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ABSTRACT. This investigation studies nonemptiness problems of plane square
tiling. In the edge coloring (or Wang tiles) of a plane, unit squares with
colored edges of p colors are arranged side by side such that adjacent tiles
have the same colors. Given a set of Wang tiles B, the nonemptiness problem
is to determine whether or not X(B) # 0, where X(B) is the set of all global
patterns on Z? that can be constructed from the Wang tiles in B.

When p > 5, the problem is well known to be undecidable. This work
proves that when p = 2, the problem is decidable. P(B) is the set of all
periodic patterns on Z? that can be generated by B. If P(B) # ), then B has
a subset B’ of minimal cycle generator such that P(B’) # 0 and P(B"”) = ( for
B" G B'. This study demonstrates that the set of all minimal cycle generators
C(2) contains 38 elements. N(2) is the set of all maximal noncycle generators:
if B € N(2), then P(B) = 0 and B 2 B implies P(B) # 0. N(2) has eight
elements. That X(B) = 0 for any B € N(2) is proven, implying that if X(B) #
(0, then P(B) # (. The problem is decidable for p = 2: X(B) # 0 if and only if
B has a subset of minimal cycle generators. The approach can be applied to
corner coloring with a slight modification, and similar results hold.

1. INTRODUCTION

The coloring of unit squares on Z? has been studied for many years [6]. In
1961, in studying the method of proving theorems by pattern recognition, Wang
[12] started to study the square tiling of a plane. The unit squares with colored
edges are arranged side by side so that the adjacent tiles have the same color; the
tiles cannot be rotated or reflected. Today, such tiles are called Wang tiles or Wang
dominos [4, [6].

The 2 x 2 unit square is denoted by Zay2. Let S, be a set of p (> 1) colors. The
total set of all Wang tiles is denoted by $¥, ,(p) = Sp>**. A set B of Wang tiles,
such that B C X%, 5(p), is called a basic set (of Wang tiles). Let X(B) be the set
of all global patterns on Z? that can be constructed from the Wang tiles in B and
let P(B) be the set of all periodic patterns on Z? that can be constructed from the
Wang tiles in B. Clearly, P(B) C £(B). The nonemptiness problem is to determine
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whether or not X(B) # 0. In [12], Wang conjectured that any set of tiles that can
tile a plane can tile the plane periodically, i.e.,

(1.1) if S(B) #0, then P(B) # 0.

However, in 1966, Berger [4] proved that Wang’s conjecture was wrong. He
presented a set B of 20426 Wang tiles that could only tile the plane aperiodically:

(1.2) X(B)#0 and P(B)=0.

Later, he reduced the number of tiles to 104. Thereafter, smaller basic sets were
found by Knuth, Lauchli, Robinson, Penrose, Ammann, Culik and Kari [5, @, [7, 10,
11]. Currently, the smallest number of tiles that can tile the plane aperiodically is
13, with five colors: (2)) holds and then (IIJ) fails for p = 5 [5].

In studying the multi-dimensional shifts of finite type and tiling dynamics [1l
2, [3], we come across this problem. This work shows that Wang’s conjecture (L))
holds provide p = 2: any set of Wang tiles with two colors that can tile a plane can
tile the plane periodically.

Statement () is understood by studying how periodic patterns can be gen-
erated from a given basic set. First, the minimal cycle generator is introduced.
B C X¥ 5(p) is called a minimal cycle generator if P(B) # () and P(B') = () when-
ever B G B. B C X%,,(p) is called a maximal noncycle generator if P(B) = §)
and P(B") # () for any B” 2 B. Given p > 2, denote the set of all minimal cycle
generators by C(p) and the set of maximal noncycle generators by N (p). Clearly,

(1.3) Cp) NN (p) =0.
Statement (1) follows for p = 2 if
(1.4) X(B)=0 for any B € N(2)

can be shown.

In this study, for p = 2, C(2) and N (2) can be listed explicitly, and ([L4) is shown
to hold. Indeed, C(2) has 38 members and N (2) has eight members. Furthermore,
under the symmetry group D4 of Zax2 and the permutation group S, of colors of
horizontal and vertical edges separately, C(2) can be classified into six classes and
N(2) into only one class.

To prove X(B) = 0 for any B € N (2), the vertical ordering matrices Y .mx2
of local patterns on Z,,x2, which was developed in another work [1], are applied.
The impossibility of generating an allowable pattern on Zsyx4 from any B € N (2)
is demonstrated. For p = 3, (4] is still under investigation because the numbers
of elements in C(3) and N (3) are high. The number of C(3) exceeds 5 - 10°. Under
the symmetry groups, C(3) still contains thousands of classes.

Notably, if (II]) holds, then the nonemptiness problem can easily be determined
by studying P(B), as in the case p = 2. More precisely, X(B) # 0 if and only if B
has a subset of minimal cycle generators.

In corner coloring, the basic set of 44 tiles with six colors that can tile the
plane aperiodically without any periodic patterns has been established elsewhere [9].
Hence, (L2) holds and then (L)) fails for p = 6. The method used to study Wang
tiles (edge coloring) can also be applied to study corner coloring. For p = 2, no
allowable pattern on Zs«5 can be generated from any maximal noncycle generator.
Hence, ([I4) holds and the nonemptiness problem is decidable for corner coloring,
too.
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NONEMPTINESS PROBLEMS OF PLANE SQUARE TILING 1047

For recent results on Wang tiles (colored edges) and colored corners with their
applications to computer graphics, see Lagae and Dutré [§] and the references
therein.

The rest of this paper is arranged as follows. Section 2 proves (LIJ) for corner
coloring when p = 2. Section 3 proves (LT for Wang tiles when p = 2.

2. CORNER COLORING

This section studies corner coloring and proves that () holds for p = 2. Corner
coloring is studied first because the ordering matrix of corner coloring is simpler
than that of edge coloring. Some notation must be introduced first. In this sec-
tion, Zsyo represents the square lattice with vertices (0,0), (0,1), (1,0) and (1,1).
Furthermore, for any (i,j) € Z?2, define Zax2(i,7) = {(i,4),(i,5 + 1), (i + 1,7),
(t+1,7+1)}.

For given positive integers m and n, the rectangular lattice Z,, «, is defined by

Zonsn ={(5,J)0<i<m—-1land 0<j<n-—1}.

Denote the set of p colors by S, = {0,1,...,p — 1}. The set of all global patterns
on Z? with colors in Sp is denoted by

2
$2=8Y ={U|U:7* = S,}.
The set of all local patterns on Z,, . is defined by
men(p) = {U|Zm><n U e 2123}

Now, for any given B, C Yax2(p), B. is called a basic set. The set X, «, (B.) of
all patterns on Z,, ., generated by B, is defined by

Simxn(Be) = {U € Spsn(®) 1 U |z,,5(1,5)€ Be for 0<i <m —2,0<j <n-—2},
and the set X(B.) of all global patterns on Z? generated by B, is defined by
S(B) ={U € %2 :U |z,,,(.5)€ B for i,j € Z} .
Clearly,
(2.1) if Xpwn(Be) = 0 for some m,n > 2, then X(B.) = 0.
Then, the set P(B.) of all periodic patterns generated by B, is defined by
P(Be) ={U = (uij) € (Be) | tij = Witn,j = Uitk
for all 4, j € Z and for some n, k > 1}.

For simplicity, a periodic pattern is also called a cycle.
Now, the symmetry of the unit square Zsxs is introduced. The symmetry group
of the rectangle Zs«o is Dy, the dihedral group of order eight. The group Dy is

generated by the rotation p, through 7, and the reflection m about the y-axis.

Licensed to National Chiao Tung University. Prepared on Thu Apr 24 20:39:07 EDT 2014 for download from IP 140.113.38.11.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1048 WEN-GUEI HU AND SONG-SUN LIN

Denote the elements of Dy by Dy = {I, p, p?, p>,m, mp, mp?, mp3}.

. .
-
. .
. . mp
- .

27
\

Therefore, given a basic set B, C Yox2(p) and any element 7 € Dy, another
basic set (B.), can be obtained by transforming the local patterns in B, by 7.

Additionally, consider the permutation group S, on S,. If n € S, and 7(0) = iy,
(1) =41, ..., n(p — 1) = ip_1, we write

(0 1 - p—-1
77<i0 i iy )

For n € S, and B, C Xax2(p), another basic set (B.), can be obtained.
D, and S, can be combined to define the equivalence classes of basic sets, as
follows: given B. C Yaoyxa(p), define the class [B.] of B, by

[BC] = {B; C ngg(p) : B:: = ((Bc)r)an € Dy,m e Sp}-

The nonemptiness of ¥(B.) and P(B,) is clearly independent of the choice of ele-
ments in [B]: for any Bl € [B.],

N(BL) #0 (or P(B,) #0) if and only if X(B.) #0 (or P(B.) # 0).
More definitions are required.

Definition 2.1. For B. C Yox2(p):

(i) B, is called a cycle generator if P(B.) # 0.

(ii) B. is called a minimal cycle generator if P(B.) # 0 and P(B.) = () for all
B. S B..

(iii) B. is called a noncycle generator if P(B,.) = 0.

(iv) B, is called a maximal noncycle generator if P(B.) = 0 and P(BY) # () for
all B! 2 B, .

(v) Cc(p) is the set of all minimal cycle generators that are subsets of Xax2(p).

(vi) N.(p) is the set of all maximal noncycle generators that are subsets of

E2><2(p)~

Notably, if B, is a cycle generator, then it has a subset of minimal cycle gener-
ators. In contrast, if B/, is a noncycle generator, then B/, is a subset of a maximal
noncycle generator.

From now on, only the case p = 2 is considered: Sy = {0, 1}. In another work [IJ,
the horizontal ordering matrix Xoxo = [2p q]axa for all local patterns in ¥542(2) is
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defined by

o
o
=}

1
22 AR
1
1

For any n > 2, the horizontal ordering matrix Xy, for all local patterns of ¥ox,,(2)
can also be defined. The recursive formula for generating Xoy,, from Xoyo is as
follows. Let

0

o
o
o

o

0 0 0 1

BENE
BN
HENE

1

o

0 1 1 1 1

(23) Xoxn = [xn;i,j]anzn _ |: X2><n;1 X2><n;2 :|

X2><n;3 X2><n;4
where Xoyp.; is a 277! x 277! matrix of patterns. Then,

$1,1X2xm1 $1,2X2xm2 $1,3X2Xn;1 $1,4X2xm2
(2.4) X (1) = 22,1 Xoxn:3 22Xoxna 223Xoxns T24Xoxna
23,1 Xoxn1 T32Xoxn2 33Xoxn;1  234Xoxn:2
4,1 Xoxn;3 T42Xoxna T43Xoxn3s T4aXoxn:a

is a 271 x 27+ matrix. Consequently, given a basic set B, the associated horizontal
transition matrix H, (B.) is obtained from Xoy,,. Indeed, Ha(B.) = [h; ;], where
hi; = 1if and only if z; ; € B.. The recursive formula of Xy, can also be applied
to Hy(B,). If

_ | Hun Hpp
H,(B.) = { Hypz  Hpa Lnxzﬂ’

where H,,.; is a 2”1 x 2"~1 matrix, then

hl,lHn;l hl,ZHn;Q hl,SHn;l h1,4Hn;2
ho1Hy.s hooHpa hosHps hoalya
ha1Hpa hsoHpo hssHpya hsaHpo
hy1Hyz haoHpy hasHysz hygHyy

(2.5) H, 1(Bc) =

Let T'yyxn(Be) be the cardinal number of ¥, (B.). Hence, Ty, xn(B.) is equal to
|H"~1(B.)|, where |A] is the sum of all entries in matrix A.

For convenience, the name of each local pattern in ¥.2(2), which is listed in
[22), is given as follows.

Licensed to National Chiao Tung University. Prepared on Thu Apr 24 20:39:07 EDT 2014 for download from IP 140.113.38.11.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1050 WEN-GUEI HU AND SONG-SUN LIN

Definition 2.2. Denote by

O 2 €4 r

| en t I @e3

(2.6) Xoxa = s J b o
[ e e FE

O—O@
Note that the ordering of four corners of Zsy s is given by , which was used
n [ 2, B]. For each ¢ € {1,2,3,4}, e; (€;) is designed for one 1 (0) at the i-th
corner and three Os (1s) on the other corners. As two 1s (and two 0s), ¢ stands
for top, b for bottom, r for right, [ for left, I for diagonal and J for anti-diagonal.
Finally, O stands for four Os, and the full matrix E stands for four 1s.

The following theorem groups all minimal cycle generators into seven classes and
maximal noncycle generators into four classes. Table A.1 of Appendix A presents
the symmetries of minimal cycle generators in C.(2), and Table A.2 lists those of
maximal noncycle generators in NV (2).

Theorem 2.3.

(i) Cc(2) contains 17 elements and is classified into seven classes of minimal
cycle generators which are given by
(1) {o}] ={{O},{E}},

(2) [{b7 t}] = {{bvt}v {lv T‘}},

(3) {1, 3 ={{1,J}},

(4) [{61, €92, €3, 64}] = {{617 €9, €3, 64}7 {El,€2,€37€4}},

(5) [{e1,e2,e3,84,b}={{e1,e2,83,84,b},{e3,€4,€1,€2,1},{€1,€3,8,84,7},

{627 64551,633 l}};

( ) [{617 €4, JH = {{617 €4, J}7 {627 6371}7 {627537 J}7 {5176471}};
( ) [{61, 64,51,54}] = {{61, 64,51,54}, {62, 63,52,53}}.

(ii) No(2) contains 56 elements and is classified into four classes of mazimal
noncycle generators which are given by

(1) [{61,62761362,643J3Tvb}} = [Nl]’
(2) [{61,62,51,@2,54,J T, t}] = [NQ],
(3) %{61,64,61,62,63,],[,!‘,” = [Ng],

( ) {61,62,63,61,62,64,J,l,b} = [N4]

(iii) If B. € N.(2), then X(B.) = 0.
Furthermore, (1)) holds for p = 2.

Proof. The 17 basic sets in Theorem 23[i) are easily shown to be minimal cycle
generators. The 56 basic sets that are listed in Table A.2 are obtained from the
17 minimal cycle generators in (i) by finding all maximal basic sets B, C Y2x2(2)
that do not contain any minimal cycle generator in (i). If the 56 basic sets cannot
generate any periodic pattern, then the set of 17 minimal cycle generators is C.(2)
and the set of 56 basic sets, listed in Table A.2, is N (2).

Now, the stronger result that the 56 basic sets in Theorem[Z3]ii) cannot generate
global patterns on Z? is to be proven. Since (ii) specifies all four classes of the
56 basic sets, only the four cases N;, i = 1,2,3,4 need to be considered. It is
straightforward to check that Hj(IV;) is a zero matrix, i = 1,2, 3, 4; see Appendix
A.3 for Ho(Np) and Hy(Ny). The details are omitted here. Hence, I's5x4(N;) = 0
such that ¥5x4(V;) = 0, and then X(V;) = 0. The results (i), (ii) and (iii) follow.
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NONEMPTINESS PROBLEMS OF PLANE SQUARE TILING 1051

Finally, from Theorem 2.3(iii), X(B.) = 0 is easily seen for any B. € Yox2(2)
with P(B.) = 0. Therefore, (LI holds for p = 2. The proof is complete. O

3. WANG TILES

This section discusses edge coloring (Wang tiles). In this section, the unit square
is still denoted by Zoyxo. The left, right, bottom, and top edges of the unit square
Zaoxo are given by hi(Zaxa), ho(Zaxa), v1(Zax2), and ve(Zaxa), respectively. De-
note the set of all local patterns with colored edges on Zaxo (Wang tiles) over S,
by X% 5(p). Given B C XY, 5(p), let X, xn(B) be the set of all local patterns on
Zomxn generated by B; let 3(B) be the set of all global patterns generated by B,
and P(B) be the set of all periodic patterns generated by B. Clearly,

(3.1) if X xn(B) =0 for some m,n > 2, then X(B) = 0.

The ideas of corner coloring can be applied to edge coloring with some required
modifications. The main difference between edge coloring and corner coloring is
that the former is less rigid than the latter. More precisely, in edge coloring,
every edge needs only be matched with other unit squares in the horizontal or
vertical directions. Therefore, the horizontal and vertical matchings are mutually
independent in the first stage. In corner coloring, the color of every corner must be
matched with the colors of all four unit squares around the corner, and then the
horizontal and vertical directions are closely related.

Since, in edge coloring, the permutations of colors in the horizontal and verti-
cal directions are mutually independent, denote the permutations of colors in the
horizontal and vertical edges by n, € S, and 7, € Sp, respectively. Then, for any
B C 3Y¥, 5(p), define the equivalence class [B] of B by

8] = {B' € B5.5(0): B = ((B):)us),, 7 € Da and mumy € 5, }

As in corner coloring, the nonemptiness of ¥(B) and P(B) is independent of the
choice of elements in [B].

The minimal cycle generator and maximal noncycle generator are defined as
in Definition 2.1. The sets of all minimal cycle generators and maximal noncycle
generators contained in X%, ,(p) are denoted by C(p) and N (p), respectively.

From now on, only the case p = 2 is considered. The vertical ordering matrix
Yuwi2x2 = [Ywyi ;] of all local patterns in X%, 4(p) is denoted by

0 1 0 1
0 0 1 1
0 1 0 1
0 0X0| 00 0 X1 0 X1
0 0 0 0 0
0 1 0 1
0 0,X0 0 X0 01 o0X1
(3.2) 1 1 1 1
Y ye =
w;2X2 0 3 0 7
1 1.X0 1 X0 1 X1 1 X1
0 0 0 0 0
0 0 1
1 1 X0 ™0 11 11
1 1 1 1 1
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Ywi1,1 Ywil,2 Yw;l,3 Yw;l,4a
Yw;2,1  Yw;2,2  Yw;2,3 Yw;2,4
Yw;3,1  Yw;3,2  Yw;3,3 Yw;3,4
Yw;a 1l Yw;d,2  Yw;d,3 Yw;d4

O E, Ei R
Es J B E,
E, T I FEs
L E, E, E

To match colors in the vertical direction, the permutation matrix Ry for four ele-
ments {1,2,3,4} with 1 =+ 3 — 1 and 2 — 4 — 2 is introduced:

(3.4) R =

o= O o
— O O O
o O O
o o= O

R
/N

Now, the ordering matrix Y23 of local patterns ¥*N, where o € {0,1}, on
Zox3 is arranged in

(3.5) Yuoxs = Yﬂgxg =Yuyoxe (s + R2)Ywax2),

where I, is the ¢ x ¢ identity matrix. Furthermore, for n > 3, the ordering matrix
Y w;2xn O0 Zaxy is obtained recursively by

(3.6)
Yw;2><n = YEZ;}JQ = Yw;2><2 ((Ll + R2)Y1[Z;>2<]2) = Yw;2><2 ((I4 + RQ)Yw;ZX(nfl)) .

The proofs of (30 and ([B.6) are straightforward and are omitted here.
NSAITA
The ordering matrix Y32 of local patterns MM , where ® € {0,1}, on Zzy5 is

quite different from that associated with corner coloring. Indeed, Y .3x2 of %%
has 27 elements and is arranged in a 2% x 2* matrix, as presented in Appendix A.4.

Furthermore, to introduce the vertical ordering matrix Y.mx2 on Zp,x2, the
following notation is required. For any two ¢ x ¢ matrices A = (a; ;) and B = (b; ;),
where a; ; and b; ; are numbers or matrices, the Hadamard product of A o B is
defined by Ao B = (a;,;b; ;). Then, for m > 3, if

Yw;m;l Yw;m;2

Y,,. -
Rt Yw;m;3 Yw;m;4

Licensed to National Chiao Tung University. Prepared on Thu Apr 24 20:39:07 EDT 2014 for download from IP 140.113.38.11.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



NONEMPTINESS PROBLEMS OF PLANE SQUARE TILING 1053

then
(3.7
Yw;(m+1) X2
Yw;1,1 X Yw;1,2 X Yw;1,1 X Yw;1,2 X
X Yw;1,3 X Yw;1,4 X Yw;1,3 X Yw;1,4
yw;2,1 X Yw;2,2 X Yw;2,1 X Yw;2,2 X
_ X Yw;2,3 X Yw;2,4 X Yw;2,3 X Yw;2,4
B Yw;3,1 X Yw;3,2 X Yw;3,1 X Yw;3,2 X
X Yw;3,3 X Yw;3,4 X Yw;3,3 X Yw;3,4
Yw;a,1 X Yw;4,2 X Yw;4,1 X Yw;4,2 X
L X Yw;4,3 X Yw;4,4 X Yw;4,3 X Ywia,a |
Yw;m;l X Yw;m;l X Yw;m;Z X Yw;m;2 X
X Yw;m;3 X Yw;m;S X Yw;m;4 X Yw;m;4
Yw;m;l X Yw;m;l X Yw;m;2 X Yw;m;Q X
° X Yw;m;3 X Yw;m;S X Yw;m;4 X Yw;m;4
Yw;m;l X Yw;m;l X Yw;m;2 X Yw;m;2 X ’
X Yw;m;S X Yw;m;S X Yw;m;4 X Yw;m;4
Yw;m;l X Yw;m;l X Yw;m;2 X Yw;m;2 X
L X Yw;m;3 X Yw;m;S X Yw;m;4 X Yw;m;4 |

where X means no pattern.
As in m = 2, to match colors in the vertical direction for Y. ;mx2, m > 3, the
22m=2 x 22m=2 permutation matrix R, = [R,.i ;] must be introduced. For any

1 <i<22m72 the existence of a unique ay, s, ..., aom_2 € {0,1} such that
2m—2
,L': 1+ Z aq22m72*q
qg=1

is easy to verify. Let
m—1
f(Z) = Zagq_lgmiliq.
q=1

Hence, there exist unique of, af, ..., ab,,_5 € {0,1} such that

m—1
Za’zq712m_1_q =¢(i)+1 (mod 2™71).
g=1

Now, define
(3.8) R...i; = 1if and only if j = r(7),
where

m—1

r() =1+ > (g, 227720 g 22220

q=1

Furthermore, define
om-1l_q
(3.9) R,, = Z R
1=0
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Now, the ordering matrix Y, .;mx3 on Z,x3 can be shown as

(310) Yw;m><3 = Yg;]mxg = Y'w;m><2 (Rme;mx2>
and
(3'11) Yw;mxn = Yq[;l;;lig = Yw;m><2 (Rqu[Z;flg)

for n > 3. The proofs of (BI0) and (BII) are similar to those in corner coloring
and are omitted here.

Given B C X¥,,(2), the associated transition matrix V.., (B) is obtained from
Youmxe. Indeed, Vi,.0(B) = [v; ], where v; ; = 1 if and only if y,,;; € B. Asin
corner coloring, the recursive formula of Y,.mx2 can also be applied to V. (B)
as follows. If

Vin: Vin:
Vw;m(B) _ |: Vm,l VWL,2 :| ,
m;3 m;4d | g2m—2y92m—2
where V,,.; is a 2273 x 2273 matrix, then
Vw;erl(B)

I V1,1 0 V1,2 0 V1,1 0 V1,2 0
0 V1,3 0 V1,4 0 V1,3 0 V1,4

V2,1 0 V2.2 0 V2,1 0 V2,2 0
0 V2.3 0 V2,4 0 V23 0 V2.4

V3,1 0 V3,2 0 U3,1 0 V3,2 0
0 V3,3 0 V3 4 0 V3,3 0 V3,4

)

V4,1 0 V4,2 0 V4,1 0 V4,2 0

(312) L 0 V4,3 0 V4,4 0 V4,3 0 U414_

[ Vm;l Om Vm;l Om Vm;2 Om Vm;2 Om ]

Om Vm;3 Om Vm;S Om Vm;4 Om Vm;4

Vm; 1 Om Vm; 1 Om Vm; 2 Om ‘/m; 2 Om

° Om Vm;S Om Vm;3 Om Vm;4 Om Vm;4
Vm;l Om Vm;l Om Vm;2 Om Vm;2 Om ’

Om Vm;S Om Vm;S Om Vm;4 Om Vm;4

Vm;l Om Vm;l Om Vm;2 Om Vm;2 Om
L Om ‘/m;3 Om Vm;3 Om Vm;4 Om Vm;4 ]

where O, is the 2273 x 22m=3 zero matrix. Let I« (B) be the cardinal number
of X, xn(B). Therefore,

(3.13) Lo (B) = Vg (B) (Ron Vi (B))" 2| .

Now, the following theorem gives the six classes of 38 minimal cycle generators
in C(2) and the one class of eight maximal noncycle generators in N'(2). Tables A.5
and A.6 present the details of six equivalent classes of C(2) and the symmetries of
eight maximal noncycle generators in N (2), respectively.

Theorem 3.1.

(i) The siz classes of minimal cycle generators in C(2) are given as follows:
(1) {o}l,

(2) {EL, Ea}l,

(3) [{E1, Ev}l,

Licensed to National Chiao Tung University. Prepared on Thu Apr 24 20:39:07 EDT 2014 for download from IP 140.113.38.11.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



NONEMPTINESS PROBLEMS OF PLANE SQUARE TILING 1055

(4) {B, T},
(5) [{£1, B, kY],
(6) [{E1, B2, BY].
(ii) The one class of mazimal noncycle generators in N(2) is given by
[{Ela E27 E37 E4a T} R}] = [Nw]
(i) If B € N(2), then %(B) = (.
Furthermore, (L)) holds for p = 2.

Proof. The idea of this proof is similar to that of corner coloring. The 38 basic sets
in Table A.5 are easily seen to be minimal cycle generators. The eight basic sets
in Table A.6 are obtained from the 38 minimal cycle generators in Table A.5 by
finding all maximal basic sets B C £¥,,(2) that do not contain any minimal cycle
generator in Table A.5.

Then, to prove (i), (ii) and (iii), only ¥(N,,) = 0 need be proven. Form (B.8]),
BI2) and BI3), I'sxa(Ny) = 0 is straightforwardly proven; then, 3(N,) = 0.
Therefore, the results (i), (ii) and (iii) hold.

Finally, from (iii), ¥(B) = 0 is easily seen for any B C X%, ,(2) with P(B) = 0.
Therefore, (IT]) holds for p = 2 in corner coloring. The proof is complete. (I

APPENDIX A

A.1. The symmetries of Dy and Sy of 17 minimal cycle generators in C.(2) are listed

in Table A.1.
TABLE A.1
Minimal cycle generator P p? P m mp | mp? | mp® | 01
(1) 1x1 {O} . . . . . . . (2)
(2) 1x1 {FE} . . . . . . . (1)
3) 1x2 {tb} (4) . (4) . (4) . (4) .
4) 2x1 {i,r} (3) . (3) . (3) . (3) .
() 2x2 {I,J} . . . . . . . .
(6) 2x2 {er,ez,e3,ea} . . . . . . . (7)
(7) 2x2 {ei1,ez,e3,ea} . . . . . . . (6)
8) 3x2 {rei,es3,e2,es} (10) | (9) | (11) | (9) | (10) . (11) 9)
9) 3x2 {l,ez,ea,€1,€3} (11) | (8) | (10) | (8) | (11) . (10) (8)
(10) 2x3 {t,es,esa,e1,e2} | (9) | (11) | (8) . (8) | (11) | (9) (11)
(11) 2x3 {b,e1,e2,e3,ea} | (8) | (10) | (9) . (9) | (10) | (8) (10)
(12) 3x3 {e1,eq,J} (13) | o | (13)|(3)| e | (13) | o (15)
(13) 3x3 {ez,e3,I} (12) . (12) | (12) . (12) . (14)
(14) 3x3 {ea,e3,J} (15) | o | (15) | (15) | e | (15) | e (13)
(15) 3x3 {ei,eq,l} (14) . (14) | (14) . (14) . (12)
(16) 4x4 {ez,e3,e2,e3} (17) . a7 | (17) . (17) . .
(17) 4x4 {ei,es,€1,€4} (16) . (16) | (16) . (16) . .
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A.2. Given B, € N.(2), denote by B, Be.1, Be.a, Bes, Beuay Bes, Beg, Be:r the basic
sets transformed by n = (9}), p, p?, p*, m, mp, mp*, mp?, respectively. Table A.2

lists the 56 maximal noncycle generators in N,(2).

TABLE A.2

N1 = {e1,e2,€1,€2,€4, J,7,b}

N1 ={e1,e2,e1,e2,e4,1,1,t}

N1 ={e1,e3,€1,e2,€3,1,7,t}

N11 = {e1,e3,e1,e2,e3,J,1,b}

Ni,2 = {e3,eq,€1,€3,€4,J,1,t}

N1 = {e3,e,e1,e3,e4,1,7,b}

N13 = {e2,e4,€2,€3,€4,1,1,b}

N13 = {€2,€4,€2,e3,e4,J,7,1}

Ni4 ={e1,e2,€1,e2,€3,1,1,b}

=

1,4 = {€1,e2,€e1,e2,e3,J,7,t}

Ni;5 = {e2,e4,€1,€2,84,J,1,t}

=

1,5 = {€2,€4,e1,€2,¢e4,I,7,b}

Ni,6 = {e3,e4,€2,€3,84,1,7,1}

N1 = {€4,€4,€2,€3,¢4,J,1,b}

Ni;7 = {e1,e3,€1,€3,€4,J,7,b}

Ni,;7 = {e1,e3,e1,e3,eq,1,1,t}

N2 = {e1,e2,€1,€2,84,J,7,t}

No = {e1,e2,e1,e2,e4,1,1,b}

No;1 = {e1,e3,e1,¢e2,e3,1,1,t}

N2;1 = {e1,€3,e1,€e2,e3,J,7,b}

No;o = {e3,eq,€1,€3,€4,J,1,b}

Na;o = {e3,€4,e1,€e3,e4,1,7,1}

Noz = {e2,eq,€2,€3,€4,1,7,b}

No3 = {e2,84,€2,€3,e4, J,1,t}

Noyy = {e1,e2,€1,82,€3,1,1,t}

Noy = {e1,e2,€1,e2,e3,J,7,b}

Noj5 = {e2,e4,€1,82,24, J, 1, t}

No5 = {e2,€4,€1,€2,e4,1,1,b}

Noyjg = {e3,e4,€2,€3,€4,1,7,b}

Nojs = {e3,€4,€2,€3,e4, J,1,t}

No;7 = {e1,e3,€1,€3,€4, J,1,b}

Na7 = {e1,e3,e1,e3,e4,1,7,1}

N3 = {e1,e4,€1,€2,€3,1,1,t}

N3 = {€1,e4,e1,e2,e3,J,1,b}

N3;1 = {e2,e3,€1,€3,€4, J,1,b}

N3.1 = {e2,€e3,e1,e3,e4,1,7,t}

N3;2 = {e1,e4,€2,€3,€4,1,7,b}

N3.2 = {€1,e4,€2,e3,e4,J,1,1}

N3;3 = {e2,e3,€1,€2,84, J,7,t}

N33 = {€2,€3,e1,e2,e4,1,1,b}

Ny = {e1,e2,e3,€1,€2,€4, J,1,b}

N4 = {e1,e2,€e3,e1,e2,eq4,1,7,1}

Ny;1 = {e1,e2,e3,e1,e3,e4,1,7,b}

Ny = {e1,e2,e3,€1,€3,€4, J,1,t}

Ny = {€1,€3,€4,e2,e3,€4,J, 7,1}

Ny = {e1,e3,e4,2,€3,84,1,1,b}

Ny3 = {e1,e2,e4,€2,€3,24,1,1,t}

Ny;3 = {€1,€2,84,€2,€3,€4,J,7,b}

Nyq = {e1,€2,e3,€e1,e2,e4,1,7,b}

Ny = {e1,e2,e3,€1,€2,24, J,1,t}

Ny;5 = {e1,e2,€4,€2,€3,¢e4,J,1,b}

Ny ={e1,e2,eq,€2,€3,€4,1,7,t}

Ny = {e1,€3,e4,€2,€3,€4,1,1,t}

Ny = {e1,e3,e4,€2,€3, €4, J,7,b}

Ny;7 = {e1,e2,e3,€1,€3,24, J, 7, t}

Ny;7 = {e1,e2,e3,e1,e3,e4,1,1,b}
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A.4. The ordering matrix of Y,,;3x2 of local patterns o/ on Zsxo 1S

X XBE) (BB XBE) (EE
X XEEXXBE ) (EEX (B
8 (B (BE) ) X
A X (R (B
((BEX X 38 (B8 (EE
BB (B (B
B X X (B X (BB )
B X X X X XEE ) )
(BB () (B (8
X XBEXXEE Y (EEX (EE
B (R (B (3 )
B X (B X () )
X (BB EEX XEE) (B
(BB (e (B (EE
B8 (I X (B )
BB X X B X B
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A.5. The details of six equivalence classes of C(2) are listed in Table A.5.

TABLE A.5

[{o}] = {{o}, {1}, {J}, {E}}

{E1, Eq}] = {{E1, Es}, {E2, E3}, {E1,Es}, {E2, E3}}

[{E1, E1}] = {{E:1,E:1}, {E2, Ez}, {E3,Es}, {Es,Ea}}

[{B’T}] = {{B’T}v {L’ R}}

[{El,B7R}] _ {EerrR}r {E%B:L}’ {E&T’ R}v {E‘lvTv L}v
{E17T7L}7 {E27T7R}7 {E37BvL}7 {E47ByR}
{E:1,FE>,B}, {FE:1,Es3,R}, {E2,Es4, L}, {FE3,E4,T},

(B Es.BY] = {E17§2,R}, {E1,§3,B}, {E2,§1,L}7 {Ez,%%B},
{Eg,El,T}7 {E;),,E4,R}7 {E'4,EQ,T}7 {E4,E3,L},
{E\,E2, T}, {E1,Es,L}, {E2,E4,R}, {FE3,E4,B}

A.6. For the Nw € N(Q), denote by Nw;l; Nw;g, Nw;g, Nw;4, Nw;5, Z\/Vw;67 Nw;? the
other basic sets transformed by p, p2, p3, m, mp, mp?, mp?, respectively. The eight
maximal noncycle generators in A3 are listed in Table A.6.

TABLE A.6

Ny ={E1, E2,E3,E4,T, R}

Nw;l = {El, ES’E27E4:T7 L}

Nw;2 = {E37E4’E17E2737L}

Nw;S = {E27E4’E17E3737R}

Nuwya = {E2,E4,E1, Es, T, R}

Nuw;s = {E3,E4,E1,E2, B, R}

Nuw;s = {E1,Es,E2,E4, B, L}

Nuw;7 ={E1,E2,E3,E4,T, L}
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