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Abstract

We introduce the concept of constant 2-labelling of a vertex-weighted
graph and show how it can be used to obtain perfect weighted coverings.
Roughly speaking, a constant 2-labelling of a vertex-weighted graph is a
black and white colouring of its vertex set which preserves the sum of the
weights of black vertices under some automorphisms. We study constant
2-labellings on four types of vertex-weighted cycles. Our results on cycles
allow us to determine (r,a,b)-codes in Z? whenever |a — b| > 4, r > 2 and
we give the precise values of a and b. This is a refinement of Axenovich’s
theorem proved in 2003.
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1. INTRODUCTION

Constant 2-labellings are particular 2-colourings of vertex-weighted graphs. For
every composition of the colouring with an automorphism of a given group, the
sum of the weights of the black vertices must be equal to a constant that depends
on the colour of a given particular vertex.

The motivation about introducing constant 2-labellings comes from covering
problems in graphs. Covering and packing problems are traditional issues in
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graph theory. A natural packing problem in a graph is to determine the maximal
number of non-intersecting identical balls that can be placed in the graph; a
covering problem is for example to determine the minimal number of r-balls
that can be placed in such a way that every vertex of the graph is contained in
at least one of them. Packing problems are fundamental in “error correction”
while covering problems have application in mobile network. See [3] for many
bibliographic pointers.

We consider in this paper coverings with balls of constant radius that satisfy
certain multiplicity conditions. For positive integers r,a,b, an (r, a,b)-covering
code or simply (r,a,b)-code of a graph G = (V,E) is a set S C V of vertices
such that every element of S belongs to exactly a balls of radius r with elements
of S as centers and every element of V' \ S belongs to exactly b balls of radius
r with elements of S as centers. We can view an (r,a,b)-code as a particular
colouring ¢ with two colours, black and white, where the black vertices are the
elements of the code. Such codes are also known as (a, b)-codes of radius r [9],
as (r,a, b)-isotropic colourings [1] or as perfect colourings [14].

The notion of (7, a, b)-codes generalizes the notion of domination and perfect
codes in graphs. Perfect codes were introduced in terms of graphs by Biggs [2].
An r-perfect code of a graph G = (V, E) is a subset C' C V with the property that
each vertex is within distance r of exactly one vertex of C. Hence, an r-perfect
code is an (7,1, 1)-code. Kratochvil [12] showed that recognising existence of an
r-perfect code in graphs is NP-complete.

Perfect codes have also been studied in infinite graphs. For example, Golomb
and Welch [7, 8] considered the multidimensional rectangular grid Z¢. They
proved the existence of 1-perfect codes, i.e., (1,1, 1)-codes, in Z?. Such codes can
be considered as periodic tilings of the grid Z? by balls of radius 1. Moreover,
the authors conjectured that there do not exist r-perfect codes with » > 1 in
7% [7, 8]. Horak [11] wrote a survey of results that support the conjecture. For
more information about perfect codes, see [3, Chapter 11].

The (7, a,b)-codes have already been studied in some graphs under the name
of weighted covering codes by Cohen et al. [4]. Their work corresponds to a study
of these codes in the Hamming metric. For a subset C' of vertices, they attach
weights to different layers of the Hamming sphere and they consider weighted
spheres centred at vertices of C. If several such spheres intersect in a vertex, they
define the density of each vertex as the sum of the weights of the corresponding
layers. The set C' is called a weighted covering if the density at each vertex is
at least one. When the density is exactly equal to one for all vertices, then C
is called a perfect weighted covering. If the radius is equal to 1, a (1, a,b)-code
is exactly a perfect weighted covering of radius one with weight (bfzﬂ, %) For
more details see [3, Chapter 13].

While Cohen et al. [4] studied weighted codes in Hamming metric, Telle
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considered a particular case of these codes in graphs in general [15]. For a subset
C of vertices, he defines the state of a vertex u € C by

state(u) = o; ifueC and |[N(u)NC| =i,
| pi ifugCand |Nu)NC|=i.

Then many properties of vertex subsets can be defined by allowing only a specific
set L of states. For instance, the set C' is a dominating set if the state pg is not
allowed. In this setting, (1, a, b)-codes are equivalent to [o4_1, pp]-dominating sets.
Telle [15] proved that the following decidability problem was NP-complete: “Is it
possible to decide whether a graph has an [0, pp]-dominating set ?”. The problem
is still NP-complete when restricted to planar bipartite graphs of maximum degree
three.

The particular case where the radius is 1 has been studied a lot. For instance,
(1,a,b)-codes are equivalent to equitable partitions with two cells [6, Chapter 5].
In the multidimensional grid, which corresponds to the Lee metric with an infinite
alphabet, (1, a, b)-codes were studied by Dorbec et al. [5] and Gravier et al. [10].
For instance, the existence of (1,2, 1)-codes! in Z% is proved in both papers [5, 10].
In [5, Theorem 4], Dorbec et al. present a method to construct (1, a,b)-codes in
Z%. This method is based on a one-dimensional pattern of finite length that is
extended by translations to colour Z?. Hence, the code obtained satisfies periodic
properties.

Theorem 1 (Dorbec et al. [5]). Assume that 1 <k <n,1<d and
A={ai,a9,...,ar} C Zy, (where a; # a;, when i # j)

and wi, ..., wq are (not necessarily distinct) elements of Z,. Consider the sums
a; +wj and the differences a; — w;. If these 2kd elements take each value in A
exactly a times and each value in Z, \ A exactly b times, then the set

C’:{(ml,...,xd)eZd|x1w1+~'+xdwd€A}

is a (1,a + 1,b)-code of Z°.

In the two-dimensional grid, i.e., the usual infinite grid, Puzynina studied
the periodicity of (r, a,b)-codes. For r = 1, there exist non-periodic (r, a, b)-codes
but, all of them can be obtained from periodic ones [13]. That is to say, if r,a,b
are such that there exists an (r, a, b)-code, then there exists a periodic colouring
that is an (r,a,b)-code. Moreover when r > 2, the author proved that every

'The reader may notice a distinction of notation between this paper and [5]. They write
(a, b)-codes for what we denote (1,a+ 1,b)-codes as they consider open neighbourhoods and we
consider closed neighbourhoods.
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(r,a,b)-code is periodic [14]. The notion of constant 2-labellings comes up as a
natural translation of the periodicity of (7, a, b)-codes in the infinite grid Z? (see
Section 4).

When the difference between a and b is large enough, the precise type of the
periodic colouring is known.

Theorem 2 (Axenovich [1]). If a colouring is an (r,a,b)-code of 72 with r > 2
and |a — b| > 4, then it is one of the following diagonal colourings:

1. g-periodic colouring where q € {r,r + 1} is odd and the monochromatic diag-
onals are parallel.

2. g-anti-periodic colouring where q € {r,r + 1} is even.

3. g-periodic colouring where q € {r,r + 1} is even and for all horizontal or
vertical interval I of length p the number of black vertices from the even
sublattice and from the odd sublattice is the same.

4. (2r + 1)-periodic colouring and for all horizontal or wvertical interval I of
length p the number of black vertices from the even sublattice and from the
odd sublattice is the same.

5. 2-periodic or 3-periodic colouring.

Using Axenovich’s characterization in terms of diagonal colourings of all
(r,a,b)-codes in Z* with r > 2 and |a — b| > 4 (Theorem 2), we show that
the existence of (r,a,b)-codes in the infinite grid is linked with the existence of
constant 2-labellings in particular cycles. It turns out that studying only four
types of vertex-weighted cycles is sufficient to characterize all (r, a, b)-codes with
|a — b] > 4 and to determine explicitly the possible values taken by the constants
a and b. Hence, we obtain a refinement of Axenovich’s theorem.

Outline. This paper is organized as follows. The first section is dedicated to
the presentation of constant 2-labellings of vertex-weighted graphs in a general
framework. Then we focus on the constant 2-labellings in four types of vertex-
weighted cycles. In Section 3, we present projection and folding techniques that
link constant 2-labellings to (r,a,b)-codes. Hopefully, these techniques can be
applied to other problems involving periodic tilings. In Section 4, we apply the
projection and folding method to obtain all possible values of constants a and b
such that there exist (r, a, b)-codes of Z? with |a —b| > 4 and r > 2. Note that to
apply this method, the colouring of the grid must satisfy some specific properties.
Finally, we suggest directions for future work.

2. CONSTANT 2-LABELLINGS

By abuse of language, we identify the colour black with the colour 1. Similarly,
white corresponds to the colour 0. In the sequel, a weighted graph is understood
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as a vertex-weighted graph.

Given a graph G = (V, E), a particular vertex v € V, a map w: V — R and
a subgroup A of the set Aut(G) of all automorphisms of G, a constant 2-labelling
of G is a mapping ¢ : V' — {0, 1} such that there exist constants a and b satisfying

a= Z w(u), for all £ € A; and b= Z w(u), for all & € Ay,
{ueVico&(u)=1} {ueV]co &' (u)=1}

where A; ={{ € A|cof(v) =1}, Ap={{ € A|co&(v) =0} and co & denotes
the composition of ¢ and &, i.e., co&(v) = ¢(£(v)).

Example 3. Let G = (V, E) be the graph with V' = {vy,...,vs4} represented in
Figure 1. Take v = v9, A = Aut(G),w : V — R and ¢: V — {0,1} defined by
w(vg) = 3, w(vy) = w(vz) =2, w(vz) = w(va) =5 and ¢(vg) = c(vz) = c(vg) =
0,c(v1) = ¢(vg) = 1. Tt is clear that ¢ is a constant 2-labelling since A contains
only two automorphisms, ¢d and

0 Vg > Vg; U1 > Vq; V2 > V3; U3 > V2, V4 > V1.

We have Ay =0, Ay = A,b =8 and a is not defined.

2 & 5

Figure 1. A colouring of a graph G (on the left) and its composition with the automor-
phism o (on the right).

We can make some straightforward observations about constant 2-labellings.
The following proposition allows us to consider either a colouring ¢ or its com-
plement colouring ¢.

Proposition 4 (Complementary property). Let G = (V, E) be a weighted graph,
w:V =R be the weight map, v € V and A < Aut(G). Set w =3 ., w(u). A
colouring ¢ is a constant 2-labelling of G with respective constants a and b if and
only if the colouring ¢ is a constant 2-labelling with respective constants w—b and
w—a.

It is clear that, for a weighted graph G = (V, E) with v € V', any monochro-
matic colouring of V' is a constant 2-labelling for any weight map and any sub-
group of Aut(G). Such constant 2-labellings are called trivial. If ¢ is monochro-
matic black, then the constants are such that a = ) -y w(u) and b is not defined.
If ¢ is monochromatic white, a is not defined and b = 0.
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Given the definition of constant 2-labellings, one can ask whether there exist
non-trivial constant 2-labellings for some classes of weighted graphs. We answer
that question in the case of four types of weighted cycles in the next subsection.

Remark 5. Consider the complete graph K, and let w : V(K,) — R, v €
V(K,), A= Aut(K,). It is straightforward to show that there exists a non-trivial
constant 2-labelling of K, if and only if w(v;) = w(ve) for all v1,ve € V' \ {v}.
See [16, Remark 6.3] for details.

2.1. Constant 2-labellings in particular weighted cycles

We consider some particular weighted cycles C, with at most 4 different weights
on the vertices 0, ..., p—1. If the weights are w(0), ..., w(p—1), then we represent
the cycle by the word w(0)---w(p — 1). We will use the letters z,x,y and t to
denote the weights of vertices. For instance, the cycle depicted in Figure 2 is
represented by the word zaP~!.

Figure 2. Weighted cycle C,, represented by the word za?~1.

We restrict our study of constant 2-labellings to only four types of weighted
cycles (see Figure 3). We set v := 0 and A := {Ry | k € Z} to be the set of
rotations with

Ri:{0,...,p—1} = {0,....,p—1},i— i+ 1 mod p.

This restriction is due to the initial motivation behind this work: to know the
possible values of the constants in (r, a, b)-code of the infinite grid. The four types

of weighted cycles on p vertices depend on p mod 4.
p—1

e If p=1 (mod 4), the cycle represented by the word z(xy) 7 (yav)pAl;1 is called
Type 1.

p—2

e If p = 2 (mod 4), the cycle represented by the word z(:ny)pzlit(y:v) T s
called Type 2.
e If p = 3 (mod 4), the cycle represented by the word z(zy) 7 zx(yx) T is
called Type 3.
p—d

e If p =0 (mod 4), the cycle represented by the word z(wy)%actx(yx) 1 s
called Type 4.

p=3 p=3
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Hence, we only consider weighted cycles with an axial symmetry in the distri-
bution of weights. It seems to play an important role for the existence of constant
2-labellings. For instance, a weighted cycle C, represented by the word z(xy)%
with z # y, has only monochromatic colourings as constant 2-labellings. See [16,

Lemma B.3] for a proof.

Type 1: 2(xy)"T (ya)"5 Type 3: 2(ay) T aa(yzr)"T
z z
e © ow zo % ox
Yo QY Yo oy
;L'O O&} \\1\\ ’//’,//
o o N
vy r T
p—2 p—2 p—4 p—4
Type 2: z(zxy) = t(yx) * Type 4: z(zy) T xtx(yx) 1T
z z
ro © oz zo © ox
Y o ¥ Y o o ¥
xQ o} ,a: AN A
Yo , oY ro , ox
t t

Figure 3. Types of weighted cycles C,.

Note that the cycle in Figure 2 is a particular case of all of these types. Such
cycles are called Type 0. As we see in the next lemma, the case of Type 0 cycles
is easy to handle.

Lemma 6. For cycles C, of Type 0, represented by zaP~t with 1 < p € N, all
colourings are constant 2-labellings.

Proof. Let c be a colouring of C,. We set o to be the number of black vertices
with weight x. If ¢(0) = 1, we have a, + 1 black vertices and it is clear that
c is a constant 2-labelling where the weighted sum of black vertices is equal to
a = azx + z (respectively b = (a, + 1)z) if the vertex 0 is black (respectively
white). |

We now turn our attention to cycles of Type 1 which are not of Type 0.

Lemma 7. Let p > 2 be an integer such that p = 1 (mod 4). For cycles C, of
p—1 p=1

Type 1, represented by z(xy) 7 (yz) 1 , with x # y, there exists a non-trivial
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constant 2-labelling c if and only if p =0 (mod 3). In which case, c is 3-periodic
of pattern period 110.

Proof. Let p > 2 be an integer such that p = 1 (mod 4) and let C, be a cycle
of Type 1 with & # y. Assume that c is a non-trivial constant 2-labelling of C,.
The colouring ¢ is not alternate since p is odd. Hence, without loss of generality,
we can assume that there exist two consecutive black vertices. Moreover, we can
suppose that these vertices are the vertices 0 and 1 of C,. Indeed, c is a constant
2-labelling if and only if co R, is a constant labelling for all j € Z.

For the colouring ¢, we let oy, o, denote respectively the number of black
vertices with weight = and y. We have a = oo+ ayy + 2. We consider the colour
of the vertex %.

Assume first that c(%) = 1. Then, for the colouring c o Rq, the sum of the

weights of black vertices is
a= (0 —1)y+z+ (g — Dz +y=ayr+ay+ 2,

since under a 1-rotation, any black vertex with weight x becomes a black vertex
of weight y, except for the vertex 1 which becomes the vertex with weight z,
and similarly any black vertex with weight y becomes a black vertex of weight
x except for the vertex % which becomes a vertex of weight y. As the weights
x and y are distinct, it implies that o, = o, (in order to have a sum of black
vertices constant and equal to a). We set a := a, = «a for a shorter notation.
Let ¢ be the smallest integer in {0, ..., p%l — 1} such that ¢(i +1) = 0 and
assume c(% +/{¢) =1 for any ¢ € {0,...,i} (otherwise, consider the colouring

co Rp%l instead of ¢). Then Figure 4 shows that assuming c(pTJrl +i+1)=1
leads to a contradiction about the value of a. So c(% +i+1) = 0. With the
colouring ¢ o R;4+1, we obtain a sum of the weights of black vertices equal to
b= axr+ (a+ 1)y (Figure 5). To conclude this case, consider the vertex i + 2
and observe that whatever value is assigned to ¢(i+ 2), we obtain a contradiction
(Figure 6).

p+l

Therefore, we have ¢(¥5~) = 0 and a = a,x + ayy + z as in the beginning.

Observe that the previous reasoning means that for any integer j, we have

(1) coRj(0)=1=coRj(l)=coR; <p_£1>20.

With the colouring c o R1, the sum of the weights of black vertices is
a=(az—)y+z+oyr+a=(ay+1z+ (az — 1)y + 2.

Since x # y, we get a, = o, + 1. We set o := o for a shorter notation.
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Figure 4. Rotations of the colouring ¢ of a Type 1 cycle with c(% +i+1) =1, and
their corresponding weighted sums of black vertices which are not all equal.
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Figure 5. Rotations of the colouring ¢ of a Type 1 cycle with c(% +i+1) =0, and
their corresponding weighted sums of black vertices.
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(b) Ife(i+2)=1 b=azr+ (a+1)y a=(a—1y+z+(a+1)z

Figure 6. Rotations of the colouring c of a Type 1 cycle and their corresponding weighted
sums of black vertices depending on the colour c(i + 2).
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Let i be the smallest integer in {0, ..., % — 1} such that ¢(i+1) = 0. From
equation (1), we have c(% +/¢) =0 for any ¢ € {0,...,i — 1}. Moreover, we
have c(% + 1) = 1. Indeed, assume that c(% + 1) = 0 (Figure 7), then with
the colouring ¢ o R;4+1 we obtain a sum of the weights of black vertices equal
tob = (a+ 1)z + (a+ 1)y. As ¢ is a constant 2-labelling, with the colouring
coRp+1 we have the same weighted sum b. Then it implies that the weighted sum

2
b with the colouring ¢ o Rp+1, has a different value, which is a contradiction.
2

So C(% + 1) = 1 and with the colouring ¢ o R; 41 we have a sum of the weights
of black vertices equal to b = ax + (a + 2)y (see Figure 8).

0 0
%ol p—1e0
p—ie R1 )
| | — pililw. | p+1
0 prl ofF —i—l
o”2 — 3 .
* ol R/ oo o1
+1 p-1 -1
ot L | oi+1 el s
5 e a=(a+Dz+ay+z b=(a+1Dy+ (a+ 1)z
p+1 . [e]
Se+i—1
O
il
2 04 0
Rops1 Ot p—Lloo- .
2 / N y, \
a=(a+l)z+ay+z / 9 R / \
+1 | | — |
pT+LO. 1 i 1
LAS Y S DN wohimle =
2 . ﬂ+172' -
p—1 2
2
b=(a+1)z+ (a+1)y b=(a+1l)y+azr+y

Figure 7. Rotations of the colouring ¢ of a Type 1 cycle with c(pQil +1) = 0, and their
corresponding weighted sums b of black vertices which are not all equal.

0 0 0
. ) o] p_l/.ror
o Ri p—ig Ry , '
pHl . O detl 2
T+Zfl ; . 2 N p=l _ 4
o ® O — @ 2
ptl ptl p-l p-l
2 2 2 2
a=(a+Dz+ay+z a=(a+)zr+ay+z b=(a+Dy+(a—1)z+y+ua

Figure 8. Rotations of the colouring ¢ of a Type 1 cycle with c(in1 + 1) = 1, and their
corresponding weighted sums of black vertices.

From b = ax + (a + 2)y, it follows that ¢ must be equal to 2, otherwise the
colouring ¢ o Rp+1 leads to a different sum of the weights of black vertices (Fig-
2

ure 9). Then we have ¢(3) = 1 (Figure 10). Similarly, c(%—i—Z) =1 (Figure 11).
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a=(a+l)z+ay+z b=ay+(a+lz+y

Figure 9. Rotations of the colouring ¢ of a Type 1 cycle with ¢(j) =1 for all 0 < j <1
with 4 > 1, and their corresponding weighted sums of black vertices distinct which are

not all equal.
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( e(Bl 12y =1 b=az+ (a+2)y b=ay+(a+1)z+y

Figure 10. Rotations of the colouring ¢ of a Type 1 cycle with ¢(0) = ¢(1) = 1,
c(% +1)=1and ¢(3) = c(p—;l) = 0, and their corresponding weighted sums of black

vertices depending on the colour c(Z5! + 2).

01 p—10 1 p—10
oo 2 9 o O e o e
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Pl ] %o Co e 1 70'/0 ?
S5t prl p-l p=1
2 2 2

2
a=(a+z+ay+z b=oaz+ (a+2)y a=(a—1y+z+(a+2)z

Figure 11. Rotations of the colouring ¢ of a Type 1 cycle with ¢(0) = ¢(1) = 1,
c(% +1)=1and ¢(3) = c(inl) = c(% + 2) = 0, and their corresponding weighted

sums of black vertices which are not all equal.
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Therefore, the colouring coR p+1 41 has the same configuration as the colour-
2

ing ¢, i.e., the vertices 0, 1 are black and the vertex % is white. We can apply the
same argument as before. Hence, the colouring ¢ must be 3-periodic of pattern
period 110 and the number p of vertices is such that p =0 (mod 3). [

Remark 8. In the previous proof, we used the following fact. Let ¢ be a constant
2-labelling of a cycle of Type 1 with  # y. If the sum of the weights of black
vertices is equal to a = azx + ayy + 2 with the colouring ¢, where o, «
respectively denote the black vertices with weight x and weight y, then for any
colouring c o R; such that coR;(0) = 1, the weighted sum is a = o,z + oy + 2
and o, oy respectively denote the numbers of black vertices of weight x and
weight y with respect to the colouring c o R;. In other words, the number of
black vertices of weight z (respectively y) is the same for the colouring c o R;
such that ¢ o R;(0) = 1. This fact follows from the uniqueness of the solution
(A, i) of the system
a—z=Xx+ uy
{ n—1=X\+pu

where n denotes the total number of black vertices (which is known from the
colouring ¢).

The same argument holds when the weighted sum is b = a2 + o,y and the
colouring ¢ o R; such that ¢ o R;(0) = 0.

Cycles of Type 1 and Type 3 share some similarities. Both types have at
most 3 distinct weights and their non-trivial constant 2-labellings are the same
as shown in the next lemma. We omit the proof here since it follows exactly
the same lines as the proof of Lemma 7, but the details can be found in [16,
Appendix B].

p—3

Lemma 9. For cycles C, of Type 3, i.e., z(xy)n;g:z:m(ym) i with x # y and
3 <pé€N, ifcis a non-trivial constant 2-labelling, then p =0 (mod 3) and c is
3-periodic of pattern period 110.

Now for cycles of Type 2 and Type 4 with weights z, x, y, t, if the number n
of black vertices and the values a := 2z + o, @ + ayy + oyt and b := Bz + Byy + Bt
are known, then the following system

a=v+py+vt+=z respectively b=+ py+vt
n=A+pu+v+1 n=A+pu+v

does not necessarily have a unique solution (A, i, v) = (o, ay, ay) (respectively
(A, i, v) = (Bz, By, Bt)). Hence for these cycles, it is important to make a distinc-
tion between the colouring ¢ and its rotations.

We first deal with an easy particular case of these cycles that corresponds to
a Type 2 cycle with ¢t =z # y or to a Type 4 cycle with t = y # .
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Lemma 10. Let p > 4 be an integer such that p = 0 (mod 2). Let C, be a
cycle of Type 2 with t = x # y or of Type 4 witht =y # x, i.e., C, is a cycle
represented by z(:ny)%x with x # y. Any non-trivial constant 2-labelling c of C,
is either the alternate colouring, or a colouring such that the number g of black
vertices of weight x is equal to ay + c(0) where oy, is the number of black vertices
of weight y.

Proof. Let p > 4 be an integer such that p = 0 (mod 2) and let C, be a cy-
cle represented by z(a:y)p2;2x with & # y. Clearly, the alternate colouring is a
constant 2-labelling with a = (§ — 1)y + z and b = La.

Now assume that c is a non-trivial constant 2-labelling of C, which is not the
alternate colouring. Without loss of generality, we assume that the vertices 0 and
1 are both coloured in black. Let o, o, denote respectively the number of black
vertices with weight  and y for the colouring c. We have a = oo + oy + 2 as
the sum of the weights of black vertices. For the colouring c o R1, the weighted
sum is equal to

a= (o —ly+z+ayr+a=(oy+z+ (o, — 1)y + 2.

As x # y, we get o, = oy + 1 and we set o 1= q,.

Let i be the smallest integer in {0,...,p — 2} such that ¢(i + 1) = 0. The
weighted sum for the colouring coR; is a = (o + 1)z + ay + z by hypothesis.
Therefore, the weighted sum for the colouring co R4+ is equal to b = (a+ 1)y +
ar+x = (a+ 1)z + (a+ 1)y. Moreover, the weighted sum is preserved for the
colouring c o R;12 regardless to the colour of the vertex i + 2:

{ b=(a+1ly+(a+1)z ifc(i+2)=0
a=()y+z+(a+1)y ifc(i +2)=1.

It follows that the only condition on the constant 2-labelling c is to be a
colouring with a, = o, + 1 if ¢(0) = 1. Similarly, the condition is a, = oy, if
c(0) = o. |

We now consider the Type 2 cycles in general.

Lemma 11. Let p = 2 (mod 4) with p > 2 and let Cp, be a weighted cycle of Type 2
p=2

represented by z(xy)%t(yx) T where the weights x,y,t are not all equal. If ¢
is a non-trivial constant 2-labelling, then c is one of the following colourings
e alternate,
o L-periodic,
o if x =y, §-anti-periodic,
e if t = x, any colouring such that the number of black vertices of weight x is
equal to the sum of ¢(0) and the number of black vertices of weight y.
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Proof. Let p =2 (mod 4) with p > 2 and let C, be a weighted cycle of Type 2
represented by z(wy)¥t(yaf)¥ where the weights z,y and ¢ are not all equal.

Clearly, the alternate colouring is a constant 2-labelling with a = (§ — 1)y + 2
and b= (§ — 1)z +1.

The case where the weights ¢t and x are equal follows from Lemma 10. Hence,
we suppose from now on that ¢ # z. Consider a non-trivial constant 2-labelling
c of C, that is not the alternate colouring. Without loss of generality, we may
assume that ¢(0) = ¢(1) = 1. We let ay, oy, oy denote respectively the number
of black vertices of weight z and y for the colouring ¢. The sum of the weights
of the black vertices is then equal to a = o, + ayy + oyt + z. We consider the
colour of the vertex § + 1.

Assume first that ¢(§+1) = 1. It follows that ¢(§) = 1 and ay = 1, otherwise
the weighted sum is not preserved (Figure 12). Then for the colouring coRy, the
sum of the weights of the black vertices is

a=(a;—Ly+z+(ay—Dz+t+r+y=ar+ay+t+z

as under a l-rotation, any black vertex with weight = becomes a black vertex
of weight ¥, except for the vertex 1 which becomes the vertex 0 with weight z,
and similarly any black vertex with weight y becomes a black vertex of weight
x, except for the vertex § 4 1 which becomes the vertex § with weight ¢. If the
weights = and y are distinct, then o, = a, and we set a := a,. Otherwise, we
denote by 8 the number o, + «a,, of black vertices with weight x = y.

0 0 0
el —Cel p—loe
’R% Ry
L+l eo B+l eq oo L1
P P P
2 2 2
a=o0r+ayy+z b=ozy+oyr+t a=(az—Dz+t+(oy—Dy+z+y

Figure 12. Rotations of the colouring c of a Type 2 cycle with ¢(£ 4 1) = 1, and their
corresponding weighted sums of black vertices which are not all equal as x # t.

Let i be the smallest integer in {0,...,5 — 1} such that ¢(i + 1) = 0 and
assume that c(§ +4) = 1 for any £ € {0,...,4} (otherwise, consider the colouring
co Ry instead of ¢). Then ¢(§ 4+ 1) = 0 as depicted in Figure 13.

With the colouring ¢ o R;11 we obtain (Figure 14) a sum of the weights of
black vertices equal to

b—{ (a+1)(z+y) ifz#y,
| (B+2)z ifrx=y
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stie y e . o5 —i
* E+le
p p
2 2
(@)a=azt+ay+z+t (a)a=az+ay+z+t
(b)a=px+z+t (b)a=pz+z+t
l Re
2
0
p—leo— e ]
. : R p—1ie \
p*l*l‘. Iy . | |
o5 —i—1 -
AN p - \. o5 1
\ .E—l E-i-l‘ p
A §+log
2 2
a)a=ar+ay+z+x a)a=ay+axr+t+z
Yy Y
(b)a=(B+1)z+=z (b)a=pz+t+z

Figure 13. Rotations of the colouring ¢ of a Type 2 cycle C, with ¢(§ +i+ 1) =1, and
their corresponding weighted sums of black vertices which are not all equal, where the
line (a) corresponds to the case x # y and the line (b) to the case x = y.

and the number of black vertices of weight z for the colouring coR; 1 is actually
a + 1 (respectively 8 + 2) when = # y (respectively z = y). Observe that if
c(i+2) = 0= c(5 +i+2), then the weighted sum b for the colouring co R4z is
preserved.

0 0
e %ol p—1leo
/ (X3 R, p—ise A R1 _—
P4t 1h el — = e i 1
5tie \ oh—i
e E+los oe L+1
p p p
2 2 2
(a) Ifx#y a=ar+ay+t+z b=ay+ar+z+y
(b)Ifx=y a=pr+t+z b=pfx+x+x

Figure 14. Rotations of the colouring c of a Type 2 cycle and their corresponding weighted
sums of black vertices depending on the equality of the weights x and y.

Therefore, let j be the smallest integer in {i+1,...,5—1} such that ¢(j+1) =
1. Without loss of generality, we assume that c(5+¢) = 0 forall £ € {i+1,...,5}.
Then ¢ (% +J+ 1) = 1, otherwise it implies that © = ¢t which is a contradiction
(Figure 15).

Consequently, the sum of the weights of the black vertices for the colouring
coRjt1is a = ax + ay + z + t (respectively a = fx + t + 2) if the weights x
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0 4 p—1o
9 oo p . 00 el 51
%+7+loo Y R; .O 27 IRy o ?
, oiv1 —> — ¢ .
%-‘-’Lp—i—lp / p— e o. 9
g tie o0 oo p—j—Tle_ g
T b i
(a) a=azx+ay+t+z b=(a+1)(z+y) a=ay+z+(a+1)x
(b)a=pz+t+=z b=(8+2)x a=P+1)zr+z

Figure 15. Rotations of the colouring c of a Type 2 cycle with c(j+1) # c¢(5 +j+1) =0,
and their corresponding weighted sums of black vertices which are not all equal, where
the line (a) corresponds to the case x # y and the line (b) to the case z = y.

and y are distinct (respectively equal). Moreover, the colourings ¢ and co R ;41
present the same configuration as ¢(j +1) = 1 = ¢(§ +j + 1) and as the weighted
sums are equal. Hence, we can apply the same reasoning given before for ¢ to the
colouring co Ry 1. It follows that the colouring c is §-periodic. In particular, we
have the following weighted sums

a=az+y)+z+tandb=(a+1)(z+y) ifx#y
a=pr+t+zand b= (+2)z ife=y

with £ even.

Assume now that ¢(f 4+ 1) = 0. It follows that ¢(£§) = 0. Indeed, suppose
that ¢(§) =1, i.e., oy = 1. If the weights x and y are distinct, then the weighted
sum a = ;T + ayy +t + z for the colouring ¢ implies that the weighted sum for
the colouring co Ry is equal to a = o,y + ayx +t + 2. Hence, o, = oy as cis a
constant 2-labelling. Then the weighted sum for the colouring c o R; is given by

a=(oz —)y+z+oaz+y+z= (o +1)z+oy+=

which is not equal to the initial weighted sum as t # x. This is a contradiction.
Now, if the weights x and y are equal, then the weighted sum a = (agz+oy)z+t+2
for the colouring ¢ implies that the weighted sum for the colouring co Ry is equal
to

a=(ag+ay—z+z+r+x=(az+ay+1)z+=z

which is a contradiction (as t # x).

So ¢(5 +1) =0 =c(%) and ay = 0. For the colouring c o Ry, we obtain the
weighted sum a = (o — 1)y + 2 + ayx + x as depicted in Figure 16. Hence, a,
must be equal to o + 1 if the weights = and y are distinct. In this case, we set
a = ay. In the case where z = y, we simply set 8 = a; + a,. Hence,

a=(a+l)z+ay+z ife#y
a=pPr+z if x =y.
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We obtain the following weighted sum (Figure 16) for the colouring c o Rg

{ b=(a+l)y+ax+t ifx#y

b=px+t ifx=y.
0 0 0
0.1 ! p—lee
Rg R1 '

B+l e, E+1loo oo b-1

P P 2

2 2 2
b=y +ayr+1 a =0T+ oy +2 a= (g —Dy+z+or+e

Figure 16. Rotations of the colouring c of a Type 2 cycle with ¢(§) = 0 = ¢(§ + 1), and
their corresponding weighted sums of black vertices.

Let i be the smallest integer in {0,..., % — 1} such that ¢(i+1) = 0. We may
assume that ¢ (§ 4 ¢) =0 for all £ € {0,...,4}. Then ¢(§ + i+ 1) = 1, otherwise
we obtain a contradiction as x # t (Figure 17).

Observe that if ¢(i +2) = 0 and ¢(§ + i + 2) = 1, then the weighted sum b
for the colouring co R; 9 is preserved. Therefore, let j be the smallest integer in
{i+1,...,5+i} such that c(j+1) = 1. Without loss of generality, we can suppose
that ¢ (5 +¢) =1 forall £ € {i +1,...,5}. It follows that ¢ (5 +j+1) = 0.
Indeed, ¢ (g +3j+ 1) = 1 leads to a contradiction as x # t (Figure 18).

0 0 0
—* %ol p—1leo
/ Y Ri p—is ‘ R1 - !
Phitlo vl — o e $B—i—1
L p_y
5+to \ o5 —1
o E+1loo oo £+1
4 p b
2 2 2
(a) Ifx#y a=(a+Dz+ay+z b=(a+ly+azx+z
(b)Ifzr=y a=pfr+z b=pr+zx

Figure 17. Rotations of the colouring c of a Type 2 cycle and their corresponding weighted
sums of black vertices depending on the equality of the weights = and y.

Therefore, the sum of the weights of the black vertices for the colouring
coRji1is a= (a+ 1)z + ay+ z (respectively a = fx + z) if the weights z and
y are distinct (respectively equal). Hence, the colourings ¢ and ¢ o R4 present
the same configuration as c(j +1) = 1 and ¢(§ 4 j + 1) = 0 and as the weighted
sums are equal. It follows that the colouring c is £-anti-periodic.

If the weights x and y are distinct, then the number of black vertices is equal
to 2ac+2 = §. It means that & is even which is a contradiction as p = 2 (mod 4).
Thus, there doest not exist a constant 2-labelling in this case.
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04 p—1¢
. 9 O o _j_1
g+]+1.’ ;\.i R; .o °5 —J R, o 2
oi+1 —> . — i °
§+itle ‘ N S ' .
510 ey p—Je .~ p—j—Tle g
g 541 g1 F3-1
a)a=(a+Dz+ay+=z b=azx+ (a+1)y+t a=(a—ly+z+ax+t+y
(b) a= Bz +2 b=z +t a=PB-2)r+z+t+x

Figure 18. Rotations of the colouring c of a Type 2 cycle with ¢(j+1) # c¢(5 +j+1) =0,
and their corresponding weighted sums of black vertices which are not all equal, where
the line (a) corresponds to the case x # y and the line (b) to the case z = y.

If the weights x and y are equal, then any £-anti-periodic colouring is a
constant 2 labelling with

az(%—l)x—i—zandb:(g—l)x—i—t.

The last type of cycles is similar to Type 2 cycles. Hence, the proof of the
following lemma is similar to the proof of Lemma 11. Details of the proof are
available in [16, Appendix B].

Lemma 12. Let p =4 (mod 4) with p > 4 and let C, be a weighted cycle of Type
4 represented by z(asy)pzl;élxtm(yac)pzl;4 where the weights x,y,t are not all equal.

If ¢ is a non-trivial constant 2-labelling, then c is one of the following colourings

e alternate,
o L-anti-periodic,

o L-periodic if x = y; §-periodic and such that the numbers of black vertices of

weight x and y are equal when ¢(0) =0 if y # =z,

e a colouring ¢ satisfying ¢ (i) = (i + §) = 1 for all even i € {0,...,5 -1}
and (i) # (i + L) for all odd i € {0,...,5 — 1} (up to a 1-rotation), if

Using all the previous lemmas, we can now prove our main theorem.

Theorem 13. Let ¢ be a non-trivial constant 2-labelling of a cycle C, of Type 0,
Type 1, Type 2, Type 3 or Type 4 with A = {Ry | k € Z} and v = 0. Let a =

2 fuevieot (=1} W) and b = 3 ¢ cyicoruy=ry W(u) for £ € Ay,&" € Ao. Then
the possible values of the constants a and b are given in the following table.
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Type Value of a Value of b Condition on parameters
0 ar+ 2z (a+ D)z aef0,....,p—2}
1 Prt+(E-1y+= (E-Dz+(5+1)y p=0 (mod3)
3 Prt+(E-1y+= (E+Dz+(5-1)y p=0 (mod3)
2 (E-1Dy+=z (E-Daz+t
alz+y)+t+z (a+1D)(z+y) ac{0,...,5 -1}
4 (E—-2y+z+t Ba

a+2)z+2ay+ 2+t
Br (2 1)y+o

(2a+2)(e+9)
Ba+ (5= 1y +t

ac{0,.... 2 -1}

Pet+ (B —-1Dy+z g t=br+(1-%)y
(E-1Dy+= La t=Fr4+(1-54)y
2ax +t+ 2 2(a+ 1)z

ac{0,....5 -2}, 2=y
(a+Dz+ay+z g

3. PROJECTION AND FOLDING METHOD

In this section, we present a method that allows us to translate specific colouring
problems of the infinite grid in terms of constant 2-labellings of weighted cycles.
We first give the instance of such problems. Let ¢ and p be integers and let
t = (t,1), p = (p,0). This particular choice of t and p is due to the initial
motivation behind this work: to study the values of the constants in (r,a,b)-
codes of the infinite grid (see Section 4). A frame is a set of vertices of a given
shape where one of the vertices plays a special role and therefore is called the
center of the frame. Let a and b be non-negative integers. We consider the
problem of deciding whether there exists a 2-colouring ¢ of the infinite grid such
that the colouring is periodic with c(y + t) = ¢(y) = c(y + p) for any y € Z2,
and that each frame contains

e ¢ black vertices if the center of the frame is black,
e b black vertices if the center of the frame is white.

Clearly, if the frames are the balls of radius r, then the problem is the same as
determining if there exists an (r,a,b)-covering code of the infinite grid that is
periodic of periods t and p.

Now, for t = (¢,1), p = (p, 0), consider a 2-colouring of Z? that is periodic of
periods t and p. Since c is periodic of period t, the colouring of a line is obtained
by doing a translation t = (¢,1) (respectively -t = (—t, —1)) of the colouring of
the line below (respectively above). In this case, if we know the colouring of one
line and the translation t, then the colouring of the whole grid Z? is known.
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Projection

Let y € Z2. Using the translation t = (¢, 1), we can project the frame with center
y on the line L containing y. We assume y = (0,0) to simplify the notation. Let
Trans denote the set of all the translated frames of the frame with center y by
a multiple of t. Let h : L — N be a map defined by

h((i,0)) = #{T € Trans | (i,0) € T'}.

The image of the line L by the mapping h, denoted by h(L), is called the projection
of the frame with center y with translation t = (¢,1). An example is given in
the following section. Observe that h((7,0)) is a finite number for any i € N, h
takes a non-zero value only finitely many times and the number of vertices of a
frame is equal to ) ;.; h((¢,0)). The map h is introduced to count the number
of occurrences in the frame with center y of vertices of L, up to translation t.

Folding

Using the translation (p,0), we can fold a projection on a cycle of p weighted
vertices. Let L be the line containing y = (0,0) and {0,...,p — 1} be the set of
vertices of the cycle C,. We define a map w : {0,...,p — 1} — N such that, for
ie{0,...,p—1},
w(i) ==Y h((i + kp,0)).
keZ

The folding of the projection h(L) is the cycle C, with vertices 0,...,p — 1 of
respective weights w(0),...,w(p —1).

4.  APPLICATION TO (r,a,b)-CODES OF Z2

The projection and folding method can be used to find (r,a,b)-codes that are
periodic. We first give an example, then we characterize the values of a and b of
any (r,a,b)-code with r > 2 and |a — b| > 4.

Example 14. Consider frames that are balls of radius » = 3 and set t = 2,
p = 4. Using the projection and folding method, there exists an (r, a, b)-code of
the infinite grid that is periodic of periods t = (2,1) and p = (4, 0) if and only if
there exists a constant 2-labelling of the cycle C4 with weights w(0) = 7,w(1) =
w(2) = w(3) = 6. The process of projecting and folding is depicted in the three
first stages of Figure 19. If there is an (r,a,b)-code of the infinite grid that is
periodic of periods t = (2,1) and p = (4,0), then we set the colours of the line
obtained after projection as the colours of the line going through (0, 0) and we set
the colours of the cycle as the colours of the vertices (0,0) to (3,0). The weight of
a given vertex in the cycle corresponds to the number of occurrences of this vertex
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in the infinite grid up to translation t and p. Hence, this colouring is a constant
2-labelling of the weighted cycle. The last three stages of Figure 19 represent
the process of unfolding the cycle into a line using the translation p = (4,0)
and expanding the line to the infinite grid using the translation t = (2,1). For
instance, the colouring ¢ defined by ¢(0) = ¢(1) = 1 and ¢(2) = ¢(3) =0 is a
constant 2-labelling and corresponds to an (3,13, 12)-code of Z?, which is given
at the bottom of Figure 19.

Let » > 2 and a,b € N such that |a — b] > 4. Let ¢ be an (r,a,b)-code of
7Z?. By Theorem 2, c¢ is a diagonal colouring. Hence, ¢ is determined by the
colouring of any horizontal line, e.g. {(z1,0) | z1 € Z}, and by the orientation of
the monochromatic diagonals in the even and odd sublattices.

Assume first that the monochromatic diagonals are all parallel. Without loss
of generality, we can suppose that they are of the type {(z1,21 +¢) | z1 € Z}
with ¢ € Z. Indeed, the case where the monochromatic diagonals are of type
{(z1,—21 4+ ¢) | 1 € Z} is similar since the grid is symmetric. In this case,
if the colouring of a line of Z? is known, then the colouring of the line above
(respectively below) is obtained by doing a translation t = (1, 1) (respectively —t)
as ¢(x) = c(x +t) for all x € Z2. So we can apply the projection method.
Moreover, by Theorem 2, ¢ is such that ¢(x+ (m,0)) = ¢(x) for some m € N and
all x € Z2. Hence, it is possible to apply the folding method.

Now assume that the monochromatic diagonals are not parallel. We may
suppose that the even (respectively odd) sublattice is the union of monochromatic
diagonals of type {(z1,z1 + ¢) | x1 € Z} (respectively {(z1,—x1 +¢) | 1 € Z})
with ¢ € Z. We consider an r-ball B,(y) with center y. Observe that a diagonal
intersecting the ball contains either r or r+1 elements of the ball. Moreover, two
intersecting diagonals belong to the same sublattice. Hence, in terms of counting
vertices of a particular colour appearing in the ball, it is equivalent to consider
monochromatic diagonals that are parallel or not. So, we can apply the folding
method in both cases.

Therefore, for r > 2 and |a — b| > 4, there exists an (r,a,b)-code of the
infinite grid Z? if and only if there exists a constant 2-labelling of some cycle Cp,
with v =0, A = {Ry | k € Z} and the mapping w defined as before, such that

a= Z w(u) and b = Z w(u) for all €€ Ay, £ € A,.
{ueV]eco(u)=1} {ueV]eog! (u)=1}

Theorem 15. Let r,a,b € N such that |a — b| > 4 and r > 2. If there exists an
(r,a,b)-code of Z2, then the values of a and b are given in the following table.
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Figure 19. Projection and folding of a ball of radius 3 with respect to the translations
t=(2,1) and p = (4,0).
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a b Condition on parameters
r+14+a2r+1) (a+1)(2r+1) ae{0,....,r—=1}, r=0 (mod 2)

(r+1?%—a(3+1) r?+ a3 +1) a€{0,1}, =0 (mod 2)
r+1+(a+1)(2r+1) (a+1)(2r+1) a€{0,....,r—2}, r=1 (mod 2)

r? 4 a3t (r+1)? — a2t a€{0,1}, r =1 (mod 2)

(o4 1) 2742042 (o + 1) 2242042 a€{0,1}, r=1 (mod 3)

(a+1)2582r _rbl p g (o4 1)20542r 4 ril a€{0,1}, r =2 (mod 3)

(a+1)2542r 11 (a4 1) o a€{0,1}, 7 =0 (mod 3)

Proof. For r > 2 and |a — b| > 4, Axenovich described all possible (r, a, b)-codes
(see Theorem 2) in terms of diagonal colourings. Theorem 2 allows us to apply
the projection and folding method in this case. Let y = (0,0). We project the
ball B,(y) on the line L using the translation t = (1,1) and we obtain for an
even radius r

T if # <r and 7 is odd,
h((i,0)) =< r+1 ifi <r and i is even,
0 otherwise,

and for an odd radius r

r+1 if 7 <r andiis odd,
h((i,0)) =< r if i <r and ¢ is even,
0 otherwise.

Indeed, if r is even, then any diagonal of the even (respectively odd) sublattice
intersecting the ball contains r 4+ 1 (respectively r) elements of B,(y). The other
case can be treated similarly.

Consider now the colourings 1-5 given in Theorem 2. For each kind of colour-
ing, we fold the projection of B,(y) on a cycle Cp,, with p € {2,3,r,r +1,2r,2r +
1,2r 4 2}, according to the parity of r (see Table 1). Then we use Theorem 13
to give the possible values of the constant weighted sums a and b.

The colouring 1 is p-periodic of odd period p € {r,r + 1}. Hence it gives two
different weighted cycles. If r is even, then B, (y) is projected and folded on the
cycle Cp41 of Type 0 with z =r+ 1 and « = 2r + 1. The corresponding values of
the constants are then

a=r+1+a2r+1)and b= (a+1)(2r+1)

with @ € {0,...,7 — 1}. If r is odd, B,(y) is projected and folded on the cycle
C, of Type 0 with z = 3r +2 and x = 2r + 1. So the corresponding values of the
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For r even For r odd
Type O: p=r+1 Type 0: p=1r
r+1 3r+2
2r+1o @ 02r+1 2r4+1o @ 02r+1
— //,' \ \\ //,' \ \\
a0 1] I ! il
= '\\ |1 '\\ |1
— ! !
: \\ / / \\1 / /
] NN ot [ s
o SN oo SN
(@)
Type 4: p = 2r Type 4: p=2(r+1)
+ T
.0 © or r+1o © or+1
~ r+1o or+1 ro or
o0 |/{ ‘\\I |/‘ ¥
= ' . \ )
o \ / \ /
S \1\ ,/"/ \1\ /,'/
% ro._, Or r+1o ° or+1
O 2(r +1) 0
Type 2 or Type 4: p=1r Type 2 or Type 4: p=r+1
3(r+1) r
2r o © o02r 2(r+1)o % o2(r+1)
» | 2(r+1)o Q2(r+1) 2r © Q2r
2 2r o N 2r o K
=] \ /1 \ /!
) N P N P
5 S S
o
Type 1: p=2r+1 Type 3: p=2r+1
r+1 r
ro ° or r+1lo © or+1
<t r+1¢ or—+1 T o or
&0 (| i /| )
E Vi /! Vi ‘/'
= \ ) \ ,
g ro or
5 o0 o0
O r+1 r+1 r+1 r+1

Table 1. Weighted cycles C,, corresponding to the colourings 1-4.
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constants are
a=3r+24+al2r+1)and b= (a+1)(2r+1)

with ae € {0,...,r — 2}.

The colouring 2 is a p-anti-periodic colouring with p € {r,7+ 1} and p even.
It gives then two different weighted cycles with 2p vertices. If r is even, B,(y) is
projected and folded on the cycle Co, of Type 4 with z =r+1 =y, x = r and
t = 2r + 2. Then the corresponding values of the constants are

2 2 3
azir+<£—1> (7‘—|—1)—|—r+1:(r+1)2+(2r+1>,

2
b:4r+<4r—1) (T+1)+2(r+1)=r2+<32r+l>.

If r is odd, B,(y) is projected and folded on the cycle Ca42 of Type 4 with
z=r=y,xz=r+1and t =0. The corresponding values are

2r + 2 2r +2 9 Jr+1
a=— (r+1)+ y A S

2r 42 2r 42
b= r: (r+1)+<r+

The colouring 3 is p-periodic of period p € {r,r+ 1} with p even. If r is even,
B, (y) is projected and folded on the cycle C,. This cycle is a particular case of a
Type 2 with t = x or of a Type 4 with t = y, according to the value of » mod 4.
So C, is represented by z(xy)%x with z = 3(r + 1), = 2r and y = 2(r + 1).
The corresponding values of the constants are either a = (r 4+ 1)? and b = 2, or

3 1
—1)r:(r+1)2+ Tt .

2

a=2a+1)r+2a(r+1)+3(r+1)and b=2(a+1)(2r+1)

with o € {0,..., §—2}. Similarly, if r is odd, B,(y) is projected and folded on the
cycle C,41 which is a particular case of a Type 2 or a Type 4 cycle, represented
by z(xy)%x with z = r,z = 2(r + 1) and y = 2r. The corresponding values of
the constants are either a = r? and b = (r + 1)? or

a=2(a+1)(r+1)+2ar+rand b=2(a+1)(2r+1)

with a € {0,..., 5% — 1}

The colouring 4 is 2r + 1-periodic. If r is even, B, (y) is projected and folded
on the cycle Copq1 of Type 1 with z =7+ 1 =y and & = r. Such weighted cycle
has a constant 2-labelling if 2 + 1 =0 (mod 3). Then the corresponding values
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of the constants are

r 41 2r+1 2 4+ 1)2
o=t r+ iy (7’+1)+7“+1=7(T+ ),
3 3 3
2r +1 or +1 2r 4+ 1)2
b:(T; 1>r+<r; +1>(r+1):”"?t)+1.

If r is odd, B,(y) is projected and folded on the cycle Cy,41 of Type 3 with
z=r =y and z = r + 1. Hence, under the condition that 2r +1 = 0 (mod 3),
the corresponding values of the constants are

2+ 2r + 1 (2r +1)2

o 3

or +1 o + 1 2r +1)2
b:<7ur +1>(r+1)+<r;L —1>r:(r+>+1.

a +1,

—1>T—|—r+1:

3 3

Since the difference |a — b| < 4 in this case, we never obtain these values of a
and b.

The colouring 5 is either 2-periodic or 3-periodic. Hence it gives five different
weighted cycles. Let ¢ be the colouring 5. If ¢ is 2-periodic, then B,(y) is
projected and folded on Cy of Type 0, represented by zx with

z=(r+1)2%,z=1r% forreven
z=r%z=(r+1)? forr odd.

So the corresponding values of the constants are a = (r + 1)? and b = 2 for
r even, and a = r2 b = (r + 1)? for r odd. If c is 3-periodic, then B,(y) is
projected and folded on C3 of Type 0. In that case, straightforward analysis give
the weights z and x:

o 2= 72’2*327"*1 and z = 72”2+32’"+2 if r =3k +1,
o z=242 okt land = 2HE 4 kifr =3k 1,
o » =242 4 ok 4 1and x = 242 if r = 3k
The corresponding values of the constants are then given by

a=ax+zand b= (a+ 1)z with a € {0,1}.

This concludes the proof of Theorem 15. [

5. CONCLUSIONS AND PERSPECTIVES

Constant 2-labellings in weighted cycles allow us to translate the periodicity of
(r,a,b)-codes, with r > 2, of the 2-dimensional grid. Theorem 1 shows that many
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(1, a,b)-codes of the multidimensional grid Z¢ are periodic. It would be interest-
ing to find the corresponding weighted graphs obtained with our projection and
folding method and then to study constant 2-labellings in these graphs. Also,
the projection and folding method is presented in general and can be applied to
linear codes. It would be interesting to consider (r,a,b)-codes in other types of
lattices as for example, in the king lattice.

The problem of finding a constant 2-labelling of a graph is interesting in
and of itself. In Theorem 13, we only obtain a characterization of constant 2-
labellings in four types of weighted cycles. It would be interesting to consider
different weighted cycles. Moreover, we could study constant 2-labelling in graphs
having a big automorphisms group, for instance, in circulant graphs or in vertex-
transitive graphs. Finally, we could find a natural generalization of constant 2-
labellings into constant k-labellings using k£ colours and then consider their links
with distinguishing numbers and weighted codes with more than two values.
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