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1 Introduction

In this article we consider the regular and semiregular tilings of the Eucledian
plane by convex regular polygons. There are three regular tilings: made of
polyominoes with vertex configuration (4*), polyiamonds (3%), polyhexes (6),
see Figure [T}
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(a) polyominoes (b) polyiamonds (c) polyhexes
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Figure 1: Three regular tilings.



Our task will be to count horizontally convex (or row-convex) regular and
semiregular tilings with a given number of tiles. It is known that the number of
horizontally convex polynominoes composed by n squares follows the sequence
s1=1,8=2,83 =6, 54 =19, s5 = 61, s¢ = 196, etc. [14] and the recurrent
relationship is

Sp = 5Sp_1 — TSp_9 + 4s,_3, for n > 5. (1)

The related generating function is

_ - n __ LE(].—{E)?)
S(x)—an:c 1 — 524 Ta? — 423’ @)

n=1
The recurrent relationship for the number of horizontally convex polyhexes is
hy, =6h,_1 —10h,_o+ Thyp_3 — hy_4, for n > 5, (3)
with the generating function

B (1 —2)3
1 —6x+ 1022 — 723 4+ 24

H(z) = Z hpa™ (4)

and the sequence looks like 1,3,11,42,162, 626, 2419, ... [13].
The recurrent relationship and the generating function is known for the
number of horizontally convex polyiamonds as well:

tp =3tn—1 — 43 +tn_g +tn_5+ 3tn_6 — tn—7, for n > 8 (5)

. 1—2)(2 —x —4a? + 22* + 32°
T(x):Ztnx”—x( x)(2 — x — 42 + 22* + 32°) (6)
n=1

T 1-—3z 448 — 2t — a5 — 326 + 27

with the sequence 2, 3,6, 14, 34,84, 208,515,1272, ... [16].

2 Semiregular tilings

There are eight semiregular tilings with vertex configurations (4,82), (33,42%),
(3%,4,3,4), (3,6,3,6), (31,6), (3,4,6,4), (3,12), (4,6,12), see Figure 2

3 Horizontally convex semiregular tilings

For counting the number of horizontally convex semiregular tilings we shall use
the technique similar to [3]. It is essential to define the layered structure of
tilings. There are might be different possibilities to do so, therefore the shape
and the number of tilings may be different.

Without going deep into the details we assume that the definition of a hori-
zontally convex semiregular tilings is intuitively clear and very well corresponds
to the definition of horizontally convex regular tilings. That is each layer/row
is well connected.

To simplify the reasoning we may use a natural map between some complex
tilings and more simple brickwork. For example, there is the bijection between
hexagonal tilings and a very standard plain brickwork, see Figure [3aj and [13].
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Figure 2: Semiregular tilings.
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Figure 3: Map between tilings and rectangular plain brickwork.

(b)

Consider the tiling with the vertex configuration (4,82). It can be naturally
transformed into a plain brickwork composed by rectangles and squares, Fig-
ure Therefore, we can use the natural layered structure and related notion
of row-convexity, Figure [4]

e

horlzontally con- (c) mnot horizontally
convex

Figure 4: Tiling of type (4,8?%).

Exercise 1. Find a different layered structure for the tiling of type (4,8%).

Consider the tiling with the vertex configuration (32,4%). There exists a
natural layered structure composed by a layer of squares and another layer of
triangles, Figure [

Exercise 2. Find other layered structures for the tiling of type (33,42).



7 (b) horizontally con- (¢) not horizontally
(a) vex convex

Figure 5: Tiling of type (33,42).

Consider the tiling with the vertex configuration (3,4,6,4). There exists a
natural layered structure composed by two types of layers: one layer is composed
by a sequence of squares and hexagons, another layer is composed by a sequence
of squares and triangles, Figure [6]

(b) horizontally con- (¢) not horizontally
(a) vex convex

Figure 6: Tiling of type (3,4,6,4).

Consider the tiling with the vertex configuration (4,6,12). There exists a
natural layered structure composed by two types of layers: one layer is composed
by a sequence of squares and hexagons, another layer is composed by a sequence
of squares and octagons, Figure [7]

Consider the tiling with the vertex configuration (32,4, 3, 4). To see a natural
layered structure of this tiling we shall turn this tiling, compare Figure [2¢| and
Figure [§

We shall turn the tiling with the vertex configuration (3%, 6) on Figure [2¢]in
order to be able to see a natural layered structure of it, Figure 0]

Counsider the tiling with the vertex configuration (3, 6,3, 6). It can be decom-
posed into equally shaped row layers, see Figure Nevertheless, the notion
of a layer continuity requires some additional considerations which we will not
be discussing here leaving a reader to think about it.

The last tiling in the list is of type (3,122), Figure It looks like it is
impossible to determine the layered structure for it. However there exists a
bijection between tiling of type (3,122) and the one of type (3,6,3,6), Fig-
ure Therefore, the problem of counting the number of possible tilings of
(3,12?) is somehow equivalent to the problem of counting the number of tilings



(b) horizontally con- (¢) not horizontally
a vex convex
(a)

Figure 7: Tiling of type (4,6,12).

(b) horizontally con- (¢) not horizontally
(a) vex convex

Figure 8: Tiling of type (32,4,3,4).
for (3,6,3,6).

4 Recurrent relationship for the tiling of type
(4,8?%) with combinatorial proof

Let G denotes the set of all possible horizontally convex tilings of type (4,82).
Let G,, be a subset of G with the number of tiles n, let g, = |G,,|.

Theorem 1. For n > 6 the following equality holds
In = 5Gn—1 = 39n-2 — 59n—3 + Tgn—a — gn—s. (7)

We shall establish the proof by a series of Lemmas. First of all, let us define
several subsets of G based on the shape of the top layer, Figure

a) A: the top layer consists of a single square;

b) B: the top layer the number of octagons is larger than the number of
squares by 1;

c) C: the top layer contains at least one octagon and the number of octagons
is less than the number of squares by 1;

d) D or D*: the top layer contains the equal number of octagons and squares,
with the rightmost figure either square or octagon respectively.



(b) horizontally con- (¢) not horizontally
a vex convex
(a)

Figure 9: Tiling of type (3%,6).
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b) mapping (3,122) to (3,6,3,6)

(a) (3,6,3,6
Figure 10: Tilings (3,6, 3,6) and (3,122).
Consider also the set H = BUC U D U D*, which contains at least one

octagon on its top layer. Note that G = AU H.
Denote by A,,, By, Cyn, Dy, D} and H,, the subsets of A, B, C, D, D* u

H, containing he number of tiles n. Also a, = |A4,|, bn = |Bnl, c¢n = |Chl,
dy, = |Dy|, d = |D}| and h, = |Hp|. Due to the symmetry we note that
o ;‘r((i);l the above definitions follows
By = by + Cp +dp, + d), = by, + ¢ + 2d,, (8)
Gn = Qn + by +cp +dy +d), = an + hy. (9)

Lemma 1. For n > 2 the following equalities hold
a) dp =bp_1, b) Cp=dnp_1.

Proof. a) If we add to a tiling from the set B at the top layer at the right
one square then the resulting tiling will be from the set D. This process can be
reversed, Figure Therefore d,, = b,,_, for n > 2.

b) Similar reasoning holds for adding the square to the left. |

Taking into account the Lemma for n > 3 the equality can be written
as
hy, = by, +2by—1 + by_s. (10)

In order to simplify the following reasoning we shall take advantage of the
bijection between tiling of the type (4,8%) and the brickwork from Figure
The notion of octagons will be replaced by bricks of size 1 x 3.

We shall introduce subsets of A, Figure



Peatvg oo

Figure 11: The subsets of the set G.

]

Figure 12: Relationship between sets B and D.

a) I: at the sub-row of the top layer the number of bricks (octagons) is larger
than the number of squares by one;

b) J: the sub-row of the top layer contains at least one brick and the number
of bricks is less than the number of squares by one;

c) F and E*: at the sub-row of the top layer the number of bricks (octagons)
is equal to the number of squares, either starting or ending by a brick.

Similarly to the above we denote i, = |I,|, jn = |Jnl, en = |Enl, € = |EX|.

I: J: E: E*:

Figure 13: Subsets of A.

Due to the symmetry e, = e},. It is clear that for n > 2

A =in + Jn + €n + € = in + Jn + 2€,. (11)

Lemma 2. For n > 2 the following equalities hold

a) €p = infl y b) Jn =€n—1-
Proof. a) See Figure [14).
b) Similar reasoning as for the case a). 0

Taking into account the above result we can rewrite for n > 3 as
Ap = Zn + Qin—l + in_g. (12)

We shall define more subsets, see Figure [I5] Let P denotes the subset of
B, such as the rightmost brick of the top layer is placed on top of the leftmost
element (brick or square) of the sub-row.
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Figure 14: Relationship between E, and I,,_;.

Let @ denote the subset of I, such that none of the squares of the top layer
are placed on top of the rightmost brick of the sub-row.

Let R denotes the subset of @, such that the rightmost brick of the sub-row
is placed on the leftmost element of the sub-sub-row, tilings from the set R
contain at least three layers.

On the Figure [I5] we mark by “xxx” the position where it prohibited to place
a square. As usual, p, = |Py|, ¢n = |Qnl, rn = |Rnl.

P R: XXX
Bl =TT
Q: - . o XXX
(| D F I — - j

Figure 15: Additional subsets.

CT¢

Lemma 3. For n > 3 holds p, = pn—2 + gn_1-

Proof. If the top layer of tiling from P, contains at least 3 elements, then
taking away a brick and a square we obtain a tiling from P, _o, see Figure If
there is only one brick at the top layer of P,, then this brick should be located
exactly on top of the leftmost element of the sub-row. Taking away this brick
we obtain a tiling from G,,_;1. This procedure can be inverted. O

L1
I I W+ T 1 1 +

Figure 16: See Lemma

Lemma 4. Forn > 3 holds i, = qn + bp_1.

Proof. The set I,,\@,, contains tilings such that the only square from the top
layer is placed on top of the rightmost brick of the sub-row. If we take away
this square, we obtain a tiling from the set B,,_1, see Figure This procedure
can be inverted. O

Lemma 5. Forn > 3 holds ¢, = ry, + ip_2.
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Figure 17: See Lemma

Proof. The set Q,,\R,, contains tilings such that it is possible to take away a
square and a brick at the right side of the sub-row and to obtain a tiling from
the set I,,_o, see Figure This procedure can be inverted. O

[ XXX [
| [ 1 [ | | [ ] |+ [

Figure 18: See Lemma

Lemma 6. Forn > 4 holds r,, = rp_2 + pn_3.

Proof. If the square from the top layer of tiling from the set R, is placed
exactly on top of the leftmost brick then it is possible to take away that top
square and the leftmost brick with square from the sub-row in order to obtain a
tiling from the set P,,_3. If the square from the top layer is not placed on top of
the leftmost brick of the sub-row, then it is possible to take away the leftmost
brick and square in order to obtain a tiling from the set R,,_o, see Figure

This procedure can be inverted. O
XXX |:| XXX
\&ED% | B + ] |

|:I XXX

. 5§ o+ | Hf

Figure 19: See Lemma @

Lemma 7. For n > 4 holds b, = p,, + b,,_2 + ay,.

Proof. The top layer of a tiling from the set B contains odd number of elements.
Consider a tiling from the set B,\P,. If the top layer contains tree or more
elements, then it is possible to take away the rightmost square and brick in
order to obtain a tiling from the set B,,_s, see Figure This procedure can
be inverted.

Consider a tiling from the set B,\P, such that the top layer contains a
single brick. This tiling does not belong to the set P,, therefore the square just
below this brick is not the leftmost element of the sub-row. There should be a



brick at the sub-row and an empty space just on top of it where we can place a
square instead of the brick, see Figure The resulting tiling is from the set
A,,. Therefore there is a bijection between A,, and B,,\P,. Which means that
for n > 4 holds b,, — pp, = bp_2 + a,. |

ﬂ@ﬂ e b

a) top layer contains three or more elements

:@:@

b) top layer contains a single brick

Figure 20: See Lemma

Proof of the theorem [T} Let us put together the obtained recurrent relations:

In = an+hn7
= a,+ hy,
n = o+ 21 Fin-2, G = int 2in 1 tin
Pn = Pn-2+gn-1, Lemma 3] e = g
in = qn+bp1, Lemma [ z." _i"’z _ T”:’b
Gn = Tn+in_o, Lemma [ T"7T"_2 _ n o=l
Tn = Tp_o+Pp_3, Lemma [ b" 7b"_2 _ p”_j’a
bn = pn+bu_2+an, Lemma [7] noon=2 P -
Forn >4
hn - hnfl =DPn+0n+Pn-1+an_1.
Therefore
In — Ggn—1 = 2an +pn + Pn-1-
Then

In — Gn—-1 — (gnfl - gn72) = 2an - 2an71 + gn-1-
Finally, for n > 4
n 3gn71 + gn-2 = 2an - 2(1”,1. (13)

On the other hand
Gp — Gp—1 =7Tp + b1+ 701+ br_oa.
Therefore, for n > 5
an —an—1 — (@n—2 = an-3) =Ppn-3 +Pn—a+Pa-1+ a1+ P2+ an 2.

Then
(p — 20p_1 — 2ap_2 + Ap—3 = Pn—1+ Pn-2 +Pn-3 + Dn—a.

Following

an_2an71_2an72+an73_(an71_2an72_2an73+an74) =Pn-1—"Pn-3+Pn—-3—DPn—5 = gn—2FtGn—4a-

10



Obtaining
In—2 + Gn—4 = Qpn — 3an_1+30p_3 — Qp_4.

The right hand side can be manipulated using (13). Then for n > 6

Gn—2+ gn-a=0p —apn_1 —2(@n—1 — Apn-2) — 2(@pn—2 — ap_3) + Gp—3 — Apn_4

_ 9n — 397171 + 9n—2 9In—-3 — 3gn74 + In—5

- (gnfl - 3gn72 + gnf?)) - (gn72 - 3gn73 + gn74) +

2 2
_ 9n — 5971—1 + 5gn—2 + 5gn—3 - 5gn—4 + 9n—5
5 .
Which means
20n—2 + 29n—4 = gn — 59n—1 + 9gn—2 + 59n—3 — Sgn—a + gn—s.
Finally
In = SYn-1 = 3gn-2 = 59n-3 + T9n—1 — gn—s.
This completes the proof of the theorem O
The Table[T]contains first few values for the sequences used in the Theorem [T}

a b c d i J e p q r h g
1 1 0 0 0 0 0 0 0 0 1 2
1 3 0 1 1 0 0 2 0 0 5 6
5 12 1 3 3 0 1 6 0 0 19 24
20 49 3 12 13 1 3 26 1 0 76 96
83 197 12 49 54 3 13 102 5 2 307 390

337 802 49 197 216 13 54 416 19 6 1245 1582
1370 3251 197 802 884 54 216 1684 82 28 5052 6422
5559 13199 | 802 3251 3575 216 | 884 6838 324 108 || 20503 | 26062
22561 || 53558 | 3251 | 13199 || 14527 | 884 | 3575 || 27746 | 1328 | 444 || 83207 | 105768

OO U | W N B

Table 1: First few elements from the sequences of the Theorem

Exercise 3. Using the methodology of Theorem |1, prove the formula for
the number of horizontally convex polyhezes.
5 Some auxiliary calculations using power series

Exercise 4. Using definitions, prove the formulas for the following infinite
geometric progressions

-k v ok 2u°
a) Zv =10 b)(2+2u)Zu =1
k=1 k=1

Exercise 5. Using integration and differentiation of formal power series prove

a) z::(k:—l)vk = ﬂiiv)Q b) > kot = ﬁ ¢) Y _k(k—1)v" = (12_%)3

k=1 k=1



Exercise 6. Using results from exercises[] and[5] prove

= R = +uv — u?v
kukok—1 — u b kv + DuFor—1 = 4
a)kZ:l “r (1 —uv)?’ );(v—i— e (1—wv)® '
> _ +u?v = _ u(l+ v — uv + uv?)
k2 k,k—1 _ u d k(k 1 k,k—1 _ )
C); urv (1—ww)3’ )kz::l (kv + u"v (1—uv)3
Exercise 7. Prove the following formulas
= u? > u2(2 —u)
a) (ku+ 2+ u)(k—1)u?* = ——— | u+2k+2uk)u —,
> P 0=

u3(1 + 2u — u?)

¢) Y (KPu+ (k= 1)(2k + u(k + 1)) u?* = Arud—u?

k=1
Let us define a generating function of three variables

H(u,v,y) thq, YuPvly™

p,q,m

The value of the partial derivative with respect of variable y at point y = 1 we
denote by

0
X(u7 U) = %H(uv v, y)
y=1

The formal term by term differentiation of the following series results in

0 0
87 (ka(’U,, v, y)) = 87 ( Z h(pv q, m)upvqmerk)
Y y=1 Yy pgm y—1
= S (m+ k)h(p, g, m)uret
p,q,m
=3 (o 1t )
p,g \'m

for all integer k£ > 0.
On the other hand using the rule of product differentiation

0

ay( Y H (u,0,y))

— kH (u,v,1) + x(u,0).
y=1

Therefore for all integer £ > 0
EH (u,v,1) 4+ x(u,v) = Z (Z(m + k)h(p, q, m)) uPol. (14)

In particular for £ =0



6 Generating functions for the number of hori-
zontally convex tilings of type (4, 8?%)

Theorem 2. The number of horizontally convex tilings of type(4,8%) can be
computed using the following generating functions

B 22(1 — 2)3(1 + x)

1 — 524322 + 523 — 7ot 4 25’

G(z) = Zgn z"

and

Glu,v,1) = (1 — uw)®(u 4 v + 2uv)
DT — 20 — 9uw + 4u?v — duv? — uBv + 14u2v? — uvd — 6udv? + 4uv3 — 13udv3 — 4udvt 4+ uteot’

where x is the total number of tiles (squares and octagons), w — the number of
octagons, v — the number of squares.

In order to prove this theorem we shall use the subsets A, B, C, D, D*, H
and G defined in Section In addition we denote a(p, ¢, 0), b(p, g, m), c(p, q, m),
d(p,q,m) and d*(p,q, m) — the number of tilings in each subset A, B, C, D n
D* correspondingly, which contain p octagons and ¢ squares, and the top layer
contains m octagons.

Following the definitions we note that the top layer of a tiling from the set
B contains m octagons and m — 1 squares for m > 1. The top layer of a tiling
from the set C' contains m octagons and m+ 1 squares for m > 1. The top layer
of a tiling from the set D or D* contains m octagons and m squares for m > 1,
also d(p, q,m) = d*(p, g, m) due to symmetry, which also means that generating
functions related to the sets D and D* are the same.

Let us consider the following generating functions of three variables with
u counting the number of octagons, v counting the number of squares and y
counting the number of octagons at the top layer.

pq
B(u,v,y) = Y b(p,q,m)uPviy™,
P.asm
C(u,v,y) = Z c(p, g, m)uPoviy™,
P.asm
D(u,v,y) = D*(u,v,y) = Z d(p, q, m)uPovly™.

p,g,m

Since A(u,v,y) does not depend on y, then A(u,v,y) = A(u,v,1) and

0
—A =0.
By (u,v,5) =0

Lemma 8. Forallp>1,q¢>0, m>1 holds
b(p,q,m) = d(p,q+1,m) = c(p,q +2,m).

Proof. See the proof of Lemmall] Figure O

13



From Lemma [ follows
D(u,v,y) = vB(u,v,y), C(u,v,y) = v*B(u,v,y).
Then

H(u,v,y) = B(u,v,y)+C(u, v, y)+D(u, v, y)+D* (u,v,y) = (14+2v+v?)B(u, v, ),
(16)
G(u,v,y) = A(u,v,y) + H(u,v,y) = A(u,v,y) + (1 + 2v + v*)B(u,v,y).

Note that in our reasoning we do not need to find the exact expression for three-
variables function G(u,v,y). It is sufficient to find the value of this function at
y = 1. As before, denote

X(,) = o H(u,v.y)

Y y=1
Proof of Theorem First, we shall obtain the recurrent relations for
a(p,q,m), b(p,q,m), h(p,q,m) and then we shall compose the generating func-
tions.

Let us start with the set A. Take a square and place it on top to some initial
tiling of type G. This type of operation is impossible if the initial tiling was
from the set A. If the initial tiling was from the set H and its top layer contains
already m octagons, then this type of operation can produce m different tilings
from A. Therefore, for any p and ¢

a(p,q+1,0) =Y mh(p,q,m).

For a single square we have a(0,1,0) = 1. And finally,

OH (u,v,y) )

oy = v+ v x(u,v). (17)

y=1

A(u,v,y) =v+v (

Taking into account (15, obtain

v+ ox(u,v) =v+ Z (Z mh(p, q, m)) uPpdtt

p.q m

=v+ Za(p, q+1,0)uPv?t
P,

= A(u,v,y).

Let us work now with the set B. Consider a tiling from the set B which
consists of a single row with k octagons and k& — 1 squares. This row can be
placed on top of some initial tiling of type G. If the initial tiling was from the
set A, then this operation can be produce k different tilings. If the initial tiling
was from the set H and its top layer contain already m octagons, then we are
able to produce m + k different tilings. This way it is possible to produce any
tiling from the set B but the ones that are made of a single row. Therefore, for
any p and ¢ holds

blp+k,q+k—1,k) :ka(p,q,O)+Z(m+kz)h(p,q,m).

14



And for the tilings from B made of a single row we have b(k,k — 1,k) = 1.
Using (T4), obtain

p,q,m
Zzb(k,k—l,k kk1k+sz+kq+k_1k)up+kvq+k Ly
k g,k
= Z ukkalyk —+ Z ukkalyk (Z (k’a(p, q, 0) + Z(m + k)h(p’ q, m)) Up’Uq)
k=1 k=1 p,q m
= Zukvquk +3 WP R (R A(u, v, 1) + KH (u,v,1) 4 x(u,v)) .
k=1 k=1

From follows

uFok 1ty 4 Z FoF=Lyk (kv + kox(u,v) + kH (u,v,1) 4+ x(u,v))
k=1

o0
ulekukklk (1+ x(u,v) Zkv+ kkalyk.
k=1

M8

B(u,v,y) =

=
I
—

Taking into account we obtain some relations for generating function
H(u,v,y)

H(u,v,y) koyk—1yk - kyk—1,k
———== = H(u,v,1 ku®v +(1 U, v) (kv+1)u e
14 2v 4 v? Z (1+x( ; 1) y ()
From here we can compose a system of equations for H(u,v,1) and x(u,v). The
first equation can be obtained by substituting y = 1 in . The second equation
can be obtaned by differentiation of with relation to y and substituting y = 1.

H(u,v,1) . o0 byt
— = = uleku + (14 x(u,v) Zkv+1 )
(1+w) =

x(u,v) > -
e Zk2 PR (14 x(u, ) ) k(kw + DufoR T

=
I

1

Now we shall use the computations made in Exercise[6] The system of equations
can be rewritten as

1 U u+ uv — u?v
H(u,v,1) <(1+U)2 - (1_W)2) = (1+x(u,v))(+1_7uv)2,
1 uw(l+v —uv + uv?) B u + u?v 1
(L4x(u,v)) ((1 For T (d—w) ) = Hr Da—opm Y avoe

From the first equation obtain

H(u,v,1) (1 —uv)? — u(l+v)?) -

) = T R — %)

(%)
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Substituting this relation into the second equation and performing some
technical calculations we obtain

H(u,0,1) = (1 — uw)?(1 + v)%(u + uv — 1)
P 1 — 20— Yuw + duv — duv? — wdv + 14u202? — uvd — 6udv? + duv3 — 13ulvd — dudvt 4+ udot’
From (17) and follows

A, v,y) = (1 —uw)?(1 — u — duv — wv? + u?v?)
Y T 0w~ ow + 4u2v — duv? — udv + 14u20? — wod — 6udv? + 4u2v3 — 13udv3 — 4udvd + utvd’

Recall that G(u,v,1) = A(u,v,1) + H(u,v,1), then

Glu,v,1) = (1 — uw)®(u 4 v + 2uv)
P ] — 20 — Yuw + 4u?v — duv? — uBv + 14u2v? — uvd — 6udv? + 4uv3 — 13udv3 — 4udvt 4+ utvt’

Let u = v = z, then

r(1—-2)2(1+2)(1 + 2 — 2?)

H =
(2) 1—5x 4322 + 523 — Tt + b’
Alx) = z(1—2)?(1 +2)(1 — 3z + 2?)
1 —br+322+5x3 —Taxt+ 25’
1— 21 2
Blx) x( )4 (1+x — %)

(1+2)(1 —5x+ 322+ 5a3 — Ta* + 25)

22(1 —2)3(1 + o)
Ca) =S g, 2" = .
() ;g v 1— 5z + 322 4 523 — T2t + 2

This finishes the proof of the theorem. (I

We use a mathematical software, for example [I7], to obtain the power series
of two variable based on the above generating functions
Au,v,1) = v+ uw + 20 4 3uv? + 4udv 4+ 13u?0? + 3uv® + 8utv + 41uv? + 33uv® + uvt + ...
G(u,v,1) = u+ v + 2u® + 4uv + 4u® + 14u%v + 6uv? + 8u* + 42uv + 42uv? + 4un®

+ 16u° + 113u*v 4+ 192uv? + 68uv® + uv + . ..

Similarly
A(z) = z + 2 + 52° + 202" + 832 4 3372° + 137027 + 55592° + 225612° + 9155420 + ...
G(x) = 2z + 62° + 24x° + 962" + 3902° + 15822° 4 642227 + 260622° 4 1057682° + 4292282 + ...

These coefficients are obviously the same as in Table [1, It is easy to obtain
now another proof of Theorem

Proof of Theorem [1], as Corollary from Theorem [2} Using Theorem
for G(z) holds

(1 — 5z + 322 + 52° — To* + 2°) Zgn 2" =2x(1 —x)*(1+ ).

Since the right hand side is a polynomial, then the left hand side should be the
same polynomial. Therefore the sequence g, follows the recurrent relation of
the 5th order:

In+5 = Sgn+ta — 3Gn+3 — 9Gn+2 + Tgn+1 — gn- O
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The characteristic equation for the above recurrent relation is (see [7])
a® —5z* +32% + 52° — Tw +1=0.

This equation has real roots and the largest root is ;4. =~ 4,058206109671.
Since this root is not a root of the numerator of the generating function, then

we can obtain the following asymptotic boundary 4.0582" < g,, < 4.05821™.
Let us point onto the particular substitution v = 1,

(1 —u)3(1 + 3u)
Glu.1,1 L
(L 1) = T 60 T 2202 — 2408 1 o8 Zw

The term w,, is a number of horizontally convex tilings of type (4, 82) containing
n octagons. We assume that wy = 1 corresponds to the case of a single square.
The first few values in this sequence are w; = 16, we, = 228, ws = 3328,
wy = 48612, ws = 710032. This sequence satisfies the recurrent relation of the
4th order:

Wptq = 16Wp43 — 22wWn 4o + 24Wny1 — Wy,

with the characteristic equation
ut — 16u® + 22u* — 24u +1 = 0.

This equation has real roots and the largest root is w4, &~ 14.6059427255653.
The asymptotic boundary is 14.6059™ < w,, < 14.606™

7 Generating functions for the number of hori-
zontally convex tilings of type (33,42

Denote by F the set of all possible horizontally convex tilings of type (3%,42)
and by F,, the subset of F', such that the number of elements (triangles and
squares) is n. Also denote f,, = |F,|.

In order to simplify the announce of the theorem let us introduce the follow-
ing polynomials of two variables

S(u,w) = 2u + v — 4u* — Juv — 3% 4 17w v + 17uv? + 3v° + 4u* — 3udv — 26u%0?

—2u® — 17u*v — 4u30? + 176203 + 5uv* + v + 35ut0? + 1560 — 6u2

— 4ot — 9ub0? — 11u°0® + 9uto? + wTv? + 10u80® + 3uv* + 4uv® — 3ubo?t

R(uw) = 1 — 3u — 4v + 2u* + 12uv + 602 + 2u® — 10u®v — 18uv? — 4v® — 3u*

—6uiv

— 15w — v

.
4 5U0’02
U7U

4

— 29y%e3
4
b

+ 12u%0? + 12u0® + v + u® + 120t + 16u30? — 6u?v® — 3wt — 4uSv — 16utv? — 14u30?
+ 2u2v?t — 4uPv? 4 8utvd + 2ulv* + 4ubv? + 8uPv® — wtot — wbud — WSt — W3,
Theorem 3. Generating functions for the number of horizontally convex tiles
of type (33,42) are
Z o —)(3 — 132 + 2422 — 1723 — 182* + 3525 — 325 — 1427 + 29)
nt = 7x + 2022 — 3023 + 1624 + 2025 — 3226 + 627 + 1128 — 229 — 210’
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and

S(u,v)

R(u,v)’

where S(u,v) and R(u,v) are defined just above, the variable u counts the num-
ber of triangles in given tiling, v — the number of squares.

F(u,v,1) =

Following the methodology we developed in previous sections let us define
six subsets of F' depending on the shape of the top layer, refer to Figure

A ER IR LT LT

Figure 21: The subsets of F.

Let us define the set H as a union of B, C, D and D*. Therefore the set F'
is a union of A, H and E.

Proof of Theorem We shall be using some helpful functions of three
variables (u, v, y), where u counts the number of triangles, v — number of squares,
y — the number of free slots at the top layer, that is the length of the top side
of top layer assuming the side length of an element equals to 1.

These functions a(p,q,0), b(p,q,m), c(p,q,m), d(p,q,m), d*(p,q,m) and
e(p,q, m) counts the number of elements in their corresponding sets. Remark
that due to symmetry d(p,q,m) = d*(p, q,m). Let us look into more details:

A(u,v,y) = Z (p, g, 0)uPv?

B(u,v,y) pr,q, JuPoly™

P.gsm
Cluv,g) = S clp,qmyurviy™
P,q,m
D(u,v,y) = D*(u,v,y) Z d(p, q, m)uPviy™
P.asm
E(u,v,y) = Y e(p,q,m)uPviy™
p.gsm

Obviously, A(u,v,y) does not depend on y (the top side length is zero).
Therefore

A(u,v,y) = A(u,v,1) and gA(u,v,y) =0.
Y
Lemma 9. Forallp>1, ¢ >0, m >0 holds

a) d(p+1,¢;m+1)=a(p,q,0)+b(p,q,m)

b) c(p+2,q,m+2) =alp,q,0) + b(p,q,m)
Proof. a) If we add a triangle of the type v/ to the right of the top layer of a
tiling of type A or B the we obtain a tiling of type D. The top side length will

increase by 1. This operation can be inverted. Therefore, for all p > 1, ¢ > 0,
m >0 holds d(p+ 1,q,m + 1) = a(p, q,0) + b(p, g, m).

18



V+ +V

Figure 22: See Lemma @

b) If we add two triangles of type 7 one to the right and another to the left
to the top layer of a tiling of type A or B, then the obtained tiling will be
from the set C, Figure The top side length will be increased by 2. This
operation can be inverted. Therefore, for all p > 1, ¢ > 0, m > 0 holds
c(p+2,q,m+2) = alp,q,0) + b(p, g, m). O

From Lemma [9h) follows
D(u,v,y) = uy(A(u,v,y) + B(u,v,y)).

Taking into account the fact that the triangle 57 corresponds to the monomial
uy, from Lemma [9p) follows

C(u,v,y) = uy + u’y*(A(u,v,1) + B(u,v,y)) = uy + uyD(u, v,y).
Since H(u,v,y) = B(u,v,y) + C(u,v,y) + D(u,v,y) + D*(u,v,y), then

H(u,v,y) = uy+B(u7U7y) + (2+uy)D(u,v,y), (18)
F(u,v,y) = A(u,v,y) + H(u,v,y) + E(u, v, y). (19)

Recall that we do not need to construct the complete expression for F(u, v, y)
as a function of three variables, it is sufficient to find this expression for y = 1,
ie. F(u,v,1).

Let us introduce the following notation for the value of partial derivative of
E(u,v,y) fory =1

OE(u,v,y) — e(u,).
Oy y=1

In order to construct a tiling that belongs to the set A we take the triangle
A and place it to the top of some initial tiling. This is only possible for the
initial tiling from the set F. Therefore, for all p, ¢ holds

a(p+1,q,0) =Y me(p,q,m

For a single triangle A we have a(1,0,0) = 1. Finally,

OE(u,v, y))

oy =u+ue(u,v). (f)

y=1

A1) = Al vp) = utu

Recalling , obtain

u~+uwe(u,v —u+z<2mep,q, >up+1vq

p.q

=u+ Y alp+1,¢0u" v’ = Alu,v,y).

p,q
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Let us construct a tiling from the set B. Let us take a single row tiling from
B with top side length k (and bottom side length k 4 1). Let us place it on
top of some initial tiling from F' in order to create a new tiling of F. This is
possible only if the initial tiling belongs to the set E. If this initial tiling has
the top side length m, then we are able to produce m + k new tilings. This way,
we are able to produce any tiling from B but a single-row tiling. Therefore, for
all p, q holds

b(p+2k+1,q.k) =Y (m+k)e(p,q,m).

m

And for a single-row tiling of B holds b(2k + 1,0, k) = 1. Using (14), obtain

B(u,v,y) = Y _ b(p, g, m)uPviy™

p,q,m

D b2k + 1,0, k) u R+ Y " b(p + 2k + 1, g, k)uP TR oyk
P4,k

k
Z k+1 k + Zuzkﬂ k (Z <Z(m+ k)e(p,q,m)) upvq>

k=1 p.q m

o0
u%“ylC + u%ﬂyk(kE(u, v, 1) + €(u,v)) .
1 k=1

M

el
I

Therefore,

o0

B(u,v,y) = (1 + €(u,v) Zu%'ﬂ k4 B(u,v,1) Zku2k+1yk. (1)
k=1 k=1

Let us construct a tiling from the set D. Let us take a single-row tiling from
D with the top side length k£ and place it on top of some initial tiling in order
to construct a new tiling from F. This is only possible for the initial tiling from
the set E, and if the initial tiling has the top side length m than we are able to
produce m + k — 1 new tilings. For all p, ¢ holds

d(p+2k+1,q,k) =Y _(m+k—1)e(p,q,m).

m

For a single-row tiling from D holds d(2k,0,k) = 1. Using (I4), obtain

D(u,v,y) = Z d(p, ¢, m)uPviy™

p,q,m
= d(2k,0,k)u*y* + Y d(p+ 2k, g, k)uP oyt
k p,q,k
-3 3 (8 (S )
p,q m

M8 I

w4 wPty (k= DE(u,0,1) + e(u,v)).
k=1

>
Il

1
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Therefore,
D(u,v,y) = (1 + €(u,v) Zuzkyk + E(u,v,1) Z Du?fy® (1)
k=1 k=1

Let us construct a tiling from the set E. Let us take a single-row tiling from
E with the top side length k and place it on top of some initial tiling in order
to construct a new tiling from F. This is only possible for the initial tiling from
the set H, and if the initial tiling has the top side length m than we are able to
produce m + k — 1 new tilings. For all p, ¢ holds

e(p,q+k k)= Z(m +k —1)h(p,q,m).

m

For a single-row tiling of type E holds e(0,k, k) = 1. Using obtain
Bluyv,y) = (14 x(u,0)) 3 vy + H(u,0,1) Sk — (1)
k=1
From taking into account and obtain

H(u,v,y) = uy + B(u,v,y) + (2 + uy)D(u,v,y)

oo
:uy+(1+e(u,v))2u2k+1 k4 E(u,v,1) Zku%ﬂ k
k=1 k=1

+(2+uy)<( + e(u,v) Zu%yk—&—Eule u? k).
k=1 k=1

Therefore

o0
H(u,v,y) = uy+(1+€(u,v)) 2+utuy) Y v y*+E(u,v,1)
k=1

(ku+2(k — 1) + (k — Duy) u?*y*.

(t11)

Using (ff), (f11) obtain the system of equations for H(u,v,1), x(u,v),

E(u,v,1) and €(u,v). Two equations come from the substitution y = 1. Two
more are obtained from differentiation by y and substitution y = 1:

hE

>
Il
—

H(u,v,1) = u+ (1+e(u,v))(2+2u)d 5, u?k
+E(u,v,1) 37~ (ku+ (2 +u)(k —1)) u?k
x(u,v) = u+ (1+e(u,v)) Zk21(2k+uk+u(k+ 1))u*
FE(u,v,1) Y iy (FPu+ (k= 1)(2k + u(k + 1)) w*,
E(u,v,1) = (1—|—x(u,v))zk21vk+H(u,v, 1) Zk21(k—1)vk,
e(u,v) = (1+X(U7U))Zk21 kvk + H(u,v,1) Zkgl k(k — 1)v*.
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Using computations from exercises rewrite the system as

u? u?
H(u,v,1) = uv + (1+ e(uw))f_ﬁ + Euv, DW’
- w?(2 — u) ud(1 + 2u — u?)
X(u’v) = u “+ (1+6(U,’U))W -+ E(U,’U,l)m,
E(u,v,1) = (1+X(u,v))1 — + H(U’U’D(liiv)Z’
v 202
e(u,v) = (1+ X(U,U))m + H(uv, Dm'
From last two equations obtain
) = H 0=t AGn e
(119
E(u,v,1 H(u,v,1)v?
e(u,v) = (1—11 ) + ((l—v)i

Substituting these into the first two equations obtain generating functions E(u, v, 1)
and H(u,v,1).

v u)(1 = u)*Py(u,v
Bu,v,1) = o HC o Al
(1) = S0 (0]

where R(u,v) was defined at the beginning of the section,

Py(u,v) =1 —u — 30+ u? + duv + 3v* — 3u?v — 5uv? — v® — udv + uv? + 2uv® 4 4uv? — uo?
— w30 + ut? ,

Py(u,v) =1 — 2u — 20 4 v2 + 6uv — 2uv? — 5uv + 2u® — u?v? — udv — ut + 4udv? + uto — uSv?.

From ({f)) and (i I f) obtain

A(u,v,1) = u + ue(u, v)
uB(u,v,1)  uH(u,v,1)v?
_|_
1—v (1—wv)3
u(l — u)Ps(u,v)
R(u,v) ’

where

Ps(u,v) = 1 — 2u — 3v + Tuv + 4v* + 2u® — 2u%v — Suv? — 30 — u* — Tudv + 5uv® + v* + 3utv

+ 10u30? + 2u20® — 2uv* + 2ut0? — 6ud0® — 2uP0? — 5ute? + 20t — WP + utot

Finally, from obtain F'(u,v,1).
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Substituting u = v = z, everything becomes very simple. Indeed,

R(z,x) =1 — T + 2022 — 3023 + 162" + 202° — 322° 4 627 + 112% — 227 — 20,
Py(x,2) =1 — 42 + 82 — 9% + 22" + 327,
Py(z,x) = (1 —2)(1 — 2 — 2?)(1 — 2z + 32 — 2*),
Py(z,2) = (1 — o — 2%)(1 — 4o + 822 — 7a® — 2* + 52°).
Then
Blr) = r(1+2)(1 —2)2(1 — 4z + 82% — 92 + 22* + 329)
1 —7x + 2022 — 3023 + 1622 + 2025 — 3226 + 627 + 1128 — 229 — 210’
Hiz) = z(1—2)*(1+2)(1 — 2z — 2?)(1 — 2z + 322 — %)
1 — 72 + 2022 — 3023 + 1624 + 2025 — 3226 + 627 + 1128 — 229 — 210’
Alx) = (1 —2)(1 -2 —2?)(1 — 42 + 822 — 72® — 2* + 52°)
1 —7x + 2022 — 3023 + 162% + 2025 — 3226 + 627 + 1128 — 229 — 210’
Flz) = (1 —2)(3 — 13z + 242 — 1723 — 182* + 3525 — 320 — 1427 4 29) .
1 —Tx + 2022 — 3023 + 162 + 2025 — 3225 + 627 + 1128 — 229 — 210
This completes the proof of the Theorem. O

We use online mathematical software to obtain the power series for above
generating functions.

F(u,v,1) = 2u + v + 2u% + 2uv + v? + 2u® + 50?0 + 4uv? + 03 + 2u* + 10030 + 14u20? + 6uv® 4 v*
+ 2u® + 18u*v + 34u3v? 4 29u2v® + 8uv? + v° + 2u8 + 30uPv + T4utv? + 88uPv? + 52u%v?
+ 10uv® + v°® + 207 4 47u8v 4 146uv? + 228utv® + 194030 + 85uv® + 12008 + 07 + ...

Also

E(z) = z 4 222 4+ 523 + 132% + 342° + 9425 + 26627 + 7512% + 20932° + 5793210 + . . . |

H(z) =z + 22% + 42 + 112 + 322° 4 9225 + 25527 + 6982® + 19252° + 53622'° + ...,

A(x) = 2 + 2% + 32% + 921 + 262° + 712° + 19427 + 5392° + 151127 + 4222210 + ...,

F(x) = 3z + 522 + 122% + 332% 4+ 922° + 2572°% + 71527 4 19882% + 552927 + 15377210 + ...

Corollary 1. The sequence f,, satisfies the recurrent relation of 10th order:

Jrnt10 = Tfnt90—20fn48+30 fri7—16 fri6—20 fr45+32 frnpa—6frys—11fr 2 +2 frnp1+fn.
(20)

Proof. For F(x) holds

(1 — 7Tw+202% — 302° + 162" + 202° — 3225 4 627 + 112° — 227 — 2'°) Y~ f,, 2"

=2(1 —2)(3 — 132 4 242 — 1723 — 182* + 352° — 325 — 1427 + 2°) .
These are equal polynomials, therefore the recurrent relation holds. O
The corresponding characteristic equation is
2! — 72% 4 202® — 3027 + 162° + 202° — 322" 4 62° + 112 — 22 — 1 = 0.

This equation has real roots, and the largest root is x4, ~ 2.77906203737.
Therefore 2.779™ < f, < 2.7791™.
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