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SYMMETRIC TILINGS IN THE SQUARE LATTICE

Manuela Muzika Dizdarevié

Abstract. We apply the method of Grobner bases to polyomino tilings, following and
developing the ideas of Bodini and Nouvel. The emphasis is, in the spirit of the paper
M. Muzika Dizdarevi¢, R. T. Zivaljevi¢, Symmetric polyomino tilings, tribones, ideals and
Grébner bases, Publ. Inst. Math. 98 (112) (2015), 1-23., on tiling problems with added
symmetry conditions. The main problem studied in the paper covers case of tiling by three-
in-line polyominoes, centrally symmetric with respect to the origin.

1. Introduction and a summary of main results

The art of designing tiling is very old and well developed. Every human civilization
has used some form of tiling, which consisted of tiles made of stone, ceramic, wood
or similar material, to cover the plane or some other surface with no gaps and no
overlaps. By contrast, the study of mathematical properties of tiling is quite new and
many parts of the subject are still unexplored.

Tiling problems have become popular in mathematics since 1954 when Solomon
Golomb published his famous book “Checker Board and Polyominoes”. Golomb
points out that tiling of the plane represent a subject which is accessible to amateurs
but lies close to the very heart of mathematics and continues to provide a seemingly
inexhaustible supply of intriguing and provocative questions. He first introduced poly-
omino as a plane figure with connected interior which can be divided into n congruent
squares, of which any two have a side, a vertex or nothing in common. In his book [6]
and papers Golomb considered a special class of the tiling problems and focused pri-
marily on the question: Which polyominoes have the property that a finite number
of copies of the basic shape, allowing all rotations and reflections, can be assembled
to a rectangle?

J.H. Conway and J.C. Lagarias [3] developed techniques of tile homology groups
and applied it to another type of tiling problems - the Z-tiling problems. They give
necessary conditions for the existence of such tilings using boundary words which are
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282 Symmetric tilings in the square lattice

combinatorial-group invariants associated to the boundaries of the tile shapes and the
regions to be tiled.

M. Reid [10] studied a particular refinement of Conway and Lagariases method
and continued the development of the theory of tiling homotopy groups. In some
cases where the set of tiles consists of some simple polyominoes he gave a complete
description of corresponding homotopy groups.

O. Bodini and B. Nouvel [2] used algebraic method based on the theory of Grébner
basis to Z-tiling problems.

In earlier papers [9] and [8] the authors explored polyomino tilings with tribones
in hexagonal lattice and generalized well-known result of Conway and Lagarias [3]
about tilings of the triangular regions by tribones. In the paper [9] we explored
tilings by tribones which are symmetric with respect to a group generated by the
120°-rotation. We reduced the symmetric tiling problem to submodule membership
problem and applied the theory of Grobner basis for the polynomial rings with integer
coefficients. In that paper we developed techniques which enable us to consider not
only ordinary Z-tiling problems in a lattice but the problems of tilings which are
invariant under some subgroups of the symmetry group of the given lattice.

In this paper we continue the development of this method and apply it to the
problem of Z-tilings in the square lattice which are invariant under the central sym-
metry.

The paper is organized as follows.

In Section 2 we recall definitions of the lattice and introduce the module P(A).
In the third and fourth section we consider a general Z-tiling problem in the lattice
and symmetric tilings with respect to some subgroup G of the group of all isometric
transformations of the lattice. In Section 5 we look more closely at the structure of
the ring of invariants P¢ and determine its generators and relations among them. In
Section 6 we investigate the structure of the module P(B(T))% of all regions in the
lattice A which is possible to tile by tribones symmetric with respect to the origin.
Section 7 establishes the relations between modules and rings which allows us to
reduce the submodule membership problem to the ideal membership problem. In Section
8 we form ideal Jg(ﬂ and find its Grobner basis. In the last section we apply the
general theory to a diamond shaped region {,, and prove a result (Theorem 9.7) which
determines when they admit a centrally symmetric tiling by three-in-line polyominoes.

We work with Grobner bases with integer coefficients. Standard references are [1]
and [5]. See also [7] for an overview and some applications.

2. Lattices in the Euclidean plane

We want to study Z-tiling problems in the square lattice in the Euclidean plane, so
let us first mention basic definitions and concepts that will be needed in the paper.

DEFINITION 2.1. A two-dimensional lattice A in the Euclidean plane is a group of the
form {nqvi + novs : n1,ne € Z}.
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If |01| = |v2| and v7 Lv3, lattice A is called square lattice.
We refer to v7 and v3 as a basis of the lattice A.
DEFINITION 2.2. Let L be the matrix whose columns are vectors v and v3.

ap1 = {L{ 2 } cxp €k k+1),20 € [l,l—f—l),k,leZ}

is the elementary cell of the lattice A. The cell a = ago = {Lz : = € [0,1)?} is the
fundamental elementary cell.

Let 43 and 4 be radius vectors of barycenters of the elementary cells ago and
a_1,0. We denote by A the square lattice generated by the vectors 4y and 3. It is
obvious that v7 = u] —u3, 5 = 4] +us so the lattice A can be viewed as a sublattice
of the lattice A.

The lattice A is the sublattice of A of index 2 and A/A = Zo.

If we denote elements of the lattice A with white dots and the remaining elements
of the lattice A with black dots, then each black dot represents one elementary cell in
the lattice A. The set of all black dots of the lattice A is invariant under translation
for the vectors of the form niv] + nov3, for ni, ny € Z which means that white dots
act on the set of black dots.

Figure 1: The Lattice A and the Lattice A

There is a natural identification between the lattice A and the group I' of all
translations of the set of all elementary cells.

The group I' is a free abelian group with two generators v7 and v3. Let H be a
multiplicative group with four generators, x,y, u,v and defining relations zu = 1 and
yv = 1. Then there is an isomorphism ¢ : H — I" defined on the basis as follows

8(x) = 1. b(u) = —3i,
P(y) = v3,6(v) = —03.
If we form group rings Z[T'] and Z[H] then there exists isomorphism between group
rings induced by the isomorphism ¢.
We call Z[I'] = Z[H] =2 Z[z,y, u,v]/{zu — 1,yv — 1), the ring of all translations
that keep the lattice A invariant and denoted it by P.
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Let A be a free Abelian group generated by all elementary cells a;;, of the lattice
A, or what is the same, with all black dots of the lattice A. If we define the map
¥ :PxA— Aby ¥(p,aki) = Qkin, i+n, Where ¢(p) = n107 + navs, then ¢ defines
group action of P on the set A. Under this action the group A can be seen as a module
over the ring P generated by only one elementary cell, for example by fundamental
elementary cell a. We denote that module by P(A). For our purpose it is convenient
to regard module P(A) as a module with four generators a,b,c,d, where relations
among generators are given by ua =b, wva=d, wuva=-c.

Figure 2: The lattice A and the module P(A)

3. Tilings in the square lattice

A polyomino T is a finite region consisting of elementary cells in the lattice A which
are not necessarily connected. We will use a slightly more general definition of a
polyomino as a multiset of elementary cells of lattice A with multiplicity, that can be
negative.

DEFINITION 3.1. A polyomino T is a finite weighted subset of A (a multiset) which
contains each elementary cell of the lattice A with some (positive or negative) multi-
plicity. In other words T'= )", jwyak; = >_; pia, w1 € Z, p; € P is an element of
the module P(A).

For example polyomino T in Figure 3 is an element of module P(A) and can be
represented as a sum of the form T'= a + b + ub + d + zd, where a, b, d are elements
of A with the coefficients from the ring P.

Translation of the polyomino T for vector v = nyv1 + nsv3, ni,ne > 0, is alge-
braically described as multiplying polynomial 7" by the monomial z"*y"2.

Let us now consider Z-tiling problems in the lattice A.

Let T ={T1,T>,...,T,} be the collection of basic tiles which we want to use for
tiling a region T in lattice A. We have already seen that T7,T5,...,T, and T are
elements of the module P(A). A region T can be Z-tiled by elements of the set T if
and only if T' can be written as a sum of 71,75, ..., T, with the coefficients in P, as
follows T = p1T1 + p2T2 + -4 pnTn-
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Figure 3: Polyomino T in the lattice A

Therefore, T can be tiled by the elements of the set 7 if and only if T belongs
to a P-submodule of the module P(A) which is generated by T1,75,...,T,. Thus,
we translated the Z-tiling problem in the lattice A to the submodule membership
problem.

PROPOSITION 3.2. A polyomino T admits a Z-tiling by translates of elements of the
set T ={T1,Ts,...,Tn} if and only if T € P(T), where P(T) is the P-submodule of
P(A) generated by elements of T .

4. Symmetric tilings

We want to investigate the conditions of tilings of the region 7' in the square lat-
tice A symmetrical with respect to some subgroup G of the group of all isometric
transformations of the lattice A.

Let Sp be the group of all isometric transformations that keep the lattice A in-
variant. The group of all translations I' is the subgroup of the group Sy.

Let G be a finite subgroup of the group Sy. The group G acts on the set of all
elementary cells of the lattice A and on the module P(A), preserving its P-module
structure. This means that G acts on the elements of the ring

P =12Z[z,y,u,v]/{xu—1,yv — 1)
and that action may be non-trivial.

Let PS be the set of all elements of the ring P which are invariant under the
group G. The P% is a subring of the ring P. The elements of the ring P“ act on the
elements of the set A, and in the same way as before, A can be regarded as a module
over the ring PY. We will denote that P“-module as (P(A4))“. An element of the
module (P(A))% is referred as a symmetric polyomino.

Assume that the set T of basic tiles is invariant under the group GG. The main
problem is to decide when a given G-invariant polyomino 7' € T admits a G-symmetric
Z-tiling by translates of a G-invariant set of basic tiles 7. Let (P(7))“ be the P¢-
module of G-symmetric polyominoes generated by the elements of the set 7. The
following criterion is a symmetric analogue of Proposition 4.
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PROPOSITION 4.1. Let T be a G-invariant set of basic tiles. A G-symmetric poly-

omino T € (P(A))Y has a G-symmetric Z-tiling by translates of the elements of the
set T if and only if T € (P(T))¢.

From now on we will denote by G the subgroup of S\ generated by the symmetry
with respect to the origin. Clearly, G = C5 because symmetry to the origin is an
involution.

A three-in-line polyomino or a tribone is a translate of one of the following two
types Vo = a(l +y +y?), H,=a(l+x+2?). Let

T={a(l+2+2%), a(l+y+y*), bl +u+u), b(1+y+y?)
c(1+u+u?), c(1+v+0?), d1+z+2?),d1l+v+0%)}
be the set of basic prototiles that we want to use to tile regions in the lattice A. The
set T is invariant under the group G.

We apply the criterion from Proposition 4.1 in the case of tiling by tribones of a

region in the lattice A which is invariant under the group G.

5. Ring of invariants

Now we want to determine generators and relations among them in the ring P%.

The main tools of the classical theory of invariants such as the theorem of Emmy
Noether, Moliens theorem and other tools, deal with polynomial rings k[z1, ©2, . . ., Zn],
where k is the field of characteristic zero. The nature of our tiling problem requires
dealing with polynomial rings with the coefficients in Z. Therefore we have to use
other techniques which include calculating Grobner bases for the rings with the coef-
ficients in the ring of integers.

DEFINITION 5.1. Let G be the subgroup of the symmetric group S, and
X'={z1,72,...,7,} set of variables. The group G acts on the set X by gxz; = x(;)
for all g € G. A polynomial f(z1,xs,...,2,) € Z is said to be invariant under G if

fwr, 20, .. 20) = f(Tg1), Tg2)s - - > Tg(n))
for all g € G. The set of all invariant polynomials is denoted Z[z1, z2, ..., 2,]%.
The set Z[z1, T2, ..., ,]¢ is closed under addition and multiplication and contains
the constant polynomials, so Z[z1,zo, . .., 2,]¢ is a subring of Z[zy, z2,...,7,)].

Let G be the subgroup of S4, generated by the product of two transpositions
g=(13)(24). |G| =2 and G = Cj.
Let s1, s2 and ¢ be the following binomials in Z[x, y, u,v]/{zu — 1,yv — 1)
si=z+u, Ssy=y+v, t=zy-+uv.
Binomials sq, s2, and ¢t are G—invariant, and we claim that they, together with 1,
generate the ring (Z[x,y, u,v]/(zu — 1,yv — 1))%.

LEMMA 5.2. For every m,n € N, polynomial of the form gn, , = z™y" + u™v" €
Z[z,y,u,v]® can be written as a polynomial in the sy, s2, t with the coefficients in 7.
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Proof. Let us initially handle the case n = 1.

For m = 1 we have g11 = zy + uv = t and, since s1g1,1 = (z + u)(zy + w) =
22y + uv + y + v, we get 92,1 = 5191,1 — S2 = 51t — s2. Thus, we see that for m =1
and m = 2, gm,,» can be written as a polynomial in sq, so and ¢.

Assume that for every & < m polynomial g; 1 can be represented as a polynomial
in s1, s and t. Since

s19m—1,1 = (z +u) (@™ "ty +u" )
=™y +umv+ 2"y + w0 = g+ g2,
we have g1 = 519m—1,1 — gm—2,1. Because of the inductive hypothesis, the polyno-
mial g1 can also be obtained as a polynomial in s, s2 and ¢.

The property is true for all m € N.

Let m be an arbitrary but fixed natural number. We have already shown that
gm1 € Z[s1,82,T]. For n = 2, we get g 2 = S2gm,1 — (" —u™). Since 2" + u" is a
symmetric polynomial in Z[x, u], it can be written as a polynomial in the elementary
symmetric functions « + v and zu. This means that in the ring Z[z, y, u,v]/{xu —
1,yv — 1), 2™ + u™ can be written as a polynomial in  + u = s1, and we conclude
that gm,2 € Z[s1, S2, t].

Assume that for every £ < n polynomial g,, 1 can be represented as a polynomial
in s1, $o and t. Since

§20mn—1 = (y +0)(@™y" "+ umo" )
=2y +um " 4 2y T = Im.n + Im.n—2,
we have gm.n = $29m,n—1 — gm,n—2. Due to inductive hypothesis, the polynomial gy, »
can be written as a polynomial in s1, so and t.
We conclude by induction that g, . € Z[s1, s, t] for each m,n € N. O

The following lemma can be proved in the same way.

LEMMA 5.3. Polynomial of the form hy, , = x™v"™ +u™y" € Z[z,y,u,v]¢ for every
m,n € N can be written as a polynomial in the si, 2, t with the coefficients in Z.

THEOREM 5.4. The ring (Z]x,y,u,v]/{zu — 1,yv — 1))¢ is generated by the 1, s1,52
and t. Moreover,

(Z]x,y,u,v]/{zu — 1,yv — 1))¢ = Z[s1, 59,t]/(O)
where © = 8% + 83 — 5180t + 12 — 4 = 0.

Proof. Every polynomial can be written uniquely as a sum of homogeneous compo-
nents. A polynomial f € Z[z,y,u,v] is invariant under G if and only if its homoge-
neous components are. For arbitrary polynomial f € (Z[z,y,u,v]/{zu — 1,yv — 1))¢
its homogeneous components can have one of the following forms:

Immn = ™" 4 umynv hm,n =2 + umyn .
From the Lemma 5.2 and Lemma 5.3 it follows that f can be written as a polynomial
in s1, s9, and t.
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Now we want to determine the ideal I generated by all algebraic relations among
s1,52 and t. The ideal I is said to be ideal of relations among generators or syzygy
ideal. We will use the following proposition:

PROPOSITION 5.5. [4, Chapter 7, §4, Proposition 3] If k[x1,...,2,]% = k[f1,..., fal,
consider the ideal Jp = (f1 — 1,y fm — Ym) CK[T1, - s Zny Y1y« -« s Ym)-

(i) Ir is the n —th elimination ideal of Jp. Thus, Ir = Jf NEk[y1,. .., Ym]

(it) Fix a monomial order in k[x1,...,Tn,Y1,-..,Ym] where any monomial involving
one of x1,...,x, is greater than all monomials in kly1,...,ym] and let G be a
Grébner bases for Jp. Then G Nk[y1,...,Ym] is a Grébner bases for Ir in the
monomial order induced on k[y1, ..., Ym]-

REMARK 5.6. It is not difficult to see that Proposition 5.5 is valid (with a similar
proof) for Grébner bases for the polynomial rings with integer coefficients.

If we form the ideal J = (x + u — $1,y + v — S92y + uv — t,xu — 1,yv — 1) and
use the lexicographic order with x > y > u > v > s1 > so > t then the Grobner basis
for the ideal I consists of the polynomials

— 4+t 4 s? — 18189 + 8%, 1402 — vSg, —4u — 2tv + 251 + tso + vS189 + us% — 313%,
—2u —tv + s1 +uvsy, —4 +2 4+ 2us1 +tvsy — tusy — 2089 — tS189 + 28%,
—tu — 2v + uvsy + So,
— 2tu — t2v 4+ tsy — 289 + t252 + us182 + tvsySe — vs% — tsls% + sg,
u+x— s, —2+tuv+usl—tu32—v52+s§,
v+ Yy — So2, —3 4+ 12 + u® + usy + tvsy — tusy — 208y — tS189 —|—2$§,
—t+ 2uv — v8$1 — uSy + S1S2.

From Proposition 5.5 follows that the ideal of relations among generators is given by
I=(—4+1t>+ s —ts;sy + s3) and we conclude that

(2L, g, w, 0]/ (w0 — 1, yv — 1))C 2 Zfsy, 50, 8)/(53 + 2 —sisot + 42— 4). O

6. Submodule (P(7))¢ generated by tribones

Our goal in this section is to determine a set of generators of the module (P(7))%,
where 7 is the set of tribones

T={a(l+z+2%), a1l +y+9?), b(1 +u+u?), b(1+y+y?)
c(14+u+u?), c(1+v+0v?), d1l+x+2?), d1 +v+0v%)}

Recall that in the module (P(A))¢ we have following relations b = ua, d = va ¢ = uva.
Let

Vi=a+d+dv+c+b+by, Hi=b+a+ar+cu+c+d,
Vo=ay+a+d+b+c+cv, Ho=bu+b+a+c+d+dzx.
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Figure 4: Symmetric Pairs of Polyominoes Vi,V2, Hi and H»

LEMMA 6.1. For every m € N polynomials
Vigm = 2™ (a+d+ dv) + u(c+ b+ by)
Vogm = 2™ (a+ b+ by) +u™(cv + ¢+ d)

can be written as a sum of Vi and Va with the coefficients in the ring PC.

Proof. For m =1 we have Vi, = z(a + d + dv) + u(c + b+ by). Since,
siVi = (x+uw)[(a+d+dv) + (c+ b+ by)]
= [z(a+d+dv) +ulc+b+by)] + [ula + d + dv) + z(c+ b+ by)]
=Viz+[(b+c+ev)+ (d+a+ay)] = Vip + Vs,
we get Vip = s1Vi — Vo = 51 V0 — Vouo.
Assume that for every k£ < m polynomial Vi,= can be represented as a sum of V;
and V5 with the coefficients in the ring P. Then,

$1Vigm = (z +u)[z™(a + d + dv) + " (c+ b+ by)]
=™ a+d+dv) +u™ T e+ b+ by + 2™ a4+ d+ dv) +u™ e+ b+ by)]
= Vigm+1 + Vigm—1
and we have Vi m+1 = s1Vipm — Vigzm—1. Because of the inductive hypothesis, the
polynomial V;,m+1 can also be obtained as a sum of V; and V5 with the coefficients in
the ring PY. In the same manner we can see that for V,m following relations apply
Vogm = 81Vopm—1 — Voum—2, which completes the proof. U
LEMMA 6.2. For every m,n € NU {0} polynomials
Vagmyn = az™y™ (1 +y + y?) + cu™v" (1 + v + v?)
Vmyn = bu™y"(1 +y + y*) + dz™v™ (1 + v + v?)

can be written as a sum of Vi and Va with the coefficients in the ring PC.

Proof. For m=0and n=0
soVo—Vi=(y+v)(d+a+ay+b+c+cv)—(dv+d+a+c+b+by)
=a(l+y+y?) +e(l+v+0%) = Voo =V,
and saVp — Vo = Vo0 = Vi
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An easy computations show that Vo, = 51V, — Vi, Viuy = 52V, — Va. Since,
tV, = Vi = (wy +wv)[a(l +y + y*) + c(1 + v+ 03] = [(c+ b+ by) + (a+d+ dv)]
= [azy(1 +y + v*) + cuv(l + v + v?)] = Vauy
for m =1 and n =1, we have Vg, =tV, — V7.

Now proceed by induction. Let first fix n = 1. For m = 2

$1Vazy — Vo = (@ + w)[azy(1 +y + v + cuv(l +v +0H)] = [a(l +y +y?) + c(1 + v + v?)]
= az’y(1+y +y?) + cu*v(1 + v+ v?) = Vo2,

and we have V2, = 81 Vagzy — V,. Thus we see that for n =1 and m = 2 Vygmyn can

be written as a sum of V; and V5 with the coefficients in the ring PG,

Assume that the same is true for every polynomial Vigx, for 2 < k < m. Since,

$1Vagmy = (@ + u)[az™y(1 +y + v?) + cu™v(1l + v+ v?))
= [az™ ' y(1 +y + %) + cu™o(1 4+ v +0?)]
+ [az™ ty(1 4+ y + y?) + cu™ (1 + v + v?))]
= Vagmsty + Vagmot,
we have Vygmi1y, = 51Vagmy — Vogm—1,.

Because of the inductive hypothesis, the polynomial V;,m+1, can also be obtained
as a sum of V; and V5 with the coefficients in the ring P, so the property is true for
all m € NU {0}.

Let m be an arbitrary but fixed natural number. We have already shown that for
n = 1 polynomial Vggm, has the desired characteristic. Assume that the same is true
for Vygmyr for 1 <k < n. Since,

89 Vagmyn = (y +v)[az™y™ (1 +y + y°) + cu™v™ (1 + v + v?)]
= [az™y™ (L +y + 37) + ™o (14 o + o)
+[az™y" T (1 +y + %) + cu™0" T (1 + v+ 0?)]
= Vigmynt + Vg1
we have Vigmynt1 = soVygmyn — Vogmyn—1.
By the principles of the mathematical induction we conclude that for all

m,n € NU {0} polynomial V,zm,» can be written as a sum of Vi and V, with the
coefficients in the ring P¢.

The proof for the polynomial Vyym,» can be handled in much the same way. U

The following lemmas can be proved in the similar way as the previous two.

LEMMA 6.3. For every m € N polynomials
Hyym =y™(az+a+b)+v™(cu+c+d)
Hoym =y™(a+ b+ bu) + 0" (c+ d+dx)

can be written as a sum of Hy and Hy with the coefficients in the ring PC.
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LEMMA 6.4. For every m,n € NU{0} polynomials
Heygmyn = ax™y™ (1 + z + 22) + cu™ 0™ (1 + u + u?)
Hyymyn = buy™ (1 + u + u?) + dz™ 0™ (1 + x + 2?)

can be written as a sum of Hy and Hy with the coefficients in the ring PC.

THEOREM 6.5. The module (P(T))¢ C (P(A))¢ of G—invariant polyominoes which
admit a signed , symmetric tiling by tribones is generated, as a module over PY by
the G — symmetric pairs of tribones Vi, Vo, H1, and Hs.

Proof. 1t is obvious that an any vertical pair of tribones which is symmetric to the
origin can have one of the following four forms
Vigm = 2™ (a +d + dv) +u™(c + b+ by)
Vogm = 2™ (a+b+by) + u™(cv + c+d)
Vagmyn = az™y™ (1 +y + y?) + cu™v"™(1 + v + v?)
Viumyn = bu™y" (1 +y +y?) + dz™v"(1 + v + v?)
and an arbitrary horizontal pair of tribones symmetric to the origin can have one of
the following forms
Hiym =y™(ax+a+b) +v™(cu+ c+d)
Hoym =y™(a+b+bu) + 0™ (c+d+dx)
Hypmyn = ax™y"(1 4+ 2 + 2%) + cu™v"™(1 + u + u?)
Hyymyn = bu™y™ (1 4+ u + u?) + dz™v" (1 + x + 7).
From the above four lemmas follows that each of the observed polynomial can be
written as a sum of the Vi, V5, Hy and Hs with the coefficients in the ring P% which
means that they are elements of the module generated by Vi, V4, Hy and Hy over the

ring P“. Reverse Inclusion is obvious, so we conclude that the module of all central
symmetric tribones is the module generated by the Vi, V5, Hy and Hy . O

7. The ring P and the ring P

We have already seen that the lattice A can be seen as a sublattice of the lattice A.
On the same way that we formed group ring P = Z[z,y, u, v]/{(xu — 1,yv — 1) of the
lattice A, we can form group ring of the lattice A. Let us denote group ring of the
lattice A by P = Z[a,b,¢,d]/{ac — 1,bd — 1). All structures results that apply to the
ring P apply to the ring P as well. In particular there is an isomorphism
(Z[a,b,c,d)/{ac —1,bd — 1))€ = Z[sy, s9,t] /(s + 52 — s189t + 12 — 4) (2)

where sy =a+c¢, so =b+dand t =ab+ cd.

The fact that A is sublattice of the lattice A of index 2 allows us to define a
Zo-grading in the rings P and P by ’degree mod 2’.

The rings P and PC inherits the Zo—gradation from the ring P.



292 Symmetric tilings in the square lattice

P is Z-generated by 1 and by binomials a™b" + ¢™d”, a™d® + ¢™b" for
m,n € NU {0}. Similarly, the ring P% is Z-generated by 1 and by z™y" + u™v"
and z™v™ +u™y™. Since, x = ad, y = ab, u = bc and v = cd the ring P is obviously
a subring of the ring P of all elements graded by 0 € Zs. The subset of P of all
elements graded by 1 € Zs is precisely the set of elements of the module (P(A))%.
This characterization make us able to give the following proposition:

PROPOSITION 7.1. Let (P(T))¢ C (P(A))¢ be a P€— submodule of (P(A))Y gen-
erated by the set T. Let I p(ryc be the ideal in P generated by T. Suppose that
pE (P(A))G Then, p € (P(T))G —=pEc I(P(T))G.

Proof. The implication p € (P(T))¢ = p € I(p(1))e is clear. If p € I(p(1y)¢ and
p = a1p1 + Qaps + -+ + agpy for some elements p; € T and homogeneous (in the
sense of the Zo-graduation) elements «; € P then we can assume that all a; € PY
(the other terms cancel out). U

The above proposition allows us to reduce submodule membership problem to ideal

membership problem in the ring ?G. Because of the isomorphism (2) ideal membership
problem for the ideal generated by the set 7 becomes ideal membership problem for
the ideal J(P(T))G = I(P(T))G + <8§ + 8% — 8189t + 2 — 4> C Z[Sl, Sg,ﬂ.

8. Ideal Jp(1))c and its Grobner bases

In this section we express the generating elements for the ideal I(p(7y)e in terms of
variables s1, so and ¢t which appear in the description of the ambient ring and find its
Grdbner basis.

ProprosSITION 8.1. In the ring fG polynomials Vi, Vo, Hy and Hy have following
forms

V1:SQ(1+t), H1 :Sl(l+51527t),
V2=S1(1+t), H2282(1+S182—t).

Proof. The proof is by direct calculations. For example,
Hy=b+a+ar+cut+ct+d=(a+c)+ (b+d) +a’d+bc?
=81+ 82 + (a+ ¢)(ad + be) — abe — ade
=51+ S2+ s1(s182 — t) — s2 = s1(1 + 182 — t). O
In light of Proposition 7.1 we can form the ideal J p(ry)e
Jperye = (s2(1+1t), s1(1+1t),51(1 4 5182 — 1),
so(1+ 5150 —t), 82 + 53 — 189t + 2 — 4).

With the aid of Wolfram Mathematica 9.0 we determine the Grobner bases for the
ideal J(P(T))G.
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PROPOSITION 8.2. The Grobner bases GJp(ryc of the ideal Jpirye C P with
respect to the lexicographic order of variables sy, so and t is given by the following list
of polynomials:

—4— A4t + 12+ 13, syt sot, 16— 1553 +3s5 — 4t%,  4sy — Bss + 53,
251 4 5sg — 55, 51+ 811,84+ 5150 — Bsa + 55 — 2%, —12 4+ 57 + 653 — s5 + 3t°.

9. The diamond region <,

In the previous chapters we have determined generators and the Grobner bases for
the ideal J(p(7))c. Now we will use these results to investigate wether it is possible
to tile the region <»;,, symmetric with respect to the origin. Region <,, is depicted in
Figure 5 and has hole in his center. n is the number of squares on each side of the
region . The given diamond region is symmetric with respect to the origin and it
is an element of the P¥—module (P(A))%.

Figure 5: The diamond region <{»s Figure 6: Regions Ts and 13

Denote by [J an operation on the module A which adds to each element another
elements that are symmetric to the initial one with respect to xu, yv axes and with
respect to the origin. For example, O(az?y) = ax?y + buy + cu?v + da?y.

If I is the Ideal I = (a(1+ 2+ 22),a(1+y+?)), then the next proposition easily
follows.

PROPOSITION 9.1. For each f € P(A)
(l) If fel, thenOf € I(P(T))G.
b) Iffl =7 fg, then |:|f1 =7 ng

We will now focus on the first quadrant and a triangular region 7;, depicted on
the Figure 6.
Let Hl, = a(l +z + 2% +---+ 2" 1). Then we have

Tp = Hly +yHlyy +y*Hlyo + - +ay™ ™,

(P(T)HE
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LEMMA 9.2. If m = n(mod 3), then ax™ = az™ and ay™ =; ay™.
LEMMA 9.3. For arbitrarily n € N we have Hl, +yHl,_1 +vy*Hl,_o =; 2" 2T5.
Proof.
Hln + yHln—l + yQHln—Z
=a(l+z-+2" Htay(l+z- +2" ) +a*(1+x--+2"3)
—a(l+z+2% - +2"HA+y+y?) +az" (1 +2+y). O

The following proposition is a consequence of Lemmas 9.2 and 9.3

PROPOSITION 9.4.
kT, if n=3k—-1
T, =1 kxTs, if n=3k
kx?Th +a, if n=3k+1

From Proposition 9.1 and Theorem 9.4 we obtain

PROPOSITION 9.5. The polynomial of the region {, is congruent mod Jp(ryc to

Elal+z+y)+b(1+u+y)+c(l+ut+v)+dl+z+v)]—(a+b+c+d) (n=3k—1)
klazx(l+z+y)+bu(l+u+y)+cu(l+u+v)+de(l+z+v)]—(a+b+c+d) (n = 3k)
Elaz?(14+ x4+ y) +bu?(1 4+ u+1y) + cu?(1 +u+v) + dz?(1 + z + v)) (n=3k+1)

The proof of the next proposition follows from Proposition 9.5 by direct calculation
or preferably by a computer algebra system.

PRrROPOSITION 9.6. The polynomial of the region {, in the ring P is congruent mod
Jiperyye to kP — Q where:

- Ifn=3k—-1:

P=—31—52+5552+5152, Q = s1 + so.
- Ifn=3k:

P:—51752+5%52+5152, Q = s1 + so.
~Ifn=3k+1:

P =51 — Tsy — 105153 + 5353 + 255 — 5755 + s1s5 + 25155 + 5555 + 51t + 1359t
— 257591 — 5155t — 25555t — 355t — 4s2sit + 2s0t% + s7591% + 6515517 — 3sot®,
Q=0.
THEOREM 9.7. Let $,, be the diamond region in the square lattice depicted in Figure 5

where n is the number of squares on the edge of the region. Then {, admits a
symmetric, signed tiling by tribones if and only if n = 3k + 1 for some integer k.

Proof. By Proposition 9.6 the polynomial which is congruent to the polynomial of
the region {,, can be expressed (in variables s1, so and ¢) as the sum kP — Q.
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_ With the aid of Wolfram Mathematica 9.0 we can calculate the remainders P and
@ of the polynomials P and @) on division by the Grébner bases GJp())c of the
ideal J(p(7))c. We obtain:

Ifn=3k—1. P=s;+7sy—2s3, Q=51+ s2.

If n = 3k: P =51 + 289 + 53, Q = s1 + so.

Ifn=3k+1. P=0, Q=0.
We see that the polynomial kP — @ is reduced to zero in the case n = 3k + 1.
In the other two cases the polynomial kP — @) can not be reduced to zero because
of the structure of the Grébner bases we always get remainder equal to the sum of
monomials s1, so and sg which cannot be reduced. O
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