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Pascal pyramid in the space H> xR
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Abstract. In this article, we introduce a new type of Pascal pyramids. A regular squared
mosaic in the hyperbolic plane yields an (hzr)-cube mosaic in space H?xR and the definition
of the pyramid is based on this regular mosaic. The levels of the pyramid inherit some
properties from the Euclidean and hyperbolic Pascal triangles. We give the growing method
from level to level and show some illustrating figures.
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1. Introduction

There are several approaches to generalize the Pascal’s arithmetic triangle (see, for
instance [1, 3, 5, 14]). A new type of its variations is based on the hyperbolic regular
mosaics denoted by Schlafli’s symbol {p, ¢}, where (p — 2)(¢ — 2) > 4 ([7]). Each
regular mosaic induces a so-called hyperbolic Pascal triangle (see [4]), following and
generalizing the connection between the classical Pascal’s triangle and the Euclidean
regular square mosaic {4,4}. For more details, see [4, 10, 11, 12], but here we
also collect some necessary information. We use the attribute Pascal’s (with the
apostrophe) only to refer to the original, Euclidean arithmetic triangle and pyramid.

The hyperbolic Pascal triangle based on the mosaic {p, ¢} can be envisaged as
a digraph, where the vertices and the edges are the vertices and the edges of a
well defined part of lattice {p,q}, respectively, and the vertices possess a value
that give the number of different shortest paths from the base vertex to the given
vertex. In this article, we build on the hyperbolic squared mosaics, thus the other
properties hold just for mosaic {4,¢}. Figure 1 illustrates the hyperbolic Pascal
triangle when {p,q} = {4,5}. Here the base vertex has two edges, the leftmost
and the rightmost vertices have three, the others have ¢ edges. The quadrilateral
shape cells surrounded by the appropriate edges correspond to the squares in the
mosaic. Apart from the winger elements, certain vertices (called “Type A”) have 2
ascendants and ¢ — 2 descendants, while the others (“Type B”) have 1 ascendant
and g — 1 descendants. In the figures, we denote vertices of type A by circles and
vertices of type B by diamonds, while the wingers are denoted by white diamonds
(according to the denotations in [4]). The vertices which are n-edge-long far from
the base vertex are in row n. The general method of preparing the graph is the
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following: we go along the vertices of the j* row, according to the type of the
elements (winger, A, B), and we draw the appropriate number of edges downwards
(2, ¢ — 2, ¢ — 1, respectively). Neighbour edges of two neighbour vertices of the
4™ row meet in the (j + 1) row, constructing a new vertex of type A. The other
descendants of row j have type B in row j + 1. In the sequel, ]Z( denotes the k™"
element in row n, which is either the sum of the values of its two ascendants or the
value of its unique ascendant. We note that the hyperbolic Pascal triangle has the

property of vertical symmetry.

Figure 1: Hyperbolic Pascal triangle linked to {4,5} up to row 6

The 3-dimensional analogue of the original Pascal’s triangle is the well-known
Pascal’s pyramid (or more precisely Pascal’s tetrahedron). Its levels are triangles
and the numbers along the three edges of the n'" level are the numbers of the n'®
line of Pascal’s triangle. Each number inside in any level is the sum of the three
adjacent numbers on the level above (see [2, 6, 8, 9]). In the hyperbolic space based
on the hyperbolic regular cube mosaic (cubic honeycomb) with Schlafli’s symbol
{4,3,5} was defined a hyperbolic Pascal pyramid (HPP) as a generalisation of the
hyperbolic Pascal triangle (HP7) linked to mosaic {4,5} and the classical Pascal’s
pyramid ([10]).

The space H? xR is one of the eight simply connected 3-dimensional maximal
homogeneous Riemannian geometries (Thurston geometries [16], [17]). This Seifert
fibre space is derived by the direct product of the hyperbolic plane H? and the real
line R. For more details, see [15]. In what follows we define the Pascal pyramids
in this space based on the so-called (h%r)-cube mosaics similarly to the definition of
HPP (in [10]). The definition could also be extended to the other regular tiling, but
we deal with the prism tilings with a square, because they are the most natural gen-
eralizations of the original Pascal’s triangle and pyramid. This work was suggested
by Professor Emil Molnar.
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2. Construction of the Pascal pyramid PPy,

In the space H? x R, we define an infinite number of so-called (h?r)-cube mosaics.
We take a hyperbolic plane II as a reference plane and a regular squared mosaic
with {4, ¢} (¢ > 5) on it. Denote by d the common length of the sides of the squares
in this mosaic. We consider the hyperbolic planes parallel to II, where the distance
between two consecutive ones is d. Let the same mosaic {4, ¢} be defined on all
planes and let the corresponding vertices of the mosaics be on the same Euclidean
lines which are perpendicular to the hyperbolic planes. An (h%r)-cube is the convex
hull of two corresponding congruent squares on two consecutive hyperbolic mosaics.
All (h?r)-cubes yield an (h?r)-cube mosaic in the space H2xR based on the regular
hyperbolic planar mosaic {4,¢}. (In [15], the (h?r)-cube mosaics were called prism
tilings with squares.) Figure 2 shows three consecutive hyperbolic planes with mosaic
{4,5} and some lines perpendicular to these planes. Let V be a mosaic vertex on a
hyperbolic plane. The vertex figure of V' is a double ¢g-gon based pyramid, where the
vertices are the nearest mosaic vertices to V', all vertices are one-edge-long far from
V. Their base vertices are on the same hyperbolic plane as V. The vertex figure
of V is illustrated in Figure 2 (or Figure 10). We mention that the edges of vertex
figures are not the edges of the mosaic, they are the diameters of its faces.

Figure 2: Construction of the (h2r)-cube mosaic based on {4, 5}

Take the part 7 of the mosaic {4, ¢} on IT on which the hyperbolic Pascal triangle
HPT can be defined (see [4]) and let P be the part of the (h%r)-cube mosaic which
contains 7 and all its corresponding vertices on other hyperbolic planes that are
”above” plane II (the hyperbolic planes which are in the same half space bordered
by II). (Obviously, P contains also the corresponding edges between the vertices.)
The shape of this convex part of the mosaic resembles an infinite tetrahedron. This
part P is darkened in Figure 2.

Let Vi be the base vertex of HP7T on plane II. Let Gp be the digraph directed
according to the growing edge-distance from Vj, in which the vertices and edges are
the vertices and edges of P. We label an arbitrary vertex V of Gp by the number
of different shortest paths along the edges of P from Vj to V. (We mention that
all edges of the mosaic are equivalent.) Let the labelled digraph Gp be the Pascal
pyramid (more precisely, the Pascal tetrahedron) in space HxR denoted by PPy .
Some labelled vertices can be seen in Figure 3 in case PPy s.

Let level 0 be the vertex V. Level n consists of the vertices of PPy, whose
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Figure 3: Pascal piramid PPss in space H2 xR

edge-distances from Vj are an n-edge (the distance of the shortest path along the
edges of P is n). It is clear that one (infinite) face of PPy 4 is a HPT in plane IT
and the other two faces are Euclidean Pascal’s triangles. Figure 4 shows the Pascal
pyramid PPy 5 in H2 xR up to level 4. Moreover, Figures 5-8 show the growing
from a level to the next one in case of some lower levels. The colours and shapes
of different types of vertices are different. (See the definitions later.) The numbers
without colouring and shapes refer to vertices in the lower level in each figure. The
graphs growing from a level to the new one contain graph-cycles with six nodes,
which refer to convex hulls of parallel projections of the cubes from the mosaic,
where the direction of the projection is not parallel to any edge of the cubes.

In what follows, we describe the method of the growing of PP, , and we give the
sum of the paths connecting vertex V and level n.

3. Growing of PP,

In the classical Pascal’s pyramid the number of elements on level n is (n+1)(n+2)/2
and its growing from level n to n+ 1 is n + 2, but in the hyperbolic Pascal pyramid
it is more complex (see [10]).

As one face of PPy, q is the hyperbolic Pascal triangle, then there are three types
of vertices A, B and 1 corresponding to the Introduction. Their denotations are
also the same. From all A and B only one edge starts to the inside of the pyramid;
these are the Euclidean edges of the mosaic (see Figure 3). The types of the inside
vertices of these edges differ from the types A and B; let us denote them by type D
and type FE, respectively. The other two sides of the Pascal pyramid are Euclidean
Pascal’s triangles, which have two types of vertices, let us denote them by C and 1,
respectively. A vertex C connects three new vertices in the next level, two vertices
C on the side of PP, 4 and one vertex of type D inside the pyramid. Sometimes, if
it is important, we distinguish the types 1. If a vertex of type 1 belongs to HPT ,
we denote it by 1.

Their growing methods are illustrated in Figure 9 (cf. with the growing method
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Figure 4: Pascal pyramid PPy 5
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Figure 5: Connection between levels one, two and three in PPy 5
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in [4] and [10]). In the figures, we denote vertices of type C by light grey squares
(not diamonds) squares.

For the classification and the exact definitions of inner vertices we examine the
vertex figures of the inner vertices. As the structure descends from a hyperbolic
plane to the consecutive one, there are two types of vertex figures. During the
growing (step from level i — 1 to level i) an arbitrary inner vertex V' on level i can
be reached from level i — 1 with three or two edges. This fact allows us to classify
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and four

Figure 6: Connection between levels three

and five in PPy 5

Figure 7: Connection between levels four



PASCAL PYRAMID IN THE SPACE H2 xR 217
O
‘é\"& ’
. \ ”

4
. 5
33 \\
f% 20
o 15
E R \\Tlo
2

5/{;
’

.\1 5 10 10 5 1
o I T

Figure 8: Connection between levels five and siz in PPy
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Figure 9: Growing method in case of the faces

the inner vertices. Let the type of a vertex on level i be D or E, respectively, if it
has three or two joining edges to level i — 1 (as before). Figure 10 shows the vertex
figures of the inner vertices of PPy 4. Vertices W;_ (small grey circles) are on level
i — 1, W; and the centres are on level 7. We do not know the types of W (or ot
is not important to know them). The other vertices of the double pyramid are on
level i 4+ 1 and their classification gives their types. An edge of the double pyramid
and its centre V determine a square (a side-face of an (h?r)-cube) from the mosaic.



218 L. NEMETH

(Recall that an edge of the vertex figure is a diagonal of a side-face of an (h?r)-cube.)
Since from a vertex of a square we can go to the opposite vertex in two ways, then
a vertex D of the double pyramid, where D and a W;_; are connected by an edge,
can be reached with two paths from level i — 1. (For example, on the left-hand side
in Figure 10, between a vertex W;_; and D, there are the paths W;_; —D;— D and
Wi_1—W;—D.)

So, the type of the third vertex of the faces on the double pyramid whose other two
vertices are W;_1 is D. The others connect to only one W;_1, they can be reached
in two ways from level i, their types are E. See Figure 10. In the figures, we denote
vertices of type D by hexagons and vertices of type E by pentagons.

Figure 10: Growing method in case of the inner vertices with vertex figures

In Figure 11, the growing method is presented in case of the inner vertices. These
vertices are the centres and some vertices of the double pyramids are presented in
Figure 10.

—_—

q—4 q—3

Figure 11: Growing method in case of the inner vertices

Finally, we denote the sums of vertices of types A, B, C, D and E on level n by
Qn, by, cp, dy and ey, respectively.
Summarising the details we prove Theorem 1.
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Theorem 1. The growing of the numbers of different types of vertices are described
by the system of linear inhomogeneous recurrence sequences (n > 1)

Gnt+1 = ap + by +1,

bnt1 = (¢ —4)an + (g — 3)bn,

Cnt+1 = Cn t2, (1)
dpi1 = an + dy,

ent1 = by +€n,
with zero initial values.
We mention that ¢, (n > 1) is an arithmetical sequence and ¢, = 2(n — 1).
Lemma 1. For the sequences d,, and e, (n > 1), there hold

2
an, — (n—1). ®

€n

Proof. Obviously, for n = 1, the equations hold. In case n > 1, we suppose that
dp-1 = —Qp_1 + qflélbn,l +(n—2)and e,—1 = an—1 — (n — 2). Firstly, from the
first, second and fourth row of (1) we have

1
ap +dp = ap_1 +bp_1+1+ap_1 +dn_1=an_1 +bn—1+1+q_—4bn—l+n_2
q—4 q—3 1

=1 —qa,_ b, —1=—b, —1.
q_4a 1+q—4 1+n —1 +n

Secondly, from the first and fifth row we obtain a, — e, = an_1 —ep—1 +1 =
n—2)+1=n-1. O

Moreover, let s, (n > 1) be the number of all vertices on level n, so that sp =1
and

Sp = ap +bp +cp,+d, +e,+3

(3)

:an+ﬂbn—|—2n+1.
q—4

Table 1 shows the numbers of vertices on levels up to 10 in case PPy s.

Theorem 2. The sequences {an}, {bn}, {cn}, {dn}, {€n} and {s,} can be described
by the same fourth order linear homogeneous recurrence sequence

Tp = qTp—1 + 2(1 - Q)$n—2 +qrp—3 — Tp—4 (n > 5)7 (4)

the initial values be can obtained from Theorem 1 (in case PPys from Table 1).
The sequences {an}, {bn} can also be described by

Tp=(q¢—1)ap_1+ (1 —q@Tn-2+2n3 (n>4). (5)
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Moreover, the explicit formulae

an—<¥+%@>a?+<¥—%\/ﬁ)ag+l,

bn_<q;—3+1—q\/ﬁ)a?+<¥—l2;qq\/ﬁ)ag—1,

= (gt~ T VD) i+ (T + P
+n—q—i4+1,

en:(22;q+%\/l_))o/{+(%—%@)a?—n—i—%

sn—<g—£>off+(%-i—%)a?—i—?n—q_%—i—l,

hold, where D = q(q —4), o = (¢ — 2+ v/D)/2 and s = (¢ — 2 — /D) /2.

)a

n
2

Proof. The sequences {a,} and {b,} are the same as {a,}, {b,} in [4]. So they can
be described by (5) and their explicit formulae hold. According to Lemma 1 and
(3), more explicit formulae are derived by the combination of explicit formulae of

{a,} and {b,}.

Let us extend (5) to (4) considering the sequence {a,}. Substitute a, into (5)

and sum a,, and a,—;. Than we obtain implicit form (4) for {a,}. Similarly, (4) is

also the implicit form of {b,}.

Now we prove that (4) holds for s, also. Multiply equation (3) by ¢, 2(1 —q), ¢
and —1, where n =n,n —1,n — 2 and n — 3, respectively. If we sum them, then we

(o ofrfz[sl4ls]6|7]8]9 [w0]

an [0(0]1] 2| 4|9 22| 56 |145| 378 | 988
b, [|0]10]0| 1|4 |12 33 | 88 |232]| 609 | 1596
cr, 10101246 (8|10 12 | 14 | 16 18

dp |O]0|0] 1| 3] 7|16 | 38|94 | 239 | 617
en ||0]0]0] 0|1 17 | 50 | 138 | 370 | 979
Sp||1]3]16(11 2144|101 247|626 | 1615 | 4201

Table 1: Number of types of vertices (n < 10) in case PPa,5
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obtain
qsn +2(1 — q)Sp—1+ qSn—2 — Sn—3
=qan +2(1 — q)an—1 + qan—2—an—3 + ZT_i (gbn +2(1 = @)bp—1 + gbp—2—by_3)

+q2n+1)+201-¢)2n—-1D+ 1) +q(2n—2)4+1)—(2(n—3)+1)

9-3

q _4bn+1 +2n+3 = Sn+1-

=0p+1 +
This proves (4) for {sy}.
In case of {d,,} and {e,}, we can prove relation (4) similarly to {s,}. O

Remark 1. If ¢ = 4, then the sequences give results of the Fuclidean Pascal’s
pyramid. Its all faces are Pascal’s triangle, thus b, = 0, e, = 0, a,, coincide c,, in
that way the growing equation system (1) is just cpy1 = ¢n + 3, dpt1 = ¢ + dy.

Remark 2. The generating function of the sequence s, is given by

1-(qg—3)z— (¢ —4a?
1—qz+ (2q — 2)a? — qa® + 2%

In the case PPys it is
1—2z — 2
1 — 5z + 8z2 — 53 + x4’

which is not in the OFIS at present.

4. Sum of the values on levels in PP, ,

In this section, we determine the sum of the values of elements on level n.

Let ay, by, Cn, dy, and é,, denote the sums of the values of vertices of type A, B,
C, D and F on level n, respectively.

Theorem 3. Ifn > 1, then

i1 = 28 + 2b, + 2,

b1 = (¢ — 4)an + (q — 3)bn,

Cnt1 = 26 + 4, (6)
dpi1 = n + o + 3dy + 26,

éns1 = bn + (¢ — 4)dn + (¢ — 2)én

Q>

with zero initial values.

Proof. From Figures 9 and 11 the results can be read directly. For example, all
vertices of type A, B and 1 on level n generate two vertices of type A on level n+ 1
and it follows from the first equation of (6). O
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Table 2 shows the sum of the values of the vertices on levels up to 10.
Let 5, be the sum of the values of all vertices on level n. Then §5 = 1 and

$n=tn+byt+éntdy+é+3  (n>1).

The value §,, also shows the number of paths from V; to level n.

[eofrf2[s]afs 6 7] 8 [ 5 | w0 |
an |010]2] 6 | 18 | 58 | 194 | 658 | 2242 | 7642 | 26114
n [010]0] 2| 10 | 38 | 134 | 462 | 1582 | 5406 | 18462
¢n ||0]0]4|12] 28 | 60 | 124 | 252 | 508 1020 2044
d, ||0]0]0] 6| 36 |170| 768 | 3458 | 15596 | 70314 | 316296
€n 10100 0| 8 | 70 | 418 | 2156 | 10388 | 48342 | 220746
Sn || 11319129103 399 1641|6989 | 30319 | 132735 | 583665

Table 2: Sum of values of types of vertices (n < 10) in case PPy 5

Theorem 4. The sequences {an}, {bn}, {én}, {dn}, {én} and {3,} can be described

by the same sixth order linear homogeneous recurrence sequence

Tn =(2¢+3)Tpn_1 4+ (—¢*> = 7q — 5)xn_o + (4¢*> + 10 + 9y _3

7
+ (=5¢* = 13¢ — 10)2p_4 + (2¢® +12¢ + 12)2,, 5 + (—4q — 8)2p 5. @

The initial values are from equation system (3). The sequences {an}, {bn} can also
be described by

Tn = qTp-1 — (¢ + Dxp_o + 2T,_3 (n > 3). (8)
Moreover, for sequences {¢,}, {80}

én =3én_1 — Qén_g (n Z 2), (9)
8, =(q+3)8n-1— (3¢ +4)3n—2+ (2 +4)3,—35  (n>3) (10)

and the explicit formula of 5,

Sn = <—%+(q—1)£> af + <—%—(q—1)£> ap +2-2"  (11)

holds, where D = ¢*> — 2q — 7, a1=%(1+q+\/§) andagzé(l—i—q—\/l_)).

We do not give the implicit formulae for all sequences, because generally, they
are complicated, but they can be calculated easily with computer.

Proof. Let ¢, =3 (n > 1) be constant sequences and ¢y = 1. The value ¥,, gives
the sum of the number of vertices of type “1” on level n. Substitute 2 = 29,,/3 and
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4 = 40,,/3 into the first and third equations of (3) and complete it with equation
Upn4+1 = Unp. Then we have a system of linear homogeneous recurrence sequences
(n>1)
. 2

dn—i—l = 20y, + 2b, + gvna

Z;n-i-l = (g —4)an+ (g — 3)[;717

An = 2An 5 Uny

Cn1 = 260 F g0, (12)
dpt1 = an + cp + 3dy, + 2é,,

ent1 = b+ (¢ = 4)dn + (4~ 2)én,
Opt1 = Un
and . .
Sp=an +by+¢C +dp+ &, + 0, (n>0).
A shorter form of linear homogeneous recurrence sequences (12) is
G = M, (13)

R P - - T
where u; = [a; b; & d; é; 0; |° and

2 2 0 0 0 2
q—4q¢—30 0 0 0

v_| 0 o020 o0 3
1 013 20

0 1 0g—4q9q—-20

0 00 0 0 1

The characteristic polynomial of M is
pe(x) = (z —1) (x — 2) (:102 —(g+ )z +q+2) (x2 +(1—q)z+2) (14)

and according to Theorem 3 from [10], equation (14) is the characteristic equation
of all sequences 71 = 5 ii;, where ¥ = [y1 y2 ... ys]T. Thus (14) is the charac-
teristic equation of 3., dn, ..., én with 7 = (1,1,1,1,1,1), ¥ = (1,0,0,0,0,0), ...,
¥ =(0,0,0,0,1,0), respectively.

Equation (14) implies the six order linear recurrence sequence (7) for the con-
sidered sequences, but for the lower order implicit formulae we have to examine the
first elements of the sequences. One can easily check that the polynomial

ps(z) =(x —2) (xz—(q+1):1:+q+2)

=13 — (¢ +3)2® + 3¢+ 4)x — (2¢ + 4); (15)

moreover, in case of @; and b; (see [4])

pa(x) = (z = 1) (2° + (1 = @)z +2) = 2° — g2® + (1 + g)z - 2,
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in case of ¢;

po(z) = (x —1)(z —2) =22 — 3z + 2.

These polynomials imply recurrence relations (7)—(10), respectively.

The roots of polynomial (15) are a1, az, ag = 2 and

Sp=p1-af + B2 -0y + 32" (n>1)

provide the explicit formulae (see [13]). Solutions of the linear equation system from
n = 1,2, 3 determine the exact values of §’s. O

Remark 3. In the case of PPays, the growing ratio of values is imy, o0 $p41/5n =

a1 ~4.414, where ay is the largest eigenvalue of matriz M. Recall that these growing
ratios are 3 and ~10.351 in the Euclidean and hyperbolic cases, respectively ([10]).

Remark 4. The generating function of the sequence 8, is given by

1 —qx + 422
1—(q+3)z+ (3¢ +4)z? — (2¢ +4)a’

In the case of PPy, it is

1 — 5z + 422
1 —8x + 1922 — 1423’

which is not in the OFIS at present.

References

[1] M. AnmiA, H. BELBACHIR, Preserving log-convexity for generalized Pascal triangles,
Electron. J. Combin. 19(2012), #p.16.

[2] G.ANATRIELLO, G.VINCENZI, Tribonacci-like sequences and generalized Pascal’s
pyramids, Internat. J. Math. Ed. Sci. Tech. 45(2014), 1220-1232.

[3] P.BARRY, On integer-sequence-based constructions of generalized Pascal triangles, J.
Integer Seq. 9(2006), Article 06.2.4.

[4] H.BELBACHIR, L.NEMETH, L.SZALAY, Hyperbolic Pascal triangles, Appl. Math.
Comp. 273(2016), 453-464.

[5] H.BELBACHIR, L.SZALAY, On the arithmetic triangles, Siauliai Math. Sem. 9(2014),
15-26.

[6] B. A. BONDARENKO, Generalized Pascal triangles and pyramids, their fractals, graphs,
and applications, The Fibonacci Association, Santa Clara, CA, 1993. (Translated from
the Russian by B. A. BOLLINGER.)

[7] H.S. M. COXETER, Regular honeycombs in hyperbolic space, in: Proc. Int. Congress
Math. Vol. I1I, North—Holland, Amsterdam, 1954, 155-169.

[8] J.M.HARRIS, J. L. HIRST, M. J. MOSSINGHOFF, Combinatorics and Graph Theory,
Springer, NY, 2008.

[9] P.HiLTON, J. PEDERSEN, Mathematics, Models, and Magz, Part I: Patterns in Pas-
cal’s Triangle and Tetrahedron, Math. Mag. 85(2012), 97-109.

[10] L. NEMETH, On the hyperbolic Pascal pyramid, Beitr. Algebra Geom. 57(2016), 913—

927.



[11]
[12]
[13]
[14]
[15]

[16]

[17]

PASCAL PYRAMID IN THE SPACE H2 xR 225

L.NEMETH, L.SzALAY, Alternating sums in hyperbolic Pascal triangles, Miskolc
Math. Notes, accepted.

L. NEMETH, L. SZALAY, Recurrence sequences in the hyperbolic Pascal triangle corre-
sponding to the regular mosaic {4,5}, Ann. Math. Inf. 46(2016), 165-173.
T.N.SHOREY, R.TIDEMAN, Ezponential diophantine equation, Cambridge Univer-
sity Press, 1986, p. 33.

S. SiANI, G. VINCENZI, Fibonacci-like sequences and generalized Pascal’s triangles, In-
ternat. J. Math. Ed. Sci. Tech. 45(2014), 609-614.

J. SZIRMAI, Geodesic ball packings in space for generalized Coxeter space groups, Math.
Commun., 17/1(2012), 151-170.

E. MOLNAR, I. PROK, J. SZIRMAI, Classification of tile-transitive S-simplex tilings and
their realizations in homogeneous spaces, in: Non-Fuclidean Geometries, Janos Bolyai
Memorial Volume, (A.Prekopa and E. Molnér, Eds.), Mathematics and Its Applica-
tions 581, Springer, 2006, 321-363.

W.P. THURSTON, Three-Dimensional Geometry and Topology, Princeton University
Press, Princeton, New Jersey, 1997.



