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Abstract In the present paper, we consider a variation of the hyperbolic Pascal pyramid where the three leg-
sequences (the constant 1 sequence) are replaced by the sequences {o,},>0, {Bn}n>0 and {y,},>0 With o =
Bo = yo = 2, and we describe the values of elements. Then we give the recurrence relations associated to the
sums of the values on levels in the generalized hyperbolic Pascal’s pyramids. The order of these recurrences is
SiX.
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1 Introduction

There is an extensive literature on Pascal’s arithmetic triangle, and there are several approaches to generalize it
(see, e.g., [1,2,5,7,10]). One of its variations is based on the hyperbolic regular mosaic assigned by Schléfli’s
symbol {p, g}, where the positive integers p and ¢ have the property (p — 2)(¢ — 2) > 4 (see [9]). Following
and generalizing the connection between Pascal’s classical triangle and the Euclidean regular square mosaic
{4, 4} to the case of a regular mosaic {p, g} on the hyperbolic plane, Belbachir et al [3] introduced the hyperbolic
Pascal triangles HP7 . Details, figures, explanations and properties can be found in [3,4].
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306 H. Belbachir et al.

Fig.1 Rows 0,1, ..., SofaGHPT linked to {4, 5}(F, . F,)

Recently a new generalization of hyperbolic Pascal triangles, called generalized hyperbolic Pascal triangles
GHPT, which is structurally similar to the HP7 family, was introduced by Belbachir et al [6]. This new
object consists in replacing the two leg-sequences of the triangle by arbitrary sequences {c;, },>0 and {8, },>0.
Originally the legs were the constant 1 sequence. Figure 1 illustrates the GHP7 when {p, g} = {4,5}, and
{an} = {Bn} = {Fy}, the Fibonacci sequence. Here the base vertex has two edges, the leftmost and the rightmost
vertices have three, the others have ¢ = 5 edges in graph theoretical sense.

We use the notation )i G ) for the k" element in the n'* row of GHPT generated by the sequences
{on}n>0 and {B,}n>0 which are located on the left and right leg, respectively. In the figures, we denote vertices
of type A which have 2 ascendants and ¢ — 2 descendants by red circles and vertices of type B which have 1
ascendant and ¢ — 1 descendants by cyan diamonds, while the wingers are denoted by white diamonds.

The 3-dimensional analogue of the original Pascal’s triangle is the well-known Pascal tetrahedron. Its levels
are triangles and the numbers along the three edges of the n'” level are the numbers of the n’" row of Pascal’s
triangle. Each number inside in any level is the sum of the three adjacent numbers from the level above (see
[13] ). In the hyperbolic space based on the hyperbolic regular cube mosaic (cubic honeycomb) with Schléfli’s
symbol {4, 3, 5} was defined a hyperbolic Pascal pyramid (HPP) as a spatial generalization of the hyperbolic
Pascal triangle (HP7) linked to mosaic {4, 5} and the classical Pascal pyramid (see [13]). Németh [14,15] gave
generalized Pascal pyramids in other spaces as well.

In this paper, we are interested in a variation of the hyperbolic Pascal pyramid, called generalized hyperbolic
Pascal’s pyramids (in short, GHPP), which is structurally identical with H’PP and whose faces are the gen-
eralized hyperbolic Pascal’s triangles linked to {4, 5}(a,,.8,}> {4 5}(B..7x1> and {4, 5}y, «,) T€SPectively. Figure 2
shows the graph of the first four layers of GHPP when {«,} = {B,} = {yu} = {F,}, the Fibonacci sequence.
And Figures 3, 4, and 5 illustrate the connection between levels two, three, four and five in it.

2 Generalized hyperbolic Pascal pyramid

In contrast to the classical Pascal pyramid, in the hyperbolic case there are six types of elements. As the faces
of pyramid are the hyperbolic triangles, here are three types of vertices A, B and leg-elements. From all A and
B start one edge to inside of the pyramid, these edges differ from the types A and B, and they are denoted by C
(blue hexagons) and D (green pentagons). A vertex A on level i generates a vertex C inside of the pyramid with
three incoming edges, and a vertex B generates a vertex D with two incoming edges. Finally, the 6/ and last
type of vertices is the inner vertex E (yellow squares), it can be reached from level i — 1 to level i by one edge.
Figures 6 and 7 illustrate the growing method in case of the faces and the inner vertices of GHPP, respectively.

These two figures have been adapted from [13], please refer to it for more detailed explanations and additional
figures about the construction and the growing method of the pyramid. Moreover, the author of [13] showed that
the sum of elements of type A, B, C, D and E noted by a,, l;,,, Cn, aAfn, én, respectively, as well as the sum of
all elements §,, in a row of hyperbolic pyramid can be described by the same ternary homogeneous recurrence
relation

Fn = 18%p_1 — 99%y_2 + 226%,_3 — 224%p_a + 2%y_s — 1284_g, (1 >7), @2.1)
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Fig. 2 Generalized hyperbolic Pascal pyramid generated by the Fibonacci sequences
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Fig. 3 Connection between levels two and three in the GHPP generated by the Fibonacci sequences

the initial values and explicit expressions are given in [13].

Our purpose is to generalize 2.1 when we vary the constant 1 sequence by arbitrary sequences {o},>0,
{Bn}n>0 and {y, }»>0 on the three legs of the pyramid.

Note that there is no importance if oo # By # Y0, we replace all terms by €2 as an indeterminate object, and
we put o, = o, + B, + yn to facilitate our work.

Sum of the values on levels in the generalized hyperbolic Pascal pyramid

Now let 4y, by, én, dy, én, and §,, denote the sum of elements type A, B, C, D, E, and sum of all elements of the
n'" level, respectively. These sequences can be described as follows.

Theorem 1 Ifn > 2, then

i1 = 24, + 2by + 203,
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Fig. 6 Growing method in case of the faces of HPP

@ &

Fig. 7 Growing method in case of the inner vertices

5n-%—l = &n + 25;1’

oyl = Gy + 38, + 2d,,

dys1 = by + 36, + 4d, + 56,
éni1 =3¢, + 4d, + 62,

and
Sp1 = Ang1 + byt + Cog1 +dpg1 + Eng1 + 0ng1
with the initial values a1 = by =¢1 =dy =e; = 0and 51 = o1.

Proof Theorem 1 results directly from the construction rule of the pyramid, and the definition of the sequences
above. For examples, from Figure 6 we see that all vertices type A, B, and winger elements on level i generate
two vertices type A on level i 4 1 it gives the first equation of the theorem. All vertices type A on level i generate
one vertex of type B on level i + 1 and all vertices type B on level i generate two vertices of type B on level
i + 1 which gives us the second equation of the theorem.

It can be seen that these sequences are given by a non-homogeneous system of linked linear recurrences of
order 1. We say "linked" because each variable depends on previous values of the other variables as well as of
itself. Systems of recurrences where each recurrence is of order 1 have been studied, see e.g. the works [8,11,12]
and the references given there.

The authors of [12] showed that it is always possible to reduce such systems to a single linear equation in
one variable. This reduction is illustrated by an example. Consider the system of the two linked recurrences {a, }
and {l;n} in Theorem 1:

dpy1 = 2an + 2Bn + 20y,
bn+l = an + 2b,.
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Note that 20y, is the non-homogeneous part of the recurrence. The above equations can be rewritten as follows
using the shift operator E (recall that E”x; = x;1, for p > 0):

(E —2)a, — 2b, = 20,,
(E —2)b, — a4, = 0.

Eliminating a,, we obtain
(E —2)%b, — 2b, = 20,,
Which is equivalent to
buyr — 4byy1 + 2b, = 20,,. (2.2)

As a result, we were able to reduce the provided system to only one equation. A similar transformation enables
us to obtain the equation involving a only

&n+2 - 4&n+1 + 2&n = 20n+1 — 4oy (23)

Although the procedure described above is quite general, it may be hard to separate the variables and found
a recurrence for each variable in some cases (as the case of the system presented in Theorem 1). But it could be
easier to study this sort of problems by matrix methods as Kelley and Peterson did in [11].

Unfortunately, neither of the preceding methods are suitable for direct use in our case. Therefore, we present a
general solution technique for this class of recurrences, we first solve the homogeneous system using an interesting
matrix method introduced by Németh [13] and once the general solution of the homogeneous equation has been
found, we seek a particular solution to the complete system: by linearity, it is sufficient to find any solution of the
complete equation, sum the general solution of the homogeneous equation and impose that the initial conditions
hold. This is the so-called superposition principle (see [11]).

Theorem 2.1 (A) Let the real linear homogeneous recurrence sequences a) embedded in each other be given
in the following way (k > 2,i >0,j=1,2,...,k)

1 1 0
ai(+)1 = ml,ldl-( ) +m1,2al.( I +m1,kai(k)
2 1 2 %
al-(+)1 = m2,1al-( ) +m2,2a,-( ) 4+ . +m2,ka,-( )
k 1 2 «
)y =meral” + maal® + - myga
with initial values a'’’ € R and rizy = uya'’ @ , *) R Inash i
0 i+l =uia;  +uwuza;” + - tura;, ro € R.Inashorter form we have
aj+1 = Ma;,
Fiy1 = uTai,

T
where M = {m; j}xxk, 8 = [al.(l) al.(z) al.(k)] LU= [u1 Uy -+ uk]T, and rank(M) = k.
If i € Rand

ri=Mri-1+Aria+ -+ Mok, (@ = k)

then A; are the coefficients of the characteristic polynomial of the matrix M. Moreover, if the matrix M has
¢ distinct eigenvalues with one algebraic multiplicity and m; (1 < j < {) are the coefficients of minimal
polynomial of M, then

ri=mricy+morio 4 - +merig (i =k >40).

Proof The proof of Theorem 2.1 (A) is addressed in [13].

@ Springer



A generalization of the hyperbolic Pascal pyramid 311

We note that Lemma 2.1 in [16] provides an extended version of Theorem 2.1 (A).
Theorem 2 Each of the six sequences {a,}, (b}, {én), {dn), {60}, and {5,) satisfies the recurrence relation
Xp = 1781 — 82%,_0 + 144%,_3 — 80%,_4 + 12%,_5 + wy—5  (n > 6), (2.4)

where the sequence {w,} is given by

240, — 1240, 11 + 1080,12 — 300,13 + 20,14, if X, = ay;
—120y + 560,11 — 260,12 + 20,43, if Xn =by;
- =400, + 520p41 — 240442 + 20443, if Xy =0n: (2.5)
" | 480n — 36011 + 802, if %o = dy; '
—120;, — 4041 + 60,42, if Xn =€n;
—4Gn + 24011-‘,—1 — 720n+2 + 56Un+3 — 150’n+4 + On+5 lffn ZTS'\n
The sequences {a,} and {l;n} can be also described by
Xp=4%,1 — 2%, 2+ w,_2  (n>3), (2.6)
where the sequence {w,} is given by
20,11 — 4oy, if X, = ay;
w, = —~ -~
S if X = by.
The initial values are given in Table 1.
n 0 1 2 3 4
&n 0 0 20'1 40’1 +20’2 120’1+40’2+20’3
b,, 0 0 0 20‘1 80‘1 +20‘2
En 0 0 0 201 100’1+20’2
dy 0 0 0 0 801
e 0 0 0 0 601
5,, Q (] 20‘1 +072 80‘1 +20‘2+U3 440] +80‘2+20‘3+(74

Proof From Theorem 1 we have the system of linear non-homogeneous recurrence sequences (n > 2)

ni1 = 28y + 2by + 20,
l;n+l = 4y, + 2b,,

Cny1 = Gy + 38 + 2dy,

dpi1 = by + 36, +4d, + 565,
ni1 = 38, +4d, + 66,.

Table 1 Initial valuesn =0, ...,5

n 5

&n 40(71 +1 20’2 +40’3 +20‘4

by, 2801+802+203

8,, 5801+1002+203

d, 10001 +807,

én 9801 +60>

§n 32401+4407+803+204+05

S
A2

= @ Springer



312 H. Belbachir et al.

We introduce the vector equation

a;11 = Ma; + p;, 2.7
22000
12000 A .
where M = 10320 |,a; =[a; b ¢ d; é17, pi = [20; 0 0 0 017 and rank(M) = 5. As explained
01345
00346
above, we first study the homogeneous equation a;+; = Ma; using Theorem 2.1 (A) we gain that A = 17,
Ay = —82, A3 = 144, A4 = —80, A5 = 12. Once the general solution of the homogeneous system has been

found, we turn our attention to the complete equation (2.7). Formally, the solution of (2.7) is given by

i
aiy1 = M'a; + ZMi_kPk-
k=1
The solution of the entire system (2.7) is nothing more than the solution of the homogeneous system plus a linear

combination of py, the system’s non-homogeneous component. Based on the above information, we can write
the solution of (2.7) in the form

5
Xp = 17%,_1 — 82X, + 144%,_3 — 80X,,_4 + 12%,_5 + Z Cron—k (n > 6), (2.8)
k=1
where Cy (k =1, 2, ..., 5) are coefficients depend on the corresponding sequence of a,,, l;n, ..., Sy (seein (2.5)).

By plugging the first values, calculated with the help of Theorem 1, we obtain a recurrence relation for each of
the sequences a,, by, ¢,, dy, €, and §,.
As ap+1 and b,y are independent from ¢,, dy, and ¢,, they form a system of non-homogeneous recur-

% ; . Following the machinery above, it leads right away to (2.6) (which
corresponds to the results (2.2) and (2.3) given using the method of Levy and Lessman [12]).

rence equations again with My, =

Suppose that the root element 2 equals 0. Then it is easy to check that taking the values
o9 =0, &0=50=50=d})=§0=§0=0 2.9)

recurrence (2.4) even holds for n = 5, where

—12401 + 10807 — 3003 + 204, if X, = dyp;
5601 — 2607 + 203, if £, = by;
wo = 5201 — 2407 + 203, %f%nzcin; (2.10)
80y — 3607, if X, = dp;
60’2—40’1, 1f)2n=éna
2401 — 7205 + 5603 — 1504 + 05, if X, = 5y,
and recurrence (2.6) holds for n = 2, where
2 if X, = an;
wo =170 LT @.11)
0, if X, = b,.

In the sequel, when it is comfortable, we refer Theorem 2 with the condition n > 5.
In order to found explicit formulae we are going to use a practical theorem proved in [6] under specific
circumstances. Given a positive integer k and complex numbers fy, fi1, ..., fr—1. Define

fn :Alfn—l+A2fn—2+"'+Akfn—k (I’l Zk)a (212)

@ Springer



A generalization of the hyperbolic Pascal pyramid 313

where the coefficients Ay, ..., Ax—1, 0 # Ay are fixed complex numbers. Moreover suppose that {w, },>0 € C*
is an arbitrary sequence. Based on the notation above we construct the linear recurrence

G, =A1G, 1 +A2G, 2+ +AG,k+wyp (n=k), (2.13)

assuming that the complex initial values Go, G1, ..., Gy are also given. Note that formulae (2.12) and (2.13)
essentially differ only in the diverting sequence {w,,}.

Theorem 2.2 (B) For n > k the terms of the sequences { f,}, {w,}, and {G,} satisfy the identity

k—1k=1—j k—2k—1—j
ijGn-i-k —-j = Z Z fn —J ]+1+1Gk 1 I+Z Z fjA Gn+k Jj—i
1(3110 j=0 i=1 (2.14)
+ Z Jn—jw;.
j=0
Proof The proof of Theorem 2.2 (B) is addressed in [6].

The coefficients of A, ..., Ag in the definition of { f;;} are important in the sense that they, together with
{w,} also establish the sequence {G,}. But, generally, the initial values fp, ..., fx—1 can be chosen as simple
as possible. Therefore it is natural, if there is no other reason, to put fo = --- = fr—1 = 0, fr—1 = 1. The next
corollary describes this situation.

Corollary 1 Assume that fo = --- = fr—2 =0, and fr—1 = 1. Then (2.14) simplifies to
k—1k—1—j
Gur1=Y_, Y fajAj14iGroii + Z famjwj. (2.15)
j=0 i=0
Assume that
fo =17 fut = 82 2+ 1443 =80 fug + 12f55, (0= 5) (2.16)

with fo= fi = fo= fs =0and fu = I.

Corollary 1 when k = 5, together with Theorem 2 and sequence { f,,} imply the following explicit formulae.
It is useful to define o; = 0, Vj < 0 for the sake of simplicity.

Theorem 3 Ifn > 0, then we have

n
Anp1 = Y faj(240j — 124011 + 108042 — 30043 + 20/ 14),
j=-3

n
buti =Y fuj(—120; + 56041 — 260,12 + 20/13),
j=-2

n
Cpel = Z Ju—j(=400; + 52041 — 24012 + 2043),
=2

n
dop1 =Y faj(480; — 360,11 +80;12),
j=—1
n

oy = Y faoj(—120j — 4011 +60)12).
j=—1

n
Spt1 = Z Ju—j(=40j +240j41 — 72042 + 56043 — 15014 + 0j45).
j=—4
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314 H. Belbachir et al.

Table 2 Initial valuesn =0,...,6

n 0 1 2 3 4 5 6

ap 0 0 20 60 180 580 1940
by 0 0 0 20 100 380 1340
én 0 0 0 20 120 700 4840
d, 0 0 0 0 8o 1080 12000
én 0 0 0 0 60 1040 12660
Sn Q o 30 110 550 3790 32790

Proof We use (2.15) in direct manner when £k = 5. Now A; = 17, A, = —82, A3 = 14, A4 = —80, and
As = 12. {f,} has just been fixed before the theorem, and {G,} is dy, by, éus dy, &, and §,, respectively with
the initial values described in Theorem 1, with the extensions (2.9) and (2.10). The corresponding diverting
sequences {w,} are also given in Theorem 2.

In particular, if the leg-sequences are constant sequences, so &, = «, 8, = B, and y,, = y foralln > 1, then
we have

Theorem 4 Each of the six sequences {a,}, (b}, {En), {dn), {60}, and {5} satisfies the recurrence relation
%y = 18%,_1 — 99%,_2 + 226%,_3 — 224%p_4 + 92%n_s — 12x,6  (n > 7). 2.17)
The sequences {a,} and {I;n} can be also described by
fn = 5%n_1 — 6%p2 4+ 2803 (n>4). (2.18)

The initial values are given in Table 2 wherec = o + 5+ y .

Proof As the leg-sequences are constant sequences and o = « + B + y, then from Theorem | we have

dng1 = 26y, + 2b, + 20,

l;n—H = &n + Zl;ns

Cni1 = p + 3¢ + 2d,,

dpi1 = by + 36, +4d, + 56,,
éni1 = 3¢, + 4dy + 6y,

and

§n+l = &n+l +bp1 + é\n+1 +dpi1 + én—i—l + 0.

Let 0, = o (n > 0) be a constant sequence and substitute it into the first equation of the system. Then we have
the homogeneous system of linked linear recurrences of order one (n > 2)

an1 = 24y + 2by + 205,

byy1 =y + 2by,

nil = an + 38, + 2d,,

Ayt = by + 36, + 4d, + 565,

ént1 = 3¢y + 4dy + 66y,

Unt1 = Un,

and

Sp1 = Ang1 + byt + Cog1 +dpg1 + Eng1 + Vg1
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Using the result of Theorem 2.1(A) when

220002
120000
103200

M=1013450]|
003460

000001

a; = [cAl, 6,’ Ci dAi é; i}i]T, and rank(M) = 6 we gain that A1 = 18, A = —99, A3 = 226, Ay = —224, k5 = 92,
A¢ = —12. The characteristic polynomial of M is x® = 18x> — 99x* 4 226x3 — 224x2 + 92x — 12 and its
solutions u; (i =1, ..., 6) are very complicated.
AS ap41, by and 0,4 are independent from ¢, d,,, and é,,, they form a system of homogeneous recurrence
222
equations again with M, = | 12 0 |. Using the result of Theorem 2.1(A) we gain A; = 5, A» = —6 and
001

A3 = 2, so the equation (2.18) holds. From the characteristic polynomial of M, the sequences a, and l;n could
be given in exact explicit forms once the constant sequences which represent the leg-sequences are fixed.

Remark 1 For «,, = 1, B, = 1 and y; = 1 Theorem 4 returns the well known result of [13].
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