracted giving the generating function

yCi (z,y) zy~"C1 (x,y) — yC (z,y) wy ' C1 (2,y) == (Cl (z,y)> = C(z,y) C1 (x,y)) :

The generating function for each of these subsets may now be added together, with the particular
double counted parts subtracted, to obtain an expression for the perimeter generating function
of column-convex polygons given by

C=yC+ay+aC+2C° +2y(C, —C)+z(CT —CC),

where C := C (z,y), C1 := C1 (z,y) and C3 := Cs (z,y). C1 may now be constructed in a similar
way.

C1 may now again be partitioned into two sets, one containing thick polygons, and the other
polygons that are not thick. Thick polygons of the set C; may be formed in a number of ways:

1. They may be formed by simply duplicating the bottom row of a polygon already from Cf,

2. or they may be formed from a general polygon by duplicating the bottom row and marking
the rightmost cell in that row.

This set thus has generating function,
y0+y01 :y(c+01)

The set of non-thick polygons of type Cy is more complex to decompose. The polygons in this
set may be formed as follows:

1. They may occur as the single cell that is marked, with generating function
xy.

2. They may be formed by attaching a single cell to the left of a polygon that has a marked
cell in its leftmost column, next to the marked cell, and then marking a cell in the rightmost
column so that the polygon to which the cell is attached has generating function Cy. This
created polygon thus has generating function,

J)CQ.
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3. They can be formed by joining a thick polygon to the left of a general polygon so that the
bottom rightmost cell of the left polygon is joined to the top leftmost cell of the general
polygon by a single edge, or such that the top rightmost cell of the thick polygon is joined
to the bottom leftmost cell of the general polygon by a single edge. For both cases a cell
in the last column is marked. These polygons thus have generating function

CCi+CC, =200,

4. These polygons may also be formed by attaching a single cell to the right of a thick polygon
of type C1, next to the marked cell. Their generating function is given by

zyCh.

However this generating function counts those polygons formed by joining a thick polygon
to the left of a single cell polygon such that the thick polygon is joined at its top rightmost
cell to the single cell, which is already counted by the generating function 2C'C;. So when
considering the generating function for all column-convex polygons the generating function
for this case must be subtracted, which is zyC, giving

2yCr — xzyC =2y (C, — C).

5. Lastly, non-thick column-convex polygons of type C'; may be formed by joining a thick
polygon of type Cp at its marked cell to the left of a single cell and joining the single cell
to the left of the marked cell of a polygon of type Cs, which itself has a marked cell in its
rightmost column. Polygons formed in this way thus have generating function

(E01C2.

This generating function counts those polygons formed by joining a thick polygon of type
C1 to the left of a polygon whose leftmost column is a single cell, which is again also
counted by the generating function 2CC thus when considering the generating function
for all column-convex polygons the generating function for this case must be subtracted,
that is xCCy, giving

$C1CQ — SCCCQ =X (0102 — CCQ) .

Two equations are now obtained, for C' and for C;. An equation for Co will now be obtained
using Figure 13. Again, polygons of type Csy will be partitioned into two sets based on whether
they are thick or not. Thick polygons of type C3 may be formed in 4 ways:

1. They may be formed from a polygon whose leftmost row has a marked cell, counted by
C1, by duplicating the bottom row and marking the rightmost cell in this row, having
generating function

yCl.

2. Similarly, they may be formed from polygons of type C; by duplicating the bottom row
and marking the leftmost cell in the row, having generating function

yCl.
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3. They can be formed from general polygons by duplicating the bottom row and marking
the leftmost and the rightmost cells of the duplicated row giving generating function

yC.

4. Or they may simply be formed by duplicating the bottom row of polygon of type Cs, giving
generating function

yOQ.

Altogether thick column-convex polygons of type Cs have generating function
y(C+2C + Cy).

Column-convex polygons that are not thick and are of type C3 will now be broken into a
number of different sets:

1. They may occur trivially as the single cell with generating function
xy.

2. These polygons may be obtained by adding a single cell to the left of the cell marked in
the left column of polygons of type Cy, thus having generating function

Z‘CQ.

3. These polygons may be formed by joining a thick polygon that has a marked cell in its
leftmost column to the left of a polygon of type Cs, such that the bottom rightmost cell
of the thick polygon is joined to the top leftmost cell of the polygon to which it is joined.
Now the thick polygon may be formed in two ways, by duplicating the bottom row of a
polygon that has a marked cell in its leftmost column, or by duplicating the bottom row of
a column-convex polygon and marking the leftmost cell in the duplicated row, thus giving
the generating function

CCy + CiCh.

4. Using the same steps as in 3. but joining the top rightmost cell of the thick polygon to the
bottom leftmost cell of the general polygon instead gives column-convex polygons which
are not thick and are of type Cy with identical generating function,

(C+Ch)Ch.

5. A polygon of type Cs that is not thick may be formed by adding a single cell to the right
of a marked cell in the rightmost column of a thick polygon of type Cy. Now this thick
polygon may be obtained in two ways: by duplicating the bottom row of a polygon of type
Cs or by duplicating the bottom row of a polygon of type C; and marking the leftmost cell
in the duplicated row. Polygons created in this way thus have generating function

zyCh + 2yCs.

The generating function xyCy counts polygons formed by joining a cell to the right of
the top rightmost column of a thick column-convex polygon and this is also counted by
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2(C + C;)C;. Thus considering the generating function for all column-convex polygons
the generating function for this case xyC must be subtracted. Similarly zyCy counts the
polygons created when a single cell is added to the right of the top rightmost polygon of a
thick polygon of type Cq, which is counted by 2 (C + C) C1, then by identical reasoning
the generating function for this case xyC7 must also be subtracted. This altogether gives,

2y ((C1 = C) + (C2 = C1)) .

6. Lastly, column-convex polygons that are not thick and are of type Cy may be formed by
joining a single cell to the right of the marked cell in the rightmost column of a thick
column-convex polygon of type Cs, and joining to the right of the single cell a column-
convex polygon of type Cs at the marked cell in its leftmost column. As with the case in
5., the thick column-convex polygon may be formed in 2 ways, and in the same two ways,
giving generating function

1‘y02y7102 + $y01y7102 = (022 + 0102) .

However zC3 counts those polygons formed by joining the top rightmost cell of a thick
column-convex polygon of the type C5 to the bottom leftmost cell of a polygon of type
C5, which is already counted by 2 (C' + C7) Cy, and xC1C5y counts those polygons formed
by joining the top rightmost cell of a thick column-convex polygon of type C; to the
bottom leftmost cell of a polygon of type Cs, which is also counted by 2 (C' + C1) C;. Thus
considering the generating function for all column-convex polygons, these two cases must
be subtracted as — (zCCy + xC1C3), giving

x ((Clcz — CCQ) + (022 — Clcg)) .

An expression for the generating function Cs may now be obtained as the sum of all these
generating functions, for the thick and non-thick cases, as

Co=y(C+2C1+Cy)+azy+aCy+2(C+Cp)Cr+ay((Cr —C)+ (Cy—Ch))
+ 2 ((C103 — CCy) + (C3 — C1C)) .
This gives 3 equations in 3 unknown generating functions that can be solved to give

(=5zy — 18 + 22y” — 18y> + 36y + 22) C* + (y — 1) (5ay” — 21y* + 42y — 1day + 5z — 21) C°
+2(y—1)2 (—4y2—|—2:ry2+8y—7zy—4+2m)02+(y—1)3 (myQ—y2+2y—6:ry—|—x— 1ncC
—zy(y—1)"' =0

which is a quartic equation in terms of C. Solving for C' thus gives 4 roots, one of which is the
generating function for column-convex polygons. This is found to be,

1 2v2
2 P
3ﬁ\/1+x+\/(1x) — 162,

Cz,y)=01-y)

2.5.3 Enumerating directed column-convex polygons by their perimeter

A construction very similar to that shown in Figure 13 will be used to obtain the construction of
the set of directed column-convex polygons. As the set of directed column-convex polygons is a
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subset of the set of column-convex polygons the construction of the set of directed column-convex
polygons is almost identical, with one added restriction - for every pair of adjacent columns, the
right column may not be lower then the left, preserving directedness. The construction of the
set of directed column-convex polygons may be illustrated by the following figure.
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[11]

Figure 15: The symbolic decomposition of directed column-convex polygons, illustrating the way
in which their set is constructed, recursively.

Note that in each case, when two directed column-convex polygons are joined, at the joining
columns the right column’s bottommost cell is at the same level or higher than the left column’s
bottommost cell. This figure then translates to the generating function,

D =yD +xy+aD +aD*+ xyD + D> + 2y (D1 — D) +x (Dy — D) D.

As in the previous example an expression for the generating function D1, counting all the directed
column-convex polygons with a marked cell in the last column, will be obtained. The only
objects that change in the construction of this set are the first, and third to sixth. The single cell
with generating function zy stays the same, and the last two sets already contain only directed
column-convex polygons of type D;.

The sets that change will now be described. Thick directed column-convex polygons of type
D; may be formed in two ways:

1. By duplicating the bottom row of a directed column-convex polygon of type D;, and
marking the rightmost cell in the duplicated row,

2. or by duplicating the bottom row of a directed column-convex polygon that is already of
type Dj.
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The set of thick directed column-convex polygons thus has generating function
yD +yDy =y (D + D1).
Considering now the remaining four sets,

1. Counting directed column-convex polygons of type Dy, the set of polygons counted in the
third set represented in Figure 14 are formed by joining the single cell to the bottom left
of a directed column-convex polygons of type Dy, now having generating function

IDl.

2. Considering the set represented by the fourth term in Figure 14, the general polygon added
on the right becomes a polygon of type D1, so the generating function for the set is now

Z‘DDl .

3. Using the fifth term in Figure 14 to count directed column-convex polygons of type D1,
the cell added to the right is marked, so the generating function is essentially unchanged,
and remains

xyD.
4. The sixth term can be used to count directed column-convex polygons of type Di, by

restricting the general directed column-convex polygon on the right to be of type D1, it
changes the generating function for the set to be

DD;.

Combining all the cases, together with those that don’t change, where C is simply replaced by
D, gives an expression for the generating function of directed column-convex polygons of type
D+, as

Di=y(D+Dy)+ay+xzDy+2DDy +axyD + DDy + 2y (D1 — D)+ 2z (D1, — D) D;.
We now have two equations in terms of two unknown generating functions. Solving for D gives,
D)+2(y—-1)D*+(y—-1)(z+y—1)D+ay(y—1)=0

a cubic equation with 3 roots. The correct root is found to be the only root that yields positive
coefficients,

20y 1), (L+iV3) Gy+3ay—y? ~30-1)  (1-iV3) VITFN
D=— + -
3 33/4(M + N) 672

where

M =18z + 6y — 9zy — 6y> — 9zy® + 2y> — 2, and

N:\/4(2y+3a:y—y2 — 32 —1)® + (182 + 6y — 9zy — 6y2 — 9y + 293 — 2)°.

(See Appendix 3.5 for the solution.)
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2.5.4 Enumerating directed polyominoes by their area

The next set of polyominoes that will be counted are directed polyominoes, and they will be
counted by their area. Their structure is algebraic, and was discovered to be so by Viennot in
[48] as he was developing the concept of a heap.

A heap may be defined as a number of objects that are placed vertically in a ‘heap’, where
each object is at least partially on top of another. A minimal object in a heap is the object that
lies the lowest in the heap.

Now considering the set being enumerated, directed polyominoes may be transformed into
heaps. To do this, rotate any directed polyomino 45 degrees, and replace each cell by an object
called a dimer, which is simply the left and right vertex of the cell, after rotation, joined by a
line. This is illustrated by the next figure.

&
oo’

[11]

Figure 16: Applying the aforementioned process to a directed polygon to obtain a stack is shown
on the left of the figure. A half-pyramid is shown on the right.

These heaps each have a minimal piece which is unique. Every heap that is obtained applying
the aforementioned process to directed polyominoes will be referred to as a pyramid. A half-
pyramid will be such a heap where there are no dimers to the left of the minimal piece.

The tool which will allow for the algebraic description of these heaps is the product of heaps.
The product of heaps is defined to be the operation whereby one heap is aligned so that it’s
rightmost dimer is over another heap’s leftmost dimer and is then ‘dropped’ onto it, and its
dimers are allowed to ‘fall’ into place on top of the heap onto which it is dropped. The next
figure illustrates this. Note that the rightmost dimer of the left heap ‘falls’ onto the top dimer
of the right heap, and thereby becomes the top dimer of the product of the two heaps.

[11]

Figure 17: The pyramid on the left is a product of a pyramid and a half-pyramid, as illustrated
by the diagram on the right.

The set of these pyramids may be partitioned into two sets: the set of half-pyramids, and
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its complement whose elements are formed as products of a pyramid and a half pyramid, as
shown in Figure 17. Denote by D (q) the generating function for the set of pyramids where the
coefficients of ¢ enumerate the pyramids having n dimers.

Denote similarly by H (¢q) the generating function of the set of half-pyramids. By the partition
of the set of pyramids as explained, the following expression is obtained,

D(q) =H (¢)+ H (q) D (q)
=H (q) (1+ D (q))-

Decomposing the set of half-pyramids, a half-pyramid may be only the single dimer, with
generating function ¢, the product of one half-pyramid and a single dimer, with generating
function

qH (q)

or the product of two half-pyramids and a single dimer with generating function
qH (q) H (q) = qH (q)*.

All three cases are illustrated in the following figure.

4, /
.\“. D A
H//

U ,,
i
ra //
e
*—d/
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Figure 18: Partitioning pyramids into 3 sets.

These three cases combine to give
H (q) = q+qH (q) + q¢H?(q).

As a dimer represents a cell, it represents a part of a polyomino having area 1, thus counting
pyramids by dimers is identical to enumerating directed polyominoes by area, and thus the
generating functions are the same, so D (q) is also the area generating function of directed
polyominoes. Using these two equations to solve for D (q) gives

o= 325 )

2.5.5 Obtaining g-analogues from the already obtained generating functions

A g-analogue will now be found for bargraphs to obtain their complete generating function. It
has already been shown that the perimeter generating function of bargraphs is algebraic. Figure
11 will be used to find the g-analogue.
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Joining one bargraph to another results in a bargraph whose area is the sum of the areas of
the two bargraphs. Duplicating the bottom row of a bargraph increases its area by the length of
the bottom row, which is the same as its horizontal half-perimeter which is enumerated by the
coefficients of ™ in the generating function. Thus the complete generating function of bargraphs
may be obtained from Figure 11 as

B (x,y,q) = yB (2q,y,q) + vyq + xqB (x,y,q) + vyqB (xq,y,q) + vqB (xq,y,q) B (z,y,q),

a g-analogue of B (z,y,1).

This expression for B (z,y,q) is not algebraic because of the B (xq,y,q) terms. The next
and final section will illustrate a technique to solve such an equation, and the expression will be
solved using it.

3 Temperley’s approach: adding an extra layer

The third method, known as Temperley’s Approach, will be explained and illustrated through
three examples. It was used by Temperley in [46] to obtain a functional equation for generating
functions enumerating column-convex polygons by perimeter, and thus became known as Tem-
perley’s Approach. It had however been used in a more complex way, as can be seen in [7, 38],
before Temperley.

3.1 Enumerating bargraphs by their perimeter and area

The first example illustrating this method will be to find a functional equation for the complete
generating function of bargraphs, B (z, vy, q), which was left for this section at the end of the last.

Along with area and perimeter, the height of the rightmost column of a bargraph will now
also be considered when enumerating bargraphs. Considering this new parameter the generating
function for bargraphs now becomes

B(.’E,y,q,S) = ZBh (xvyvq) shv
h>1

where By, (2,9, q) is the complete generating function of bargraphs whose rightmost column has
height h, and therefore the coefficients of s” enumerate all bargraphs whose rightmost column
has height h. Constructing the set of bargraphs in this way, with the rightmost column height
parameter, is illustrated by the next figure.

[11]

Figure 19: Constructing bargraphs recursively, this time by the Temperley approach of adding
a slice.

Denote the class of bargraphs by B. This class may now be partitioned into 3 disjoint subsets
with regard to this new parameter:
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1. The first set contains bargraphs consisting only of a single column, and thus has generating
function

> @ (ygs)" = aysq )y (ysq)"

n>1 n>0

the factor of x is a result of the width being constant, and as it is a single column the column
height is equal to the vertical half-perimeter and the column’s area, thus the (yqs)h term.

2. The second set contains bargraphs where the rightmost column is not lower than the column
to the left of it. These bargraphs are formed by duplicating the last row of a bargraph,
and possibly adding a column on top of this duplicated column. The generating function
for bargraphs with the duplicated rightmost column is thus given by

B (z,y,q,5q)

as the area is increased by the height of the duplicated column, and the horizontal perimeter
is increased by 1. The generating function for a column attached to the polygon whose
height may possibly be 0 is given by

n 1
> (ysq)" = ——

n>0

Combining these 2 generating function gives the series

. _yqu(w,y,q, sq) ,

which is the generating function for this set.
3. The third set contains bargraphs whose second last column is taller than its last column.

The generating function enumerating bargraphs whose second last column has height h,
and whose last column has height less than h is given by

h—1

wBy (z,y,9) Y (sq)',

=1

that is, the bargraph whose rightmost column has height h, attached to the left of a column
whose height is less than h. Now the generating function enumerating bargraphs for all
heights h is given by

h—1

2y Bu(z,y,9) Y (s9),

h>1 =1
which is the generating function for the third set.

Using the notation B (s) := B (x,y,q, s) the generating functions for the three sets into which
the set of bargraphs is partitioned may now be added to obtain the complete generating function
for the set of bargraphs

_ xysq 8¢ zsq(y —1)
Bl = Ty T Tosg® Y (1—sq)(1—ysq)B(sq)'
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Iterating this equation gives,

_xysq 8q xsq(y —1) xysq? xsq(y —1) x5q°
B ) T l-ysq 1-sq @) (1-sq)(1—-ysq)1—ysq> (1-sq)(1—ysq) 1~ sq2B M)
xsq (y —1) rsq? (y — 1) 9
s (0 s (L _ysgt) > 0
__xysq 8q () xzsq(y —1) xysq>
1—ysq 1-sq (1—sq) (1 —ysq)1—ysq*
wsq(y—1)  asq® xsq(y —1) xsq® (y — 1) zysq®
(1—5q) (1 —ysq) 1 — sq? B )+ (1—sq) (1 —ysq) (1—s¢%) (1 —ysq*) 1 —ysqg3
xsq(y —1) zsq® (y — 1) xsq?
T s0) (0 —ys0) (=) (1~ ys®) 1 s> )
zsq(y — 1) zsq (y — 1) St VI (sq°)
(1—sq) (1 —ysq) (1 —s5q¢?) (1 —ysq?) (1 —sq*) (1 —ysq®)
_ TYsq x2$2q1+2 (y 1) N xSSSyq1+2+3 (y _ 1)2
L—syq (1—sq)(1—ysq)(1—ysq?) (1—sq)(1—s¢%) (1—ysq)(1—ysq?) (1—ysqg?)
Tyq 2?s%q' T2 (y — 1)
s VT T s 0= sa) (- gsa)
x353q1+2+3 (y 1)2

B(1)+

i (1—sq><1—sq 0= o) (1= yo0) (L 9o
(3) n n
(zs( q TYsq rsq
B 2 (sq),, ysq) (1 — ysqn + 1— sq”B (1)> ’

Now let s = 1, note that B(1) = B(x,y,q,1) which is the complete generating function of
bargraphs. The above equation may be solved to give

L

B(x’y7Q):1_I )

where

n+1 xn (y _ 1)”_1 q(n;l)

Rl it VA R
=2 Do), T n%:l (@), (y) -1

3.2 Enumerating staircase polygons

The next set of polyominoes that will be enumerated by the Temperley Approach will be that
of staircase polygons. Similarly to the previous example the height of the rightmost column will
again be considered with regard to the generating function for staircase polygons,

S(x,y,¢,8) =Y Sn(z,y,q)s"

h>1

being analogous to H (z,y,q, s). The set of staircase polygons may be partitioned into 2 disjoint
subsets as illustrated by the following figure.
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Figure 20: the set of staircase polygons partitioned into the 2 described subsets.

1. The first subset will contain those staircase polygons consisting of a single column only,
and thus has generating function
TYqs
1—1ygs’

2. The next set contains staircase polygons which consist of two or more columns. The
polygons in this set may be decomposed as follows: they can be formed by joining a
staircase polygon to the left of a column. The generating function for the subset of these
staircase polygons is given by

S(x,y,q,1)

as the height of the rightmost column does not play a role yet, when considering the whole
polygon. The added column however may not be lower than the rightmost column of the
staircase polygon to which it is attached, as the resulting polygon must still be a staircase
polygon. This column consists of a single cell, ensuring it is not empty, with generating
function zygqs, which is attached to the right of the cell at the top of the rightmost column
of the staircase-polygon. At the top of this cell is a possibly empty column with generating
function

> (ygs)" = !

0 1 —ygs

and at the bottom is another possibly empty column with generating function

n 1
D (g9)" = T

n>0

with no y™ term as it does not increase the vertical half-perimeter where it is attached.

Combining these generating functions gives

TYqs 1 1
S (x, 1) - zygqs - . .
s+ (z,9,4,1) - wyq TP w—

This series counts those cases where the bottom column attached to the cell in the last column of
the polygon extends below the second last column of the polygon. The case where this happens
must thus be subtracted, as these are not staircase polygons.
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The polygons for which this happens can be formed in the following way:
1. Consider a staircase polygon, it has generating function
S (r,9,q,8).

Duplicating the last column, the area of the new staircase polygon is increased by the
length of the duplicated last column, and the horizontal perimeter is increased by 1. These
polygons therefore have generating function

xS (2,9, 4,5q) -
2. Attach to the top of the duplicated column a possibly empty column having generating

function
1
> (ygs)" = ~
>0 1—ygs

3. Attach to the bottom of the duplicated row a single cell, with generating function ygs, to
ensure that the last column extends below the second last column.

4. Finally, attach below the cell added in 3. a possibly empty column having generating

function
1
> (gs)" =
>0 1—gs

where the absence of a y™ term is a result of the column not adding to the vertical perimeter
as a result of where it is attached to the staircase polygon.

Thus the generating function for the case where the last column extends below the second last
column is given by

1 1
1—gs 1—ygs’

and its construction is illustrated by the following figure.

S (x7y7q7 SQ) T XYqs -

2 &)
1 — vygs

—

5(%.y.9,5) + S(x,y,q,5q)

f
<h B s~h } S(x,y.d,sq)
j

[11]

Figure 21: The process of duplicating the last column is shown in (a). Case (b) shows the
construction of the generating function for the unwanted cases.
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This generating function may now be subtracted from the first generating function to obtain
the series

TYqs 1 1 1 1
———— +S(z,y,q,1) - zygs - — S (z,y,q,5q) - wyqs -

S yJy 1 = P
(@:y,4,5) 1 —ygs 1—¢qs 1—ygs

l—qs.l—yqs

which is the generating function for staircase polygons. Let S (1) = S (x,y,q,1). By iteration,
where S (x,y,q,s) = S (s), it can be found that,

o) = 1:?328 o (1- qsx)y(qls— Yyqs)
(25 4 6056 i ) T
TRy <1z e Tt S O T T 0 s =
+8(s0) (1- q2§§/?15+ Yq*s)
=> =y W —sm) S ()" aygls )
w1 D1 ((ys)a),, — (9),, ((y3) ).,

and setting s = 1, the expression may be solved for S (1), to obtain the complete generating
function for staircase polygons,

Ji
S(z,y,q,1) = y—
(z,9,q,1) Y7,

where J; and Jy are two ¢-Bessel functions,

k+1)

x ("2 T
Ji(z,y,0) =Y (—1)F AL AR Jo (z,y,0) = > (-1)* (];

= (@r—1 (Wa)y, = q

3.3 Enumerating column-convex polygons

The complete generating function for column-convex polygons will now be obtained. To do so the
height of the last column of a column-convex polygon will be considered. Based on the criterion
of the height of the last column, as in previous examples, the set of column-convex polygons may
be partitioned into a number of subsets. One such subset is the subset containing column-convex
polygons whose last column is neither higher nor lower than the second last column. This set
may be called the contained set of column-convex polygons. The generating function for this set
is given by,

2 2

xsq O Ts°q
l—sq% ( )—m(c(l)—C(SQ))~

131



For a polygon where the rightmost column has height h, there are h cells in the rightmost column
that may be marked, thus

oC
s
counts column-convex polygons that have a cell marked in their rightmost column. The gener-

ating function for the contained set will now be explained, and its structure will be illustrated
by the following figure.

(1) :h‘O(I,y7q,1)

1 1
1-sq 1 sq
qs s
I L X5
1-sq & | (1) [ & | Clsq)
X0s 1 xas
1-5
E 1
1-5q

_ [11]

Figure 22: Illustrating symbolically the construction of the contained set: the subtraction of
certain incorrect objects and the addition of unnecessarily subtracted parts.

Let C be a column-convex polygon. C may be formed by joining a column-convex polygon to
the left of a column. Mark the cell in the rightmost column of the column-convex polygon that
is next to the bottommost cell of the joined column. The joined column is attached and formed
as follows:

1. A single cell is added to the right of the marked cell of the column-convex polygon, having
generating function xgs, ensuring the column is not empty.

2. Above this added cell a possibly empty column is added having generating function

.1
> ()" = .

n>0

Combining these two cases gives

Lo
1—sq O0s

xgs C(1).

This series counts those polygons whose last column exceeds the height of the second last column,
which do not belong to the contained set. Therefore the generating function for these polygons
must be subtracted from this generating function when finding the generating function for the
contained set. Polygons from this unwanted case where the last column exceeds the height of
the second last column are formed in the following way:

1. A single cell is attached to the right of the cell at the top of the rightmost column of
a column-convex polygon. This cell has generating function zgs, and the column-convex
polygon has generating function C (1).
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2. A possibly empty column is attached below the cell, and has generating function

. 1
> (sq)" = T

n>0

3. Another cell, having generating function g¢s, is attached above this cell to ensure that these
polygons have the last column height greater than the second last column.

4. Above this second cell a possibly empty column is joined having generating function

N 1
> (sq)" = g

n>0

Altogether these generating functions may be combined to give

1 1
1—sq1—sq

rq*s*C (1) -

However subtracting this from the series already obtained for the contained set of column-convex
polygons, also subtracts those cases where the last column of the polygon extends above and
below the second last column, which are not counted by the first obtained series. Thus these
cases must be added again to correct this. The polygons to be added are formed as follows:

1. The last column of a column-convex polygon is duplicated, thus having generating function
C (sq).

2. A cell is added to the top of the duplicated column, with generating function gs, ensuring
that the height of the last column of the polygon exceeds that of the second last column.

3. A possibly empty column is added to the top of the added cell, having generating function

> (s0)" = =

n>0

sq°

4. At the bottom of the duplicated column, another cell is added, with generating function
xqs, ensuring that the last column extends below the second last column.

5. And below the cell added in 4. a possibly empty column is added with generating function

L1
> (sq)" = Tt

n>0

These 5 parts are combined to get the expression

1
1—sq 1-—sq’

rq®s® - C (sq) -

and the complete generating function for the contained set of column-convex polygons is thus
obtained to be

282q?

xsq O
T A
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Obtaining the generating functions for the other cases where the last column is above or below
the second last column are obtained in ways similar to those used for staircase polygons. All
these cases give the expression,

242 (99 — 1 242 (1 — 2
C(s) = TV, _wsa %(1)_’_15561(?! 5Yq )C1 rs°q” (1 —y) C (sq).

1-syq  1-sq0s (1—s9)” (1 — syq) (1—s9)” (1 — syq)®
Solving this expression requires a number of steps. First this equation is iterated to obtain an
expression in terms of C' (1), and C’ (1), for C (s).

2227 -1 2217 2
Tsyq | _*sq C,(S+x8q(y syq )C1+ rs°q” (1 —y) C (sq)

C(s) =
TR (1—59)* (1 — syq) (1—s9)* (1 - syq)”
_ wsygq 50 () xs%q% (2y — syq — 1)
1=syq 1-sq (1—59)* (1 syq)
x52q2(1— )2 TsUa? 2 152 3(2 _ s 2_1)
y yq G N A G
(1-sq)? (1 —syq)® \1—sya®> 1—s¢? (1 - sq2)* (1 - syq?)
2s%¢3 (1 — y)? 5
D) 5C (sq )
(1-56%)" (1 = syq?)
_ wsyg 225321 (1—y)%y T84 gy
1—syq (1—s5q)(1—sq)(1—syq)(1—syq)(l—syq®) 1—sq
22s3q'+2¢ (1 - y)? ‘(1) xs2q% (2y — syq — 1) o

* (1—sq) (1 —sq)(1—s5¢%) (1—syq)(1—syq) (1—sq) (1 —sq)(1—syq)
24?3 (1 — ) (2y — syq® — 1)
T 0@ (= 50) () (L —s9q) (1 — sy0) (1 —sp®)°
22647 (1~ ) o
T A5 =) (=0 (1 =) (1 —sy0) (1 =y (1 —syq) L —sy?) C °0)

s Lyq(")gn1 (1 - y)* 2 ansn=1g(" ) g1 (1 — )22 c’

(s (s (9 (590 2t 50 ), () )y

n>1
n+1)

25?2y — syg” — 1) (1 — y)*" 2 gng
Z (5q),, (59),, (syq),,_; (syq),

n>1

Next, let s = 1 in this expression, to obtain a linear equation in terms of C (1) and C’(1).
Also, differentiate this expression, and let s = 1, to obtain a second equation in terms of C (1)
and C’ (1) (It should be noted that - (zq), = Y7 _ M.) This gives a system of two

m=1 1—xqg™
equations in two unknowns, which may be solved to give
1-yX
C z,Y,q, 1)= )
( 94 ) 4 1+W+yX

where

. (_1)n+1 2 (1 — y)2n74 q(";fl) (yzq
Y q
090 —vg) = ,; (@1 ¥9) o (Wa)n 1 (¥a),, (y
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and

(—D)"am (1— ) 342 (42q),.
W= n—1
,%:1 (@), (va)2_, (y2),, (V24),,_+

This concludes the demonstration of three different methods which may be used to enumerate a
large number of different classes of polyominoes.
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Appendix |.1

Defining the generating function ¢;;(x,0,1)

1

: : ’
_ 100 X (1+x?)
1 2i=1 L1+xt (1+xi)

Clil[x_] =

Extracting the coefficients of x" and displaying them from
n=0,1,...,25 in a table.

Table[SeriesCoefficient[Series[%, {x, 0, 25}], n], {n, 0, 25}]

{1,1,2,3,7,13, 24, 46, 89, 170, 324, 618, 1183, 2260, 4318, 8249, 15765,
30123, 57556, 109973, 210137, 401525, 767216, 1465963, 2801115, 5352275}



Appendix [.2

Defining the generating function c;2(x,0, 1)

Cl12(x_] =

Extracting the coefficients of x" and displaying them from
n=0,1,...,25 in a table.

Table[SeriesCoefficient[Series[%, {x, 0, 25}], n], {n, 0, 25}]

{1,1,2,4,7, 13, 24, 43, 78, 142, 256, 463, 838, 1513, 2735, 4944, 8931,
16139, 29164, 52693, 95213, 172042, 310855, 561682, 1014898, 1833794}

Defining the generating function ¢37,(x,0,1)

1

1- 23 (6 T, (1-529))

c221[x_] =

Extracting the coefficients of x" and displaying them from
n=0,1,..,25 in a table.

Table[SeriesCoefficient[Series[%, {x, 0, 25}], n], {n, 0, 25}]

{1, 1, 2, 4, 8, 15, 30, 58, 113, 220, 429, 835, 1627, 3169, 6172, 12023, 23419,
45616, 88853, 173073, 337118, 656656, 1279065, 2491423, 4852911, 9452731}



Appendix 1.3

Defining the generating function c23(x,0, 1)

1

Cl23[x_] = - 00 <3 . ] .. yBinomiallpsl+3 2]
1- = - st Z‘;’ﬂ) Binomial[p-3, j] —//5——

- -1)p-2 ,
EE ) D)

Extracting the coefficients of x" and displaying them from
n=0,1,...,25 in a table.

Table[SeriesCoefficient[Series[%, {x, 0, 25}], n], {n, 0, 25}]

{1, 1, 2, 4, 8, 16, 31, 61, 119, 232, 453, 883, 1721, 3354, 6536, 12735, 24813, 48 344,
94189, 183506, 357518, 696534, 1357019, 2643798, 5150746, 10034865}
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Defining the generating function Cpeak(x,O, )

3 (3+2)
14+ 330 —x
Zj =1 l-ﬁg Sl _xi )
Cpeak[x_] =
xJ (3+2) 50 xj +3 341

1+

3L ) 2550 12 (1)

Extracting the coefficients of x" and displaying them from
n=0,1,...,25 in a table.

Table[SeriesCoefficient[Series[%, {x, 0, 25}], n], {n, 0, 25}]

{1, 1,2, 4,7,13, 22, 38, 64, 107, 177, 293, 481, 789, 1291, 2110,
3445, 5621, 9167, 14947, 24366, 39716, 64732, 105500, 171941, 280220}

Defining the generating function C a”ey(x 0,1)

3 (3+2)
1+ 320 —x
Zj =1 Hz:; “1(q _yi )
Cpeak [x =
P [x_] x3 (3+2) 50 x(3+1)?
1+ rTe—

: S m 320 [E3, (1)

Extracting the coefficients of x" and displaying them from
n=0,1,...,25 in a table.

Table[SeriesCoefficient[Series[%, {x, 0, 25}], n], {n, 0, 25}]

{1,1,2, 4, 8, 15, 28, 52, 96, 177, 326, 600, 1104, 2032, 3740, 6884, 12672,
23327, 42942, 79052, 145528, 267905, 493192, 907928, 1671424, 3076959}
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Finding p for each pattern T

=111

100 xi (1+xi)

FindRoot[l—ém, {x, 0.7}]
{x > 0.523351}
T=112
100 i-1
FindRoot[l - in 1_[ (1 —xzj) , {x, 0.7}]
izl §=1

{x—>0.55344}

T=1221

100 100
FindRoot[l—Z[xi 1_[ (1—x2j)], {x, 0.7}]

i=1 J=i+l

{x—>0.513387}

T=123

x 50 p-3 xBinomial[p+1+3,2]
FindRoot[l— - > >'Binomiallp-3, j1 — (-1)P2, (x, 0.5}]
1-x 35 Lo (1 - xi"l)

(x> 0.513286}
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T = peak

50 %3 (3+2) 50 x3%+33+1

FindRoot [1 + Z - - Z -
a Hijo_l (1 _ xi+1) pars Hijo (1 . xi+1)

(x> 0.61359}

= valley

50 %3 (3+2) 50 x(j+1)2
FindRoot [1 + Z

2 e R (e

{x > 0.543207}

. (x, 0.7}]

, (%, 0.7}]



Appendix |.6

Deriving the asymptotics for the generating functions for
each pattern T

=111

100 xi (1+xi)
DF111l[x_] = D[l— E—— x];
i L+x* (L+x%)

Finding K

-1

0.5233508892675827" *xDF111[0.5233508892675827 " ]

0.499301
Finding v
1
"~ 0.5233508892675827"
1.91076
T=112
100 i-1
DF112[x_] = D[l—in [T (x-=23), x];
i=1 j=1
Finding K
-1
0.553439701710276" % DF112[0.553439701710276" ]
0.692005
Finding v
1
"~ 0.553439701710276" 1

1.80688
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T=221
DF221[x_] = D[l—%[xi ﬁ (1—x2j)],x];

Finding K

-1

0.5133872861580691" x* DF221[0.5133872861580691 "]
0.545362

Finding v

1

Vv =
0.5133872861580691"

1.94785

T=123

x 50 p-3 xBinomial[p+1+3,2]
DF123[x_] = 0[1- —— - > >'Binomiallp-3, j] (-1)P-2, x];
1-x : p+j-1 i+l
p=3 3=0 ITi-o (1 -X )
Finding K
-1

0.513285839366507" *DF123[0.513285839366507 " ]

0.576096
Finding v
1
© 0.513285839366507"
1.94823
T = peak

s 2.4s
14+ 50 xJ (3+2) 50 x32+33+1

x|

5= DFpeak[x_] = D[ —
- 14+ 50 xJ (3+2)
=1 l-ﬁ:jo-l (l—x“l)
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Finding K

-1
0.6135900248916283" * DFpeak[0.6135900248916283" ]
outsl= 1.39456

In[6]:=

Finding v
1
Vv =
0.6135900248916283"
1.62975
T = valley

2 /s 3 2
14+ 50 xJ (3+2) 50 x(3+1)

n7)= DFvalley[x_] = —
14+ 5.,0 %3 (3+2)
=1 l-ﬁ:jo-l (l_xi+1)

Finding K

-1
0.5432069327550826" * DFvalley[0.5432069327550826" ]
outisl= 0.728207

In[8]:=

Finding v
1
~ 0.5432069327550826°
1.84092
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The graphs of f(I') for each statistic 7, where |[|<0.7

=111

ListLinePlot [

25 (0.7e%9)" (1+(0.7et9)"
(Re[#], Im[#]} &/@Table[l—z (0-7%) ( +(0-7e )),
i1+ (0.7e)” (14 (0.7e%9)7)

, (6,0, 2mn, 0.01}”

=112

ListLinePlot [
{Re[#], Im[#]} & /@Table[l-i (0.7 «e“’)ii-1 (1- (0.7 e“)”) , {6,0,2m, 0-01}]]
i=1 j=1
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=221

ListLinePlot[{Re[n] , Im[#]} & /@

Table[l—i (0.7e%9)* 12_5[ (1-(0.7ei9)2j) , {8, 0,27r,0.01}]]
i=1 =i+l

=123

(0.7et°)
ListLinePlot[{Re[tt] , Im[#]} & /@ Table[l -— -
1-(0.7e%°)
25 p-3 0.7 eie)Binomial[p+1+j,2]
> > Binomiallp-3, j] — —— (-1)P2, {6,0,27r,0.01}”
p=3 320 e (1 - (0.7 e"‘e)nl)
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T=peak

ListLinePlot[{Re[n] , Im[#]} & /@

s (0.7ei0)3 O 25 (0.7e4e)¥ 33

Table|1l + -
R () B e

,{6,0, 2, o.01}]]

T=valley
ListLinePlot[{Re[n] , Im[#]} & /@
25 0.7eie)? 3+ 25 0.7 eto) 3
Table[1+z ( ) - ( ) , {6,0,27r,0.01}]]

2 BT (1- (0.7e9)™) SoIm) (1- (0.7e%0)™)




Appendix 3.1

Solving the system of equations

Solve[{lhl == 1, 1h2 == q (1hl + 1h2 + 1h3 + 1h4d),
1h3 == q (1h2 + 1h3 + 1h3), 1h4 == q (1h2 + 1h3 + 1h4 + 1h5), cQ == 1h2 + 1h3,
1h5 == q (1h2 + 1h3 + 1h3 + 1h5) }, {cQ, 1hl, 1h2, 1h3, 1h4, 1h5}]

Obtaining the desired solution as cQ

(-1+q)’q g-49°+5g°-2¢"
{{cQ—> , 1hl > 1, 1h2 > - ,
-1+5g-79°+4¢q° -1+5g-7g°+449°
¢ (1-2q+q°) a’-q’+q (-1+q) g
1h3 - - , 1h4 > - , 1h5 - }}
-1+5g-7g°+449° -1+5g-7g°+4q9° -1+5g-79°+449°

Appendix 3.2

Solving the system of equations

Solve[{lhl == 1, 1h2 == q (1hl + 1h2 + 1h3 + 1h4), 1h3 == q (1h2 + 1h3),
1h4 == q (1h2 + 1h3 + 1h4) , dQ == 1h2 + 1h3}, {dQ, 1hl, 1h2, 1h3, 1h4}]

Obtaining the desired solution as dQ

(-1+q) g -gq+2q9’-q° -g?+q’ q
HdQﬁfi, lhl »>1, lh2 5 - ————, 13 5 - ————, 1lhd >

1-3g+g? 1-3g+g? 1-3g+g? 1-3g+g?

Appendix 3.3

Solving the system of equations

Solve[{la==x (z*2+1la+z*1b), 1b ==x](22+22*la+1b), sTwo == 2”2 » la + z » 1b},
{sTwo, la, 1b}] /. z > ('\/y)
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Obtaining the desired solution as sTwo

2xy-2x°y+xry:+3xy?

{{sTwo—>— ,
—l+2x-x°+2%x%y
Xxy+x’y 24y (X—X2+X2Y>
la > - , 1b > - }}
—1l+2x-x2+2%%y —l+2x-x2+2%%y



Appendix 3.4

Solving the system of equations

Solve[{bXY == y % 1XY, 1XY == y % 1XY + X+ X * 1XY + X *» y * 1XY + X * y * 1XY % 1XY}, {bXY, 1XY}]

Obtaining two different solutions bXY

1 1 y \/—4x2y+(—l+x+y+xy)2
{{bXY%— -l+—-y-—- ,
be X x
l—x—y—xy—\/—4x2y+ (-l+x+y+xy)?
1XY - }I
2xy

1 1 y \/—4><2y+(—1+x+y+xy)2
{bXY%— -l+—-y-—+ ,
2 b4 X X

l—x—y—xy+\/—4x2y+ (-l+x+y+xy)?
1XY - }}
2Ry

Testing the coefficients of the second solution for bXY

1 1 y '\/—4x2y+(—1+x+y+xy)2

Series[— —Sle—-y-—+ ,{x,0,5}r{Yr0,5}]
2 X x x

1-y+0[y]®

7+(—1—y+0[y]6)+(—y—yz—y3—y4—y5+0[y]6)><+

X
(y 3y2 5y3 9y +0[ ) ( —6y2 l6y—3ly—5ly +O[y}>x3+
16

(-y-10y*-40y’-105y*-219y°+0[y +

S
(—y—lSy—85y—295y—77ly +0[ 6)

SeriesCoefficient[%, {3, 3}]
-16

The coefficient is negative, and hence this is not the desired solution. The first solution,

1 1 % \/—4 % g+ (-l+x+y+x y) 2
E —l+——y———
X

, is the desired solution

X

1



Appendix 3.5

Finding the roots of the expression for D
Roots[d*3+2 (y-1)d*2+ (y-1) (x+y-1)d+x*y (y-1) =0, d]

-2+18x+6y-9xy-6y2-9xy?>+2y3+

1/3
] +

2
G- (-14y) - (2 (-1-3x+2y+3xy-¥7)) / [3
3

\/4 (—1—3x+2y+3xy—y2)3+ (—2+18x+6y—9xy—6y2—9xy2+2y3)2

1

— [—2+18x+6y-9xy—6y2-9xy2+2y3+
3x2

1/3
\/4 (—1—3x+2y+3xy—y2)3+(—2+18x+6y—9xy—6y2—9xy2+2y3)2] ||

w2 aen ([1433F) (a-snezyeanyoy]))/

[3x22/3 [—2+18x+6y—9xy—6y2—9xy2+2y3+

1/3]

1/3

\/4 (—1—3x+2y+3xy—y2)3+ (-2+18x+6y-9xy—6y2-9xy2+2y3)2

1
(1-:'1«/3) [—2+18x+6y—9xy—6y2—9xy2+2y3+
6)(21/3

\/4 (—1-3x+2y+3xy—y2)3+ (—2+l8x+6y—9xy—6y2—9xy2+2y3)2

2 (149 ¢ ((1-4V3) (-1-3x+2y+3xy-v)) /

[3x22/3 [—2+18x+6y—9xy—6y2—9xy2+2y3+

1/3
\/4 (—1—3x+2y+3xy—y2)3+ (—2+18x+6y—9xy—6y2—9xy2+2y3)2] ]_

1
(1+iV3) S2+18x+6y-9xy-6y2-9xy?+2y° +
6)(21/3

1

1/3

\/4 (—1—3x+2y+3xy—y2)3+ (—2+18x+6y—9xy—6y2—9xy2+2y3)2
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Testing the roots manually to check which one of the

three roots are the correct root

2
Series [— ; (-1+y) -

213 (_1-3x+2y+3xy-y? 3(-2+18x+6y-9xy-6y°-9xy?+2y3+
y Y-y

1/3
\/4 (—1—3x+2y+3xy—y2)3+ (—2+18x+6y—9xy—6y2—9xy2+2y3)2]

1

+

-2+18x+6y-9xy-6y°-9xy?+2y3+
3)(21/3

1/3
\/4 (—1—3x+2y+3xy—y2)3+ (—2+18x+6y—9xy—6y2—9xy2+2y3)2] ,

{x, 0,5}, {y, 0, 5}],-

FullSimplify[SeriesCoefficient[%, {3, 3}]1]
37

2

Clearly this is not the right root, as the coefficient is negative.

Series[—g (-1+y) + ((1—1’1\/?) (—1—3x+2y+3xy—y2))/

(3><22/3 (—2+18x+6y—9xy—6y2—9xy2+2y3+—\/(4 (—1—3x+2y+3xy—y2)3+

1

2 1/3
(-2+18x+6y-9xy-6y°-9xy’+2y?) )) )_6x21/3
3

(1+]'1'\/?) (—2+18x+6y—9xy—6y2—9xy2+2y3+\/(4 (—1—3x+2y+3xy—y2) +
(—2+18x+6y—9xy—6y2—9xy2+2y3)2))1/3, {x, 0, 5}, {y, O, 5}];

FullSimplify[SeriesCoefficient[%, {3, 3}]]
37

2

Clearly this is not the right root, as the coefficient is negative.
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Series[—§ (-1+y) + ((1+J'l'\/?) (—1—3x+2y+3xy—y2))/

(3x22/3 (-2+18x+6y-9xy—6y2—9xy2+2y3+'\/(4 (-1-3x+2y+3xy-y?)’+
1/3 1
(_2+18x+6y—9xy—6y2_9xy2+2y3)2)) )_6x21/3

(1—1'1.'\/?) (—2+18x+6y—9xy—6y2—9xy2+2y3+—\/(4 (—1—3x+2y+3xy—y2)3+
(—2+18x+6y—9xy—6y2—9xy2+2y3)2))1/3, {x, 0,5}, {y, 0, 5}]:

FullSimplify[SeriesCoefficient[%, {3, 3}]]
37

This is the correct root, as the coefficient of x® y® should be 37 and the other two roots are incorrect.
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Solving the system of equations

Solve[{x*z2”3 + (Xx-1)*xa+X*2xb+x%2°2xg+272+x*xd+2z2+x*xe=0,
2%x2"2%xX+2%xZ*xX*a+ (X*x2"2+x-1)*b+X*xzZxg+2xx*2xd=0,
2xX*Z+2%2"2%xX*%a+2Z2*X*b+ (Xx-1)*xg+2*xx*2*xf£f==0, x*xz2+x*x2"2%xa+x*zxb+ (x-1)d=0,
X*"2%272 +x"2*%z*xg+ (x*2-1)e=0, x*2xz*xa+ (x*2-1) £==0,

s3==z*3xa+z"2+xb+zxg+zxd+2"2+x£f}, {a, b, g, d, e, £,s83}]/. 2> (—\/y)

{{a»—(((—x+x2)y3/2 (l+3x—x2—6x3—x4+3x5+x6—xy—x2y—x4y—x5y))/
(l—4x+4x2+4x3—le4+4x5+4x6—4x7+x8—xy—2x2y+9x3y—15x5y+6x6y+7x7y—4x8y—
3x2y2—2x3y2+7x4y2+8x5y2—llx6y2—2x7y2+3x8y2+3x3y3—2x4y3—2x5y3+4x6y3+x7y3)),
b—>—((2 (—xy+x2y+3x3y—3x4y—3x5y+3x6y+x7y—x8y—x2y2—x3y2+3x4y2+
2x5y2—3x6y2—x7y2+x8y2+x3y3—x4y3—x5y3+2x6y3+x7y3))/
(l—4x+4x2+4x3—le4+4x5+4x6—4x7+x8—xy—2x2y+9x3y—15x5y+6x6y+7x7y—4x8y—
3x2y2—2x3y2+7x4y2+8x5y2—llx6y2—2x7y2+3x8y2+3X3y3—2x4y3—2x5y3+4x6y3+x7y3)),
g—)—((Zwly (—x+3x2—x3—5x4+5x5+x6—3x7+x8+3x3y—3x4y—6x5y+6x6y+3x7y—
3x8y—x2y2—x3y2+3x4y2+2x5y2—6x6y2+x7y2+2X8y2+x3y3—x4y3+2x6y3>)/
(l—4x+4x2+4x3—le4+4x5+4x6—4x7+x8—xy—2x2y+9x3y—15x5y+6x6y+7x7y—4x8y—

3x2y2—2x3yz+7x4y2+8x5y2—llx6y2—2x7y2+3x8y2+3x3y3—2x4y3—2x5y3+4x6y3+x7y3)),

—\/?+2x\/?+x2\/7—4x3\/?+x4\/?+2x5\/?—XG\E—xy3/2+2x2y3/2+

2x3 Y32 gt g3 L xS g2 L0 6 32 L ySI2 32 yS/2 L g3 ySI2 5 gt ySI2 L 0 yS ySI2 L y2 yTI2 L3 y7/2) )/

d—>((—l+x)x

(l—4x+4x2+4x3—le4+4x5+4x6—4x7+x8—xy—2x2y+9x3y—15x5y+6x6y+7x7y—4x8y—
3x2y2—2x3y2+7x4y2+8x5y2—11x6y2—2x7y2+3x8y2+3x3y3—2x4y3—2x5y3+4x6y3+x7y3),
e oo oxtaaxdoxP oo 4P oy_oxtye2xiyeaxby %y -
y Yy y y y y
2x8y—x4y2+4x7y2+x8y2+x5y3—x7y3))/
(1—4x+4x2+4x3—10x4+4x5+4x6—4x7+x8—xy—2x2y+9x3y—15x5y+6x6y+7x7y—4x8y—
3X2y2—2x3y2+7x4y2+8x5y2—11x6y2—2x7y2+3x8y2+3x3y3—2x4y3—2x5y3+4x6y3+x7y3),
fe(x3(y2+2xy2—3x2y2—3x3y2+2x4y2+x5y2—xy3—x4y3))/
(1—4x+4x2+4x3—10x4+4x5+4X6—4x7+x8—xy—2x2y+9x3y—15x5y+6x6y+7x7y—4x8y—
3X2y2—2x3y2+7x4y2+8x5y2—11x6y2—2x7y2+3x8y2+3x3y3—2x4y3—2x5y3+4x6y3+x7y3),
s3%—((x(—3y+9xy—3x2y—15x3y+15x4y+3x5y—9X6y+3x7y—2y2+xy2+15x2y2—
12x3y2 -24xy? +21x° 92 +11x°y2 - 10x" y? - y3 - Txy? -3x2yP+ 173y +
12x4y3—22x5y3—2x6y3+6x7y3+xy4+5x2y4—4x3y4—2x4y4+8x5y4+2x6y4))/
(1—4x+4x2+4x3—IOX"+4x5+4x6—4x7+x8—xy—2x2y+9x3y—15x5y+6x6y+7x7y—4x8y—

3x2y2—2x3y2+7x4y2+8x5y2—llx6y2—2x7y2+3x8y2+3x3y3—2x4y3—2x5y3+4x6y3+x7y3))}}



2 Masters Appendix 3.6.nb

Simplifying the required equation

Simplify [

—((x (—3y+9xy-3x2y—15x3y+15x4y+3x5y—9x6y+3x7y-2y2+xy2+15x2y2-12
x3y?-24x'y?+21x°y?+11x°y?-10x" y?-y3-Txy -3x2y3+ 173y 412 %4
y3—22x5y3—2x6y3+6x7y3+xy4+5x2y4—4x3y4—2x4y4+8x5y4+2x6y4))/

(1—4x+4x2+4x3—10x4+4x5+4x6—4x7+x3—xy—2x2y+9x3y—
15x°y+6x°y+7x"y-4x2y-3x2y?-2x3y2+7x'y?2+8x°y?-
11x6y2—2x7y2+3x8y2+3x3y3—2x4y3—2x5y3+4x6y3+x7y3))]

—((xy<—3—2y—y2+x7 (3—1Oy+6y2> +x* (15—24y+12y2—2y3> +
X (9+y—7y2+y3) + %8 (—9+lly—2y2+2y3> - %3 (15+12y—17y2+4y3> +
%2 (—3+15y—3y2+5y3> +x° <3+21y—22y2+8y3)>)/
(l—x (4+7vy) +x° <4—2y—3y2) +x8 (l—4y+3y2) + x4 (—10+7y2—2y3> +
x° (4—15y+8y2—2y3) +x (—4+7y—2y2+y3) +
x> (4+9y-2y"+3y°) +x° (4+6y-11y°+4y’)))

Showing N(x,y)=3(x+1)*2(1-x)A5+(5x+2)(2x- ) (x+ 1)*2(x-)A3y-
(x-1)(6x16+4xN5-18x"N4-6x"3+ | [ x 2+8x+ | )y 2-
X(x+ 1) (2xM4+6x"3-8x 2 +4x+1)y"3

In[16]:= Expand[—(—3-2y-y2+x7 (3-10y+6y2)+x4 (15-24y+12y2—2y3)+
x(9+y-7yz+y3)+x6 (—9+11y—2yz+2y3)—x3 (15+12y—17y2+4y3)+
x? (-3+15y-3y?+5y°) +x° (3+21y-22y*+8y?%)) -
(3 (x+1)*2 (1-x)"5+(5x+2) (2x-1) (x+1)*2 (x-1)"*3y-
(x-1) (6x*6+4x~5-18x"4-6x"3+11x*2+8x+1)y”*2-
X (x+1) (2x"4+6x"3-8x"2+4x+1) y*3)]

outf16]= 0

Showing D(x,y)=(x+1)"2(x-1)"6-
X(1+4x) (x+1)A2(x- 1) My +x72(3x 4+4xN3-6x12-8x-3) (x- 1) 2y 2+x" 3 (3x 4 +4x/3-
6x72-8x-3)(x- 1) 2y 2+xA3(x+ 1) (x3+3x2-5x+3)y"3

In[18]:= Expand[(l -x (4+y) +x%2 (4 —2y—3y2) +
x8 (1—4y+3y2)+x‘1 (—10+7_y2—2y3)+x5 (4—15y+8y2—2y3)+
x’ (—4+7y—2y2+y3)+x3 (4+9y—2y2+3y3)+x6 (4+6y—11y2+4y3))—
((x+1)72 (x-1)76-x(1+4x) (x+1)*2 (x-1)"4y+
x*2 (3x*4+4x*3-6x"2-8x-3) (x-1)"2y*2+
x*3 (x+1) (x*3+3x"2-5x+3) y*3)]

out(18l= 0



