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Abstract. Using the generalized dual method, closed
analytical expressions for the coordinates of quasiperiodic
lattices, derived from periodic or quasiperiodic grids, are
given. The obtained formulae constitute a useful and prac-
tical tool to generate and perform calculations in quasi-
periodic structures.

1. Introduction

The most general and most frequently applied methods to
generate quasiperiodic tilings are the cut and projection
method [1] and the generalized dual method (GDM) [2,
3]. The former is based on the idea, introduced by H.
Bohr [4], that a quasiperiodic function in R"” can be ob-
tained by adequately restricting a periodic function with N
variables, N > n. The cut and projection method then ob-
tains a quasiperiodic lattice in IR" by projecting points of
a periodic lattice in RY. The GDM is a generalization of
the method proposed by de Bruijn [5] to generate the ver-
tex coordinates of the Penrose tiling by means of a penta-
gonal multigrid. In the GDM, the multigrid is generated as
a family of planes normal to a set of vectors with definite
orientational symmetry, called the star-vector. Vertex co-
ordinates of the quasilattice are generated through a duali-
zation process, which associate vertices with regions
between the planes of the multigrid. Multigrids with arbi-
trary orientational symmetry and spacing (periodic or qua-
siperiodic) can be considered. All the structures generated
by the cut and projection method can also be obtained by
the GDM, but the converse is not true [6]. In that sense,
the GDM is more general.

Both methods can be computationally implemented to
generate quasiperiodic structures, with due consideration
of some practical difficulties. In the cut and projection
method the main problem is to determine if a given point
of an N-dimensional lattice falls inside a well defined re-
gion in RY, the strip. General solutions based on linear
programming [7] and inequalities [8] have been proposed.
In the GDM, it turns out that a given multigrid can con-
tain very small regions which makes the dualization proce-
dure dependent of the machine precision.

* Correspondence author (e-mail: naumis @fisica.unam.mx)

022300 Kiristallographie Heft 5/2003 3B2
SIGNA DISKETTE 19.2.2003

Based on the GDM, we obtain in this work analytical
expressions of the dualization process that lead us to pro-
vide formulae for the vertex coordinates of a quasiperiodic
structure. Though the computational problems with the stan-
dard approaches described above can be overcome, and
practical computer programs can be easily obtained [9], the
availability of analytical expressions for the vertex coordi-
nates of a quasilattice can be of great value. It offers not
only a practical tool to easily generate arbitrary quasiperio-
dic structure but may be useful to perform calculations in
quasiperiodic structures in a systematic analytical way. A
restricted version of the present approach was used, for in-
stance, to obtain average structures associated with a quasi-
lattice, and to calculate their diffraction properties [10].

2. A brief survey of the GDM

Within the GDM, a quasiperiodic structure is obtained as
follows [2, 3]. Let {ey,ea,...,ex} in R" be a star of vec-
tors, which determines the orientational symmetry of the
quasilattice (for real quasicrystals, n =2,3). An N-grid
Gy is defined as the union of an infinite set of parallel
planes in IR? (lines in R?) orthogonal to the vectors e;. In
general, the separation between planes can be given by a
periodic or quasiperiodic sequence and the array of planes
can be translated relative to the origin. The more general
expression of an N-grid is

Gy = {x ER'x-e; =X = 1j + 0+, ;
j=1,2,...,N,n, € Z}, (1)

where a; € R are shifts of the grid with respect to zero
and Xn, defines the spacing of grid planes along the direc-
tion labelled by j. Periodically spaced grids are obtained
with A, = 0, for all j. More general structures are ob-
tained by considering a quasiperiodic spacing of grid
lines, controlled by:
1
an = Lnjaj +ﬁjj )
9
where | | is the greatest integer function (or floor func-
tion). The position of the n-th line along the direction j is
then given by
1
Xy = 1y + @+ — [0 + ], (2)
Q;
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where o0; is an irrational number which controls the se-
quence and frequency of the two possible intervals be-
tween x, and x,y;. o; and [3; are shifts of the grid with
respect to zero, and o, determine the ratio of the two dif-
ferent lengths that appears in the sequence.

The grid Gy divides the space into open regions lim-
ited by planes (lines). Each point in these spaces can be
indexed by a set of N integers corresponding to its ordinal
position in the grid (given by n;) for each e;, that is, if a
point in an open region lies between the planes (lines) k;
and k; + 1, for the direction e;, we assign the number k; to
this region. A similar construction applies to each star vec-
tor, to obtain the N coordinates (ki, k», . .., ky).

The quasilattice is obtained by using the dual transfor-
mation, that maps each open region of the N-grid into a
point

N
t= Z kjej, (3)
j=1

which lies in R? (IR?). The point £ is a vertex of a quasi-
periodic tiling of rhombic unit cells with orientational
symmetry corresponding to the star vectors {e, ey, ..., ey}.

In the next sections, we discuss the dualization process
in detail in order to obtain analytic expressions for the
vertex coordinates of any quasiperiodic lattice obtained
with the above method. We first consider the case of mul-
tigrids with periodic spacings and present the most general
case in Section 4.

3. Periodically spaced grids

According to Eq. (1), the planes of a multigrid with peri-
odic spacings satisfy:

x-e]-:xn_,,:nj—i—aj,

where x is a vector, n; is an integer and «; are shifts of
the grid with respect to zero.

The vertices ¢ of a quasilattice in IR* are defined by the
intersection of three planes, which produces the eight ver-
tices of a cell when the dual transformation is used. For
each combination of star vectors, these intersections are
the solutions of the following equations,

xX-e =X, , X-e=x,, X e = Xp,. 4)

The solution of this system, x, is obtained by using Kra-
mer’s rule and is given by a linear combination of three
vectors. For a given s, j and k, the solution can be ex-
pressed as:

X = XpUksj + xn/usjk + Xy Wjks (5)
where
oy = e X e 7ej><ek
sik = = )
(es-(ejxer)) Vi

and Vg =e;-(ej x ;) is the volume of the rhombo-
hedron spanned by the edges ey, e; and e;.

For two-dimensional grids we have a similar expres-
sion,

X = XpWjk + Xn Ui , (6)
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where,
e
Uj =—,
ajk

for a given j and k. ejL is a vector perpendicular to e;, and
aj; is the area of the rhombus generated by e; and e;.

Once the intersection points of the grids are found, the
next step is to calculate the dual transformation (3). Using
for simplicity the case of a multigrid in R?, we shall show
that a simple expression for the ordinal coordinates k; can
be found. Let us consider the family of lines generated by
the vectors e; and e;.. Leaving aside for the moment the shift
terms a;, a close analysis shows that around each inter-
section, there are four regions (Fig. 1), with ordinal co-
ordinates (I’lj, N ks kg, ... ,kN), (nj, ne+ 1, ks, ky, ... ,kN),
(I’lj—l- ],l/lk,k3,k4,...,kN), (I’lj—l- 1,n, + 1,k3,k4,...,kN).
The N — 2 coordinates (k3,k4,...,ky) are the same for
the four regions and correspond to the ordinal coordinates
with respect to the grid lines generated by the vectors dif-
ferent from e; and e;. These coordinates can be obtained
by taking the lowest integer part of the projection of x
(for the given j and k) along each star vector. Thus, for
the direction e;, and taking into account the shift terms,
for the given j and k, the corresponding ordinal coordi-
nates are

k= Lx-e,—a,J—kl
= | (oot + Xp 1) €1 — o] + 1, (7)

where | | is the lowest integer function and the presence
of 1 is due to the way in which one is labeling the space
between grids.

Equations (7) and (3) imply that one of the vertices
associated with the intersection of the lines j and k, is
given by the dual transformation

0 — n.e.
tnj,nk = nje; + nyey

—+ Z (L()anujk +x,,kukj) -e; — a,J —+ 1)81 .
I#j#k

Fig. 1. The neighborhood of the intersection point of two lines per-
pendicular to the vectors e; and e;.
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By considering the (g’) pairs (jk), one can obtain the ver-
tex associated to each pair. Using the definition for a;;, the
complete set is written as

N

0 _ E 0
tnj o nje; + niey
k<j

Agl
+ZQ nka_k—alJ+1)el . (®)
I#j#k J

The remaining three vertices of the rhombus associated to
each pair (jk) have coordinates:

1 _ 40 .
tnj ny tn/ o €j,

2 _ 40
tnj.nk - tnj,nk — €k, (9)
3 _ 40 .
t,lj_m = tnj,nk —e —ep.

A similar reasoning applies to multigrids in IR®. Here
we have to take into account that the intersection of the
planes (sjk) defines eight regions whose ordinal coordi-
nates generate the eight vertices of a rhombohedron by
means of the dual transformation. The expression for the
intersection of these planes is similar, and the coordinates
of the vertex of the dual rhombohedron associated to the

ng, Nj, Nk

planes (sjk) is given by
Vis V, Vs
+ 3 Q Ay alJ + 1>
I£j2kAs sjk sjk sjk

By considering the (}) triplets (sjk), the vertices asso-
ciated to each triplet are

0
= nses + nje; + niey

N

0 — E 0

tns,nj.,nk = nses + nje; + niey
k<j<s

Visj Viik Viik
+2Qx L X ’+nkv
l#j#k#? VS]/( VJ ik Sj/(

As in the case of R2, the remaining seven vertices of the
rhombohedron associated to each triplet (sjk) have coordi-
nates:

1 _ 0 _

tnA nj,me tn.r nj, ni s,

2 _ 0 A

ng,nj,mg tn.\- nj,ng €,

3 _ 40

ng,nj,ng tns nj, e €k,

4 _ 40 .

ng, N, Nk tn.r nj, ni €j €k 5
5 _ 40 _ L.
ng,njy g~ t"n"j;”k € —¢j,
6 _ 40

Ng, Nj, Nk - tny-,nj‘”k € €,
7 _ 40 L _
tns nj,ng tns,nj,nk —€ — € — €. (11)

For periodically spaced multigrids, equations (8) and (9)
provide analytical expressions for the vertices of a quasi-
lattice in two dimensions and equations (10) and (11) de-
termine the vertices of a three-dimensional quasilattice.
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4. Quasiperiodic grids

One advantage of the GDM over the projection method is
that it is also possible to use quasiperiodic grids, which
are constructed by parallel lines spaced by a quasiperiodic
sequence. The main difference with the previously studied
case of periodic grids, is that the spacing of grid planes or
lines along a direction s is given by the quasiperiodic se-
quence (2):

1
Xp, = N + o5 +— Lnsas + ﬂ;J P
Qs

where o; is an irrational number which controls the se-
quence and frequency of the two possible intervals be-
tween x, and x,y1. o; and f3; are shifts of the grid with
respect to zero, and o, determine the ratio of the two dif-
ferent lengths that appears in the sequence.

In this case the intersection of three planes (sjk) of the
multigrid are the solutions of the system

L \no.+8,),
)

J

X e, =X, =ng+ ay+

X-e =X, =n+aq (12)

1
X - € = Xp :”k+ak+Q—L”k0k+ﬂkJ7
k

which, for the given s, j and k, are of the form
X = XpUksj + X Usjk + Xy Uijks -

To obtain the dual transformation, it is necessary to know
its position in the grid with respect to each direction de-
fined by the star vectors. In the periodic case it was only
necessary to take the integer part of the scalar product
between the vector pointing to the intersection point x and
e;, since this product gives the projection of x in a direc-
tion perpendicular to the grid director vector, and the inte-
ger part gives the ordinal position in the grid. In the case
of a quasiperiodic grid, it requires some more effort. Sup-
pose that we want to obtain the ordinal position in the
direction [. For a given s, j and k, define

Visj Vi Viik
U =X-€ =Xy, + Xy >+ X 13
VSjk Vs]k ¢ Vsjk ( )

We are looking for an integer n; such that,
Xn; S uj S Xng+1 -

The goal is to calculate the ordinal position n; if the dis-
tance x,, is known. This problem can be separated into
two cases as is shown in the Appendix A, where the tech-
nical details are presented.

4.1 Casel: 9,+0,>1 VI

From equation (21) in the Appendix A it follows that the
coordinates of the vertex of the dual rhombohedron asso-
ciated to the planes (sjk) are given by

gf,nj,nk = nye; + njej + ngey
+ 3 (| g s Dot py|+1) e
s Atk 0+ 0
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where
1

" T (/o)

Visi
X <an v Lt X,
sik

Vijk Vi
A = (/e )

and { } is the fractional part function.
N
By considering the ( 3> triplets (sjk), the set of ver-

tices associated to each triplet is given by

N
0 —_— . .
tnx,nj.,nk = E (nses =+ n;e; + niex

k<j<s
+ 2

( {r +
I#s#j7#k

() + Do | + 1)) |
(14

Ql+ol

42 Casell: o, +0,<1 VI

Let us first write one of the vertices associated with the
intersection of the planes (sjk) as

0

oy — nses + n;e; + nye; + ne; ,

stk

In Appendix A for this case, there are two different ex-
pressions for the ordinal coefficients n;:

1. If {ul ; al}Tl > 1/0y, where T; = (1/0;) + (1/9,).
!

then

(7930 )

(15)

Fig. 2. Examples of pentagonal (left) and octagonal (right) quasiper-
iodic tilings obtained by using quasiperiodic grids. For the pentagonal
tiling, a star of vectors pointing to the vertices of a regular pentagon
was used, and parameter values are

a=(-0.1,0.3,-0.3,0.2,0.0),

p = (0.0,0.0,0.0,0.0,0.0),

o= (373/2’ 373/27 373/27 373/27 373/2) and

0= (275/27 275/27 275/27 275/27 275/2).
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An exception occurs when |(u; — oy)/T;] = —1; in
that case n; = 0.

2. If {ul%al}Tl < 1/oy, then the corresponding co-
1
efficient is

el (7 )

(16)

An exception occurs as well when | (v, — a;)/T;| = 0;
in that case n; = |u; — . N

The set of vertices associated to each of the ( ) tri-
plets (sjk), is then given by 3

N
tg.\-,nj,nk = Z (nses + nje; + nyer + Z }’l181> . (17)

k<j<s IsEi#k

The values of n; are obtained from the previous cases (i)
or (ii), and u; is defined in (13).

Depending on the values of ¢, + o;, equations (14-17)
provide analytical expression for the vertex coordinates of
quasilattices obtained from a quasiperiodically spaced
grid. As in the case of periodic multigrids, the remaining
vertices of the rhombohedron associated to each triplet
(sjk) are obtained from (11). The reduction to the case of
multigrids in 2D is straightforward. In Fig. 2, two exam-
ples of quasiperiodic tilings obtained using quasiperiodic
grids, and the above formulae, are shown.?

' A Mathematica notebook for generating lattices from periodic
of quasiperiodic grids, using the derived formulae, is available under
request. Contact G. Naumis: naumis @fisica.unam.mx

Thus 0, + 0, = 0.369 < 1 V[, and equations (21-23) apply. The oc-
tagonal tiling was obtained with a star of four vectors pointing to
four vertices of a regular octagon and parameter values
a = (0.000001, 0.000001,0.000001,0.000001),

B=(2v2,2v2,2V2,2V2),

o= (1/v2,1/v/2,1/v/2,1/y/2) and

0= (871/27 871/27 871/2, 871/2’ )

In this case 9, +0; = 1.06 <1 V[, and formula (20) applies
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5. Conclusions

Using the generalized dual method to generate quasiperio-
dic structures in two and three dimensions, we obtain
closed analytical expressions for the vertex coordinates of
a quasiperiodic lattice derived by using periodic or quasi-
periodic grids. These formulae offers an efficient and gen-
eral way to generate quasiperiodic structures and can be
useful to perform analytical and systematic calculations in
these structures, related with physical properties of quasi-
crystals.
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Appendix

Ordinal positions
for quasiperiodically spaced multigrids

Given a number u, we need to find an integer n such that,
(18)

As a first step, we will find » if u = x,,. Using the expres-
sion for x, and the identity x = |x] 4+ {x}, where { } is
the fractional part function, we obtain,

:Fgf@3%+{%f@£@}

o+o

Xp S U< Xpgq -

+

{no +B}. (19)
If we compare the integer parts on the left and right sides
of the last equation, we can distinguish two cases,
0,+0;>1 (case 1) and g;+0; <1 (case II). In case I,
the last term is always less than one, and can be treated in
a simple way. Case II is more complicated and requires a
different approach.

Casel: o) +0,>1 VI

Since 0 + 0 > 1 and the last term in equation (19) is al-
ways less than one, one may think that the following
equation must hold,

X —a— (/o)
I+ (o/e)

However, it may happen that the sum of the fractional
parts is more than one. In such a case,

n=|y/+1.

To solve this problem, we take the integer part on both
sides of equation (19) to get,

1
Q+O{n0+ﬂ}J

n=|y|, where y=

n= {y + (20)
Observe that n appears in both sides of the equation. It is
easy to show that if n = |y| then the fractional part in the
above equation has no effect. This fractional part is rele-
vant provided that |y| 4 1. This allows us to use the for-
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mula in a recursive way, that is, we put n = |y| + 1 on
the right-hand side of the equation to obtain the final ex-
pression for n in terms of x;,,

«u«+no+ﬁﬁ.

=|y+
”PQM

Since x, is always a growing function, it is clear that
for any d the same relation is hold:

n_{rJer_a{(LrJJrl)oJrﬂ}J, (21)
where
__u—a-(Bo)
1+(o/0)

Casell: o, +0,<1 VI

Since the fractional part in the last part of equation (19) is
in this case larger than one, this equation is not useful and
we proceed in a very different way. Let us first consider
the function,

ﬂdzﬂd—a—Z+ékﬂ,

where z is a continuous variable, and define
w=u—a.

The goal is to find an integer n such that
fn)<w<f(n+1).

Observe that for simplicity we have omitted 5 since its
only effect is to shift the entire sequence, and its inclusion
can be treated in a similar way. A plot of the function f(z)
is shown in Fig. 3. As we can see, f(z) has the following

property,

1 1 1
—_— = T h T:— I
(e ) =rior, 7101

Region A

w
|
T

f(2)

1l/o

1/ o /0o

Fig. 3. Plot of the auxiliary function f(z) used to find the ordinal
coordinates when @, +0; <1 (case II). In this case, a =0 and
u=w.
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T can then be interpreted as a sort of average period of
the sequence. To obtain n we again divide the computa-
tion into two steps. First we calculate how many complete
periods T can we put in w (let ¢ be this number) and the
corresponding number of integers in the z axis that is
possible to have in the distance 7/0. Then, we obtain
the number of integers contained in the interval
Az =f"Y(w) — f1(¢tT), that corresponds to the distance
between the last complete average period and w.

For the first goal, we observe that for a given u, the
number of complete periods 7 contained in the interval
is,

-

and the corresponding integers that we can put in the z
axis, for this number of periods, is #/0. Now, let us define
the integer

B Uw J IJ
s=||=|—|.
Tlo
This number is the greatest integer such that f(s) < ¢T.
For example, s = 3 in Fig. 3, since it is the greatest inte-
ger that completes an integer number of periods (in this
case t = 2) before d = 4.8.

Next we consider how many integers are contained in
the interval Az. To do this, we first compute the distance
in the f(z) axis between w and 7, and we call this dis-
tance Af. Such a number is obtained in a simple way
from

w

Af = {T}T.
and here we again have two cases.

From Fig. 3 it is clear that if Af > 1/0 (regions A), no
more that |1/0] integers in the z axis can be put in the
interval Az. From here we obtain that the corresponding
n, for a given u, is

n=s+|1/o| = {(s—l—l)éJ.

Heft 5/2003 3B2
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An exception occurs when Af > 1/ and |w/T| = —1;
in this case n = —1 # 0. This exception is a consequence
of the fact that near w = 0 there is no complete period.

When Af < 1/0 (regions B), the number of integers is
obtained by calculating the distance between w and
f(s) + 1/0. The number of integers m that corresponds to
such interval is

m=|w— (f(s) + 1/0)]

Finally, the integer n is given by,

n=s+m= {w—é(LsaJ—l—l)J.

If [w/T] =0 a new exception occurs and in this case
s=—1.
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