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Abstract

Several arrangements of the natural numbers N in triangular arrays (Tj(n, k))jeN,
where n € N denotes the row and k£ € N the column, will be considered. These
arrays are defined as follows: The first row has one element and each row has j € N
elements more than the preceding one, that is, the nth row has jn—(j—1) elements.
At first, a formula for the number appearing in the nth row and kth column will be
given and, secondly, we consider the inverse problem, i.e. given a number N € N
determine in which row n and in which column k one can find this number. Then
some sequences appearing in these arrays together with the sequences of their partial
sums will be studied. Finally, a surprising connection of Tj(n, k) with an iterative
minimal solution of the Tower of Hanoi with four pegs and N € N discs will be
shown. As a result it is possible to determine in advance how many subtowers with
how many discs have to be built in the iterative minimal solution of the Tower of
Hanoi with four pegs and N € N discs.

Key words: m-dimensional figurate numbers, polygonal numbers, pyramidal numbers,
figured numbers, Tower of Hanoi with four pegs
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1 Introduction

Consider the sequence of the natural numbers arranged as follows in the triangular arrays
(Tj(n, k))jeN’ where n € N denotes the row and k£ € N the column: The first row has one
element and each row has j € N elements more than the preceding one, i.e. the nth row
has jn — (7 — 1) elements. This means that the number of elements in the array builds
an arithmetic progression with difference j and initial value 1 (see Tables 1, 2, and 3 for
the cases j = 1,2, 3, where the last column gives the row sum sequence s§-0) (n)).

In this paper we intend to study these arrays and some special subsequences of these
arrays together with their partial sums. The paper is organized as follows: First of all we
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n\k | 1] 2] 3] 4] 5] 6] 7] 8] 9lo[u]12]...[s"m)]
I 1
2| 2] 3 5
3] 4] 5] 6 15
4 7] 8[ 910 34
5l 11]12[13[14 15 65
6161718192021 111
7] 2223 2425|2627 28 175
82930 313233343536 260
037383940 |41 |42 [43 |44 |45 369

10 46 | 47 [48[49[50 | 51|52 [ 53|54 | 55 505
1156 | 57 58 |59 | 60 | 61| 62 | 63 | 64 | 65 | 66 671
12 67 |68 69 70|71 |72 73| 7475|176 77|78 870

Table 1: Triangular array T1(n,k),1 <n <12, 1<k <n

ok 1] 2] 3] 4] 5] 6] 7] 8] 9fwo]1r]2]13][... [sP(m)]
1] 1 1
2| 2] 3] 4 9
3 5/ 6] 7] 89 35
41011 12]13][14[15] 16 91
51718192021 |22 (23 24|25 189
6|26 |27 282930 |31 32]33]34[35[36 341
71373830 |40 | 4142|4344 [ 45|46 |47 [48[49 559

Table 2: Triangular array Th(n,k),1 <n <7,1<k<2n-1

ok 1] 2] 3] 4] 5] 6] 7] 8] 9fwo]1r]12]13][...[sP(m)]
1] 1 1
2| 2] 3] 4] 5 14
3| 6] 7] 8] 9]10/11]12 63
41314 15[ 16| 17|18 19]20 | 21 | 22 175
5 2324|2526 |27 |28 29]30]31|32[33]34]35 377

Table 3: Triangular array T5(n,k),1 <n <5, 1<k <3n—2
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define the triangular arrays and give a formula for the number appearing in the nth row
and kth column, then we consider the inverse problem, that is given a number N € N
we determine in which row n and in which column k one can find this number. After
that we study four different sequences and their partial sums arising in these arrays
and, finally, we will show a surprising connection of Tj(n, k) with an iterative minimal
solution of the Tower of Hanoi with four pegs and N € N discs given by Hinz [8].

2 Determination of Tj(n, k)

We recall that the m-dimensional figurate numbers are defined as

Fs(n) = <n+m—2>+j<n+:rrj—2):jn—(j—m)<n—|—m—1> 2.1)

m—1 n+m-—1 m

for all m, j,n € N, where j is called the set number, n the rank and m the dimension of
the figurate number. The number s := j 42 > 3 is the number of sides of the geometric
figure of fy, j(n) (cf. [1, pp. 185-199]).

Remark 2.1 The first few m-dimensional figurate numbers are for j,n € N

o m=1: fi;(n)=("g") +i("7") =jn—( 1.
These are called the linear group of figurate numbers. They are simply the terms
of an arithmetic progression of difference j € N starting with 1. Special cases of
the linear group of figurate numbers are:
j=1: fi1(n) =n. These are the natural numbers, the sequence A000027 in the
On-Line Encyclopedia of Integer Sequences (OEIS ®) [16].
j =2: fia(n) = 2n — 1. These are the odd numbers (or gnomic numbers)
(A005408).

o =2 foln) = () +5(2) = n(in - G - 2).
These are the plane figurate numbers (also called polygonal numbers or s-gonal
numbers) (s := j +2 > 3). They are also denoted by p?, that is p? = %n((s —
2)n — (s — 4)). Special cases of the polygonal numbers are:
j=1:p) = fo1(n) = in(n+1) = ("'QH) These are the triangular numbers (or
3-gonal numbers) (A000217), the sum of the first natural numbers from 1 to n.
j =2:p} = faa(n) = n®. These are the square numbers (or 4-gonal numbers)
(A000290), the sum of the first odd numbers from 1 to 2n — 1.
j=3:p! = fo3(n) = $n(3n — 1). These are the pentagonal numbers (or 5-
gonal numbers) (A000326). Note that 3fs3(n) = 3 -3n(3n —1) = fo1(3n — 1)
or pt = fa3(n) = %f271(3n —-1) = %pgnfl, that is every pentagonal number is
one-third of some triangular number (cf. [4, p. 41]).
j=4:p¢ = fau(n) = n(2n — 1). These are the hexagonal numbers (or 6-gonal
numbers) (A000384). Note that this is a subsequence of fa1(n), since faa(n) =

fo1(2n — 1) = fo1(fi2(n)), that is every hexagonal number is also a triangular
number (cf. [4, p. 39].
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o m=3:f3;(n) = ("}") +i(";") = gnln+1)(jn — (j - 3)).
These are the solid figurate numbers (also called pyramidal numbers). They are
also denoted by P! (s:=j+2 > 3), that is P! = in(n+1)((s — 2)n — (s — 5)).
Special cases of the pyramidal numbers are:
j=1:PF = f31(n) = gn(n+1)(n+2) = (";2) These are the tetrahedral
numbers (A000292).
j=2:Pp= fsa(n) =in(n+1)(2n+1). These are the square pyramidal numbers
(A000330), the sum of the first square numbers from 1 to n?.
j=3:P= f33(n) = in*(n+1). These are the pentagonal pyramidal numbers
(A002/11).
j=4:P= fsa(n) = gn(n+1)(4n — 1). These are the hexagonal pyramidal
numbers (A002412).

n+m—2) + (n+m—2) — (n—l—m—l

Finally, the numbers fm1(n) = ("1™ - ") = fms10(n) have

also been called figured numbers with the alternative notation () (cf. [3, pp. 15-17])
or nth regular m-topic number with the notation P,(lm) (cf. [14, p. 211]). Note that
we have used the recurrence relation for the binomial coefficients known as Pascal’s rule
or addition formula (c¢f. [7, Eq.(5.8), p.158]. With these notations we have fp, ;(n) =
(me1)y+7("1) and fmi(n) = pimY —i—jP,(lT%, respectively. Combinatorially, there are
(n+m—1

m
not count and repetitions are allowed. Note also that fo1(n) =1 for alln € N and that

by Eq.(2.1) the m-dimensional figurate numbers are generated by the figured numbers.

) ways to choose m elements from a set of n elements (m < n) where order does

Theorem 2.2 Let j,n,k € N and k € [jn — (j — 1)], where [p] := {1,2,...,p} for all
natural numbers p > 1, then Tj(n, k) is given by

n—1

Tjn, k) = "= (j(n=1)=(=2) ) +k = fos ()= frg(n)+k = ("T) 45 ("3") k. (22)

Proof. The difference between two consecutive numbers in the nth row of Tj(n, k) is by
definition equal to 1, that is

Vi,n,keN, ke [jn—jl: Tjnk+1)=T;(nk)+ 1
The solution of this arithmetic progression (in k& € N) with difference 1 is given by
Ti(nak):Tj(nal)"i_k_lv ke []n_(]_l)]a (23)

where T}(n, 1) is the initial value of the nth row. This value can be determined as follows:
Since the nth row has jn — (j — 1) elements we obtain the recurrence relation in n > 2

Tj(njn—(G-1)+1)=Tj(n—1,jn—(G—1)+1)+jn—(j —1)+1, Tj(1,1) =1,

with the solution

n

Ty(n,gn—(G-1)+1) = 3 (h—(G-1)) = gin(n)~(G-1n = sn(jn—(-2)) = f2,;(n)
k=1
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by using the formula for the sum of the first n natural numbers Y_p_; k = In(n + 1).
Hence,

Tyn,1) = Ty(n—Lj(n—1) = (j = 1) + 1= 2(n—1)(j(n —1) = (j = 2)) + 1

2
1. , . .
=5nlin =0 =2) = ([Gn—0G=1)+1=fo;(n) = fi;(n) +1
= F2i(n=1) = (") +i("3)-
Substituting this value into Eq.(2.3) we obtain Eq.(2.2). O

The first three special cases of Eq.(2.2) are for all n > 1

Ti(n, k) = %n(n —1)+k,  ke|n],

To(n k) = (n—1)*+k, ke&[2n—1]

Ty(n, k) = %(n C)Bn—4)+k ke [Bn—2.

For example T5(5,6) = 3 -4+ (35 —4) + 6 = 28 as one can see in Table 3.
Note that fi j(n) gives the number of elements in the nth row of T; and fs j(n) counts
the total number of elements from the first row up to and including the nth row.

An immediate consequence of Theorem 2.2 is given in the following corollary.
Corollary 2.3 For all j,n € N and for all k € [jn— (j — 1)] :
Tj(n, k) +Tj(n+2,k) =2Tj(n+ 1,k) + j (2.4)

and
Tj(n, k) +Tj(n+2,k+1)=2T;(n+1,k+1)+j—1 (2.5)

Proof. For all k € [jn— (j—1)] we have by Eq.(2.2) : Tj(n, k) = +(n—1)(j(n—1)—(j —
2)) +k and Tj(n+2,k) = 3(n+1)(j(n+1) — (j — 2)) + k. Adding these two equations
we obtain

((n71)2+(n+1)2)—%(ij)(n—1+n+1)+2k‘

(2n? +2) — (j — 2)n + 2k

Tj(n, k) +Tj(n+2,k) =

RO |

|
N NS

(3 Un=G -2+ k) 4i=2L0+ LK) 45

Similarly, using Eq.(2.4) we obtain Tj(n, k)+Tj(n+2,k+1) = Tj(n, k)+Tj(n+2,k)+1 =
OT:(n+1,k)+j+1=2T;(n+ 1 k+1)+j—1. 0

Conversely, we now determine in which row and in which column a given N € N can
be found in Tj(n, k).
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Theorem 2.4 Let N € N, then N = Tj(n, k), (j,n,k € N), where

n:nﬂN):{%_2+V@ﬂZ;1%Hj_m1 26)
and .
k= k() = N = 5 (n;(N) = 1) (3 (ny (V) = 1) = ( = 2)). (2.7)

Proof. N is in the nth row of T;(n, k) if and only if
Tj(n,1) < N < Tj(n,jn — (j — 1)) = Tj(n +1,1) — 1,

or by (2.2)
%(n—l)(j(n—l)—(j—2)) +1<NK< %n(j(n+1)—2(j—1)) +1-1,
that is
(n—1)(jn—-2(G—1))+2<2N <n(jn—(j —2))
or, equivalently,
—2

37 —2
j<n2— Jj n—|—2> §2N§j(n2—‘77n>.

Dividing these inequalities by j # 0 and completing the square of the first and third
inequality we obtain

i — 2 i — 212 j—2\2 2N i — 2 - 2\2 /5232
-t (S (U5 B e S (122 (1)

J 25 25 J J 25 25

2
or adding <%> and simplifying

37 —2\2 2 2N J—2\2 7 —2\2
(n— - ) +f§7.+<7.> S(n—7>
2j J T 2) 2)

Further, subtracting % we get

3i—2\2 2(N -1 i _9\2
(m—].)ﬁ( .)+@.)
2j J 25

IN

j—2\2 2 j—2\2
@——f)—f<@——f)
25 J 2j

and these inequalities are equivalent to

i — — .
p 32 VBIN-D G222
25 25 2]

or, finally,

._ . _ ._ 2
<3 2+\/83(];7. )+ (G—-2)
j
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= O O

~— | — [~ —

Table 4: nj(N),1<j <3, 1< N <16

This is exactly the assertion (2.6) by the definition of the floor function (cf. [7, Eq.(3.5)
(a), p. 69]). Finally, Eq.(2.7) follows from Egs.(2.6) and (2.2). O

For example, let j = 2 and N = 19, then by Eqs.(2.6) and (2.7) we obtain n =
[14+3v2] =[5.2426...] =5and k=19—3-4-(2-(5—1)—0) =19 —2-8 = 3 as one
can see in Table 2.

Remark 2.5 By Theorem 2.4 every number N € N can be written as
N = f2,i(nj(N) = 1) + k;(N),
where nj(N) and kj(N) are given by Eqgs.(2.6) and (2.7), respectively.
The family of sequences (n;(/N))ven with the parameter j € N means ”the number
N appears fi1;(N)=jN — (j — 1) times”.
The first three sequences are:
1
ni(N) = b(l + V8N — 7)J, ("N appears N times’) (A002024),
ne(N) = |1+ VN —1], ("N appears 2N — 1 times”) (A003059),

1
n3(N) = Lg (7+ V24N — 23)J, ("N appears 3N — 2 times”) (A083277).

In Table 4 one can find the first few values of these sequences.

The family of sequences (k;(N))nven with the parameter j € N means ” start counting
the integers 1 to jN — (j — 1) followed by the integers 1 to jN + 1, N € N, and so on”.

The first three sequences are:

1
k1(N) =N — zni(N)(ni(N) — 1), (" Restart counting after each new integer”) (A002260),

2
2
ka(N) =N — <L N — 1J) , (” Restart counting after each new odd integer”) (AQ71797),
1
k3(N) = N — 3 (n3(N) —1)(3n3(N) — 4), (not available in the OEIS [16]).

In Table 5 one can find the first few values of these sequences.
Obviously, for j — oo, we obtain the sequences

(n0o(N)) yeny = (1,2,2,2,2...) = (2= (N = 1)) oy (A040000)
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| NJ1]2]3[4]5]6][7[8]9]10][11]12]13]14[15[16]
eiN)TL[1]2][t]2]3][1[2[3] 4] 1] 2] 3] 4] 5] 1
(N (11231 [2(3[4[5] 1| 2| 3] 4] 5] 6| 7
s(N) [ L|1[2[3[4(1]2(3[4] 5| 6] 7| 1| 2| 3] 4
Table 5: k;(N), 1<j <3, 1< N <16
| N[1][2[3]4] 5[ 6] 7] 8] 9]10[11[12]13]14[15]16]
Oy [1]3]5]s]11]14]18|22]26]30]35]40]45]50]55]61
ANy [1]3]5]7]10]13]16|19]22]26]30]34]38]42]46]50
nONy [1]3]5]7] ol12]15|1821]24]27]30](34]38]42]46
KON [ 1]2]a]s] 7[10]11]13]16]20 21|23 26]30]35]36
KV [1]2]a]7 1013|1722 |23 |25 |28 |32 |37 |43]50
DNy [[1]2)al7[1a]12]14a]17] 21|26 3239 [40|42]45]49

Table 6: n{" (), k) (N), 1<j<3,1<N <16

and

(koo(IN)) =(1,1,2,3,4...)= (N = (N > 1))

Nen = (A028310),

NeN’

where (A) is Iverson’s bracket convention, meaning 1 if the statement A is true and 0
otherwise.
The sequences of the partial sums of these two families of sequences are by definition

n{ (V) == SN ny(i) and KV (V) = SN k5 (i), N € N.

In Table 6 one can find the first few values of the first three sequences of both fami-
lies. The first sequence is (A060432), the second is (A327672), the fourth is (A014370),
whereas the other three are not available in the OEIS [16].

Note that for j — oo we obtain the sequences nc(,é)(N) = fi2(N) = 2N — 1 and
EY(N) = Ty(N,1) = IN(N = 1) +1, N e N.

3 Four Particular Sequences

In this section we shall study four special subsequences of the arrays (Tj (n, k))] N and
the sequences of their partial sums.
The first sequence is obtained by choosing k := f1 ;(n) = jn — (j — 1). We get
0 . . 1 . )
dg- )(n) =Ti(n,jn—(j — 1)) = fa(n) = in(jn —(j— 2)) (3.1)
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and these are the polygonal numbers.
Choosing k := 1 we obtain by Theorem 2.2 the second sequence

&V (n) = Ty(n,1) = fa(n) — frg(n) +1=n+j("5") (3:2)

and this is the first column in Tables 1,2 and 3.
Choosing k := n we obtain again by Theorem 2.2 the third sequence

hgo) (n) :=Tj(n,n) = fo,;(n) — fr;(n) +n=2n—1+;(";"). (3:3)

Notice that h§o) (n) = c§0) (n)+n—1.
Summing up the values in a row (see the last columns in Tables 1,2 and 3 for the cases
J € [3]) we get the fourth sequence

jn—(G-1)

sy = Y Tink). (3.4)
k=1

In order to determine the partial sums of the first three sequences we need a lemma
on figurate numbers.

Lemma 3.1 Let j,m,n € N, then

fm-i—l,j(n) = Z fm,j(k) (3.5)
k=1
(m+ 1) fms1,5(n) = (n+m = 1) fr5(n) + frm1(n) (3.6)
or, alternatively,
(m+1) fmt1,5(n) = nfmi(n+1) + (1 =j)fma(n) (3.7)

and forn > 2

fmj+1(n) = fini(n) + frma(n —1) (3.8)
fmi15() = fini(n) + fmir5(n —1) (3.9)
fm2i(n) = fm;(n) +jfma(n—1) (3.10)
fmaie1(n) = fmj(n) + (G +1) fm1(n — 1). (3.11)

Proof. By Eq.(2.1) and applying the formula of Chu-Shih-Chieh (1303), also called
upper summation (cf. [7, Table 174, p.174]),

3 (“;g— 1) _ (Zi”f) (3.12)

k=1
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we obtain

ki((k#ﬁ) 302

1
2 2
— k-i—m +] Z k+m
k=1

= (" + (nfﬁll) fm+1,5(n)

> fmi(k)
k=1

3

and this proves Eq.(3.5).
Again by Eq.(2.1) we have

(n+m =1 fmsrg(m) = (n+m—1)- (307 +5 ("0 ?)
 (n+m =1 m (n+m—1) m+1
T m-Din—D!'m 7 Tmln—2! m+1
— (n+m71)m+](n;+l 1)(m+ 1)

m

and therefore

(n +m — 1)fm,](n) + fm,l(n) - (m + 1)fm+1,j(n)>

thus proving Eq.(3.6).
To prove the alternative Eq.(3.7) we note that for n + 1 instead of n we obtain from
Eq.(2.1) fmj(n+1) = ("I m+("T7"71), hence

(n+m = 1) fons(n) = (4 m— 1) ("5 457

 (n+m-1)! n  (n+m-1)! n-1
T m=Dn—1! n 7 mln—2 n-1
= n("E) + (= 1 ()

= nfmj(n+1) = jfm1(n).

Eq.(3.7) follows by inserting this equation into Eq.(3.6).
Now let n > 2, then by Eq.(2.1) we have

Fng1(0) = fng(n) = (5172 + G+ D7) = () + ()
=) =TT = el - 1)

and this proves Eq.(3.8).
Again by Eq.(2.1) it follows

fmt15(n) = fm(n)

() G ) = () ()
(5 = R+ (O = ()

T+ () = fmg(n = 1)
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by using repeatedly Pascal’s rule and this proves Eq.(3.9).
By definition we have fy, 2;(n) = (”+m 2) +2j (”+m 2) and frmj(n)+jfmi(n—1) =

("+m_2) +](”+m 2) + j(”+m 2) = (”+m 2) +2j (”ﬁ’n% 2) and this proves Eq (3.10).

m—1 m—1
Finally, again by definition and applying Pascal’s rule we have fy, 2;+1(n ("+m 2)

(25 + 1)(n+$ 2) _ (n+m 1) +2j (n+$ 2) and fp,j(n) + (7 + 1) frma(n— 1) _ (n+m 2) i

m m—1

j("fzﬂ) +(+1) (”erﬂ) = ("er*l) +2j (n+rn;72)' This proves Eq.(3.11) and therefore

m
the lemma is proved. O

We now make some remarks to Lemma 3.1.

Remark 3.2 Formula (3.5) shows that for m > 1 the (m + 1)-dimensional figurate
numbers are the partial sums of the m-dimensional figurate numbers. In particular, for
m=2 and s =j+ 2> 3, we obtain

Pr=> ph (3.13)
Remark 3.3 For m =1 we obtain from Eq.(3.6)

L nfri ) + fia()) = sn(fis(m) + 1), (3.14)

f2(n) =5 5

This formula is a generalization of the sum of the first n natural numbers. (Choose in
Eq.(5.14) j = 1, then fii1(n) = n and by Eq.(3.5) fan(n) = > 4y fin(k) = > o1k
hence Y jp_1 k= 3n(n+1).)

For m = 2 we get the formula of the Roman geometers and pupils of Heron of Alexandria
Epaphroditus and Vitrius Rufus (about 100 A.D.), since f3;(n) = %((n+ 1)f2;(n) +
fa1(n)) = &(n+1)(2f2,(n) + n) or, equivalently, for s >3

pr— é(n +1)(2p +n), (3.15)
which shows how to obtain a pyramidal number Pl from the corresponding polygonal
number p?. Note also that Eq.(3.15) is a generalization of the sum of the first n square
numbers. (Choose in Eq.(5.15) j = 2, then faa(n ) = n? and by Eq.(3.5) f32(n) =
Sorii fo2(k) =S k2, thus obtaining > jp_i k* = tn(n+1)(2n+1).)

Moreover, the formula (3.6) shows that for all j,n € N the m-dimensional figurate
numbers fm, j(n) are the solution of the recurrence relation in m € N

n+m-—1 1 n+m-—1
Am+1,j (n) = TH * Q5 (n) + ma 1 ( m > (316)
with the initial value a1 j(n) = jn — (j —1).
Remark 3.4 For j = 1 Eq.(3.7) gives (m + 1) fp411(n) = nfmi(n + 1) (P.de Fer-
mat(1636)), since (m + 1)(2::711) = ((Zii))g(fw )) _ n(;L;!rTT)! = ("™ = nfpma(n+1).
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n—1

Remark 3.5 The special cases of Eq.(3.8) for m = 2 : pl ; = pi + py~ " and for
m =3 : P, = P!+ P:?_l (n > 2 and s > 3) have been given by Nicomachus of
Gerasa (about 100 A.D.). Note that from these formulae one can obtain by induction
Pl =pi+(s—3)ps ' (C.G. Bachet (1621)) and P? = Py + (s — 3)Py~* (F. Maurolico
(1575)) (n>2 and s > 3).

Remark 3.6 For m = 2 and j = 2 Eq.(3.9) gives pg = fau(n) = 2fo1(n — 1) +
fao(n) = 2p5~ 1 +n?, (F. Maurolico (1575)), whereas for m = 2 and j = 1 Eq.(3.10)
gives pi = faz(n) =2fa1(n—1)+ fa1(n) = 2p§“1 +ph. Since py = pgfl—l—n we obtain in
this way p? = 3py ' +n (Nicomachus of Gerasa (about 100 A.D.)). In general, we have
forn>=2ands>3:py=pi+(s—3ps” =pi A0t (s =35 = (s—2)py” +n
and p? = py+ (s = 3)py L = P+ Py + (s —Dpyt = (s — 4)py Tt + n?, since
Pyt = () (5) = 2

Before proceeding, we recall that the hypersequence of the mth generation, m € N, of an
: : . (m m n (0 _
arbitrary sequence (ay,)nen is defined as al™ = =Y a LAy, 1= Ay

Proposition 3.7 Letm > 1 cmdd ( )= jm 2 (k),cjm (n):=>7_ 1 (m 2 (k:),
hg-m) (n) ==y hgm 1)(k) be the hypersequences of the mth generation of (d ; )(n))neN,

(c§0) (n))nEN and (hé»o) (n))neN, respectively. Then for allm € Ny and all n,j € N :

A" (0) = fraag(m) = () + 5 (7) (3.17)
cgm) (n) = frma11(n) + jfnr21(n—2) = (050 + 5 (%050 (3.18)
hg'm) (n) = fimt1,2(n) + jfmt2,1(n —2) = (njnﬁ;rl) +0-1 (nxgl) (3.19)

Proof. By definition (3.1) d§0) (n) = f2,j(n) and, therefore, applying Eq.(3.5) m times
we obtain the first equation. The second one follows immediately from Eq.(2.1) and this
proves (3.17).

Next, we obtain by Eq.(3.2) cgp)(n) = fi1(n) + jfai1(n — 2), since fii1(n) = n
and fa1(n) = (”;1) Hence, applying Eq.(3.5) m times we get cg-m) (n) = fmt11(n) +
J fm+2,1(n — 2). The second equation now follows from Eq.(2.1) and this proves (3.18).

Finally, since fi2(n) = 2n — 1 we have by (3.3) h§0)(n) = fi2(n) + jfoa(n — 2).
Applying Eq.(3.5) m times we obtain h;m)(n) = fm+1,2(n) + Jfmt2,1(n —2) and this
proves the first equation of (3.19). The second equation follows from (2.1) by noting
that

() 20
(o) + (o) + () = ()
() + (G3) = () = (0 7) = ()

fma1,2(n)
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and using Pascal’s rule several times. O

We notice that hgm) (n) cg.m) (n) + fmt11(n) — fma1(n) = cgm) (n) + ("jn”ﬁrl) by
Pascal’s rule.

Special cases of cgm) (n) are

) = (1) +3("5").

j=1: c( )( ) = (TIL) + ("51) = (g) + 1. These are the centered polygonal numbers
(A()00124) They give the maximal number of regions into which n € N lines
separate the plane (cf. [15, pp. 124-126)).

j=2:m) =n+2("") =n? =2 +2 = (n—1)2+1 (A002522). Note that
cg)) (n) is one less than the arithmetic mean of its neighbours.
=3 () =n+3(";") = 1(3n2 — Tn + 6) (A143689).

e m=1: cg-l)(n) = (”H) +37(3)-
j=1: cgl)(n) = in(n®+5) = (7)+(5)+(3). These numbers are the 3-dimensional
analog of centered polygonal numbers (A004006).
j=2:c"m) = Ln@n? =30 +7) = (2) + (2) +2(2) (A081489).
j=3:c"n) = Inm2 —2n+3) = (7) +2(2) +3(%) (A064808). This is the
sequence of the nth (n + 1)-gonal number.

e m=020:

o m=2 P (n) = ("33 +i(").

j=1: 052) (n) = Zn(n+ 1)(n® +n + 10) (A006522).

j=2 céQ) (n) = ;5n(n+1)(n? —n+6). This sequence is not available in the OEIS
[16].

j=3: ch) (n) = 3xn(n +1)(3n? — 5n + 14). This sequence is not available in the
OEIS [16].

and special cases of h§-m) (n) are

e m=0:h"(m) = (") + G- D" =2 —1+5(").

j=1: hgo) (n) = (nH) These are the triangular numbers (A000217).

j=2: hgo)(n) = n? —n + 1. These are the Hogben’s centered polygonal numbers
(A002061).

§=3:h(n) = 1(3n2 — 5n + 4) (A104249).

(n) = (";2) These are the tetrahedral numbers (A000292)
j=2:h$(n) = Ln(n? 4 2) (A006527).
j=3:h(n) = Ln(n —n+2) (A006000).
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e m=2 hPn) = (") + (- D("]) = fnln+1)@n+ 1)+ ().
j=1: h (2) ( = ("+3) These are the pentatope numbers (A000332).
j=2: h2 (n = 5n(n + 1)(n? +n +4) (A006007).
j=3:h(n) = Fn(n+1)(3n = n+ 10) (A133252)
In order to determlne the hypersequence of the mth generation of the fourth sequence
(3.4) we need a general formula which gives the hypersequence of the mth generation of
an arbitrary sequence as the partial sums of another sequence.

n

~— —

Theorem 3.8 Let (an)nen be an arbitrary sequence (of real numbers) and ™ =

Yopoqa m 1) m € N, a( )= an, be the hypersequence of the mth generation of (ap)nen.
Then for all m € Np :

n n

ai =3 (T ae =3 (") an k. (3.20)

k=1 k=1

Proof. By induction on m > 0. For m = 0 we have ("__11_k) =0 for k € [n — 1] and for
k=nitis (j) =1, hence a%o) = an.

For m = 1 we have ("Hal*k) =1 for all k¥ € [n], hence at? : =1 ak.
Let us now assume that the formula is true for some m > 0, then

af ) Zak =33 )

k=1 i=1
- (:z:i)m o (G e T Gt > o]+

[ o+ (T e+ () +
o [ e (R Bk () }-
Collecting the coefficients of a1, as, ..., a, we obtain
afm ) = [ (2] + () + (D) e ()t
D )+ )+ () e+ (D an

. . . -1
Making use of the formula (3.12) for m — 1 instead of m and noting that (7'~)) = ()
we finally obtain

= (" e+ (T az 4+ (D an

m

3

=3 (= 3 (G
k=1 k=1

and this verifies Eq.(3.20) for m + 1 and in conclusion we have proved the theorem
for all m € Ny. The second equation follows from the fact that k& € [n] if and only if
n—k+1¢€n]. O
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Remark 3.9 Formula (3.20) seems to be the discrete analogon of the formula of Cauchy

// / f(xn)day, - - - dradry = /f )L, (3.21)

according to which an n-fold repeated integral of the functz’on f(t) over the interval [xg, x]
1s expressed by a single integral with the mtegmnd Ny f (t) over the same interval.
Note that formula (3.21) says that y(x) := = 1), fxo f (x — )" Ldt is the solution of

the nth order differential equation y™ (x) = f(x) with the initial values y(xo) = ' (zo) =
o= yn=1) =
=y (@) = 0.

Before applying Theorem (3.8) to the sequences (1)nen, (7)nen, (n?)nen and (n3),en we
need the following lemma.

Lemma 3.10 For all k,m,n € N :
Stk (n) = kfmara(n) = (k= 1) frgk—1,1(n) (3.22)
Proof. Since fp,1(n) = ("Jrzfl) we obtain by Pascal’s rule
sk (n) = k(") = R + ()

and
(k—=1)fmsra(n) = (k- 1)(71;?755;2)'

Hence,

kfmar1(n) = (k= 1) fogne1,1(n) = k(T2 + () — (k= D (P

= () +R(TETY)

and the last term on the right-hand side is by definition fy,441(n). a

Alternatively, for m — 2 instead of m, we obtain for all k,m,n € N

frak—21(n) = kfmik—21(n) — (k= 1) frnrr—31(n). (3.23)
In particular, for k =3 and m = 1, pl = fa3(n) = 3f2.1(n) —2f1.1(n) = 3p§ — 2n.

Lemma 3.11 For allm,n € N :

() = () = fna(n) (3.24)
k=1
DR = () = fna(n) (3.25)
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DRI =20 = () = fnran(n) (3.26)
k=1
SR = 6(E) 4 (0 = 2fmass(n) = fnr2a(n). (3.27)
k=1

Proof. Formula (3.24) follows from (3.12) for m — 1 instead of m.
Further, using repeatedly (3.24), the definition (2.1) and the identity (Zj) = () we
obtain

m—1 m—1

SR = 1) 20 ) 3 -+ (D))

k=1

=S (T DY (T Y (M)
k=1 k=2 k=n

= ("N 4 (T ek (0T]) = (M) = g (n).

To prove (3.26) note that by Eqgs. (3.24) and (3.25) and since (zj) = () we have

m—1 m—1 m—1

Z k2 (n—l—z:i—k) — 12 (n+m—2) + 22 (n+m—3) + 32 (n+m—4) 4t TL2 (m—l)
k=1

=1 Z (") 3 Z (" )+ Z ()
k=1 k=2 k=3

e+ (2n—1) Zn: (mtmo1ek)

=1(" '3 (n“:Z‘?) 5" ) e+ 2n =1 (7)

S (k= () =23 k() - 3

=1 k=1 k

k =1
2"y — (M) = 2fmi21(n) = fmg11(n) = fmya2(n),

where the last equation follows from Lemma 3.10 for k£ = 2.
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Finally, to prove (3.27) note that by Egs. (3.24), (3.25) and (3.26) we have

Zki’» n+m 1 k _13(n+m 2)+23(n+m 3) +33(n+m 4) 4. ”_+_n3(m:1)

m—1

3

n n
=1y ("M T (T 19> (T +
n

ot (P = =) Y (MRS

k=n
= AT T 4 190 ek (80— 1) ()

zn:(%? — 3k 4+ 1) ("R

k=1
n

=3 n+m k —3 kn-i—m k + n+m k
MR NI

1 1 1

= 6( ) ) -8 + (’%YT)

= 6/m+3,1(n) = 6fmr21(n) + frmi1,1(n)

=2(3fmt3,1(n) = 2fms21(n)) — (2fm+21(n) — fms1,1(n))

= 2fm+33(n) = fm2,2(n),
where the last equation follows from Lemma 3.10 for £ = 2 and k£ = 3 noting that
(1) = () O
m—1 m/’
Corollary 3.12 Let (an)nen be an arithmetic progression with the initial value aq and
the constant difference d € N, that is a, = a1+ (n—1)d. Then for allm € N (a7(10) = ap)

Za(m 1) mal—i—an<n+m— 1)_ (3.28)

m+1 m

Proof. By Theorem 3.8 and applying Eqgs. (3.24) and (3.25) it follows

k=1
n-—+m
= (al_d)fm,l(n)+d'fm+l,1(n): (al_d+d m+1)fm1( n)
_ may+ay+ (n—1)d _mal—l—an _ ma1 +an n+m-—1
N m+1 Jma(n) = fm.1(n) m+1 m ’
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. -1
since fsr(n) = (577) = B () = B A (0) 0
Note that the special case m = 1 gives the well-known formula ag) = %n(al + ap)

for the sum of the first n terms of an arithmetic progression.
We are now in a position to determine the fourth sequence (85-0) (n))n ey and all its

hypersequences of the mth generation s ( )= S (m 1)(k), m € N.

Proposition 3.13 For all j,n € N :

s (n) = %fm(n) (2f2,5(n) = fr5(n) +1)

2 (3.29)
=5Un=G-1)(n* =20 - n+))
and for all m € Ny
m ) . 4 s .2 _ 4 . . s
) = 12 )~ L= oy 2y - 2 g )
.2 o . . _
= 3% e (1) — 352~ Dfmraa(n) + L2 ) - T g ),
(3.30)
Proof. By (3.4) and (2.2) we have
f1,5(n) f1,5(n)
s§0) (n) = Z (faj(n) = frj(n) + k)
k=1 k=1
f1 J("
= f1;(n)(f2,i(n) = fr;(n)) + k
k:l

= fr.i(n)(faj(n) — f1;(n)) + §f1,j(n)(f1,j(n) +1)
S 1 (m) (2 () — fugln) +1).

This proves the first expression in (3.29). The second expression can be obtained by
substituting f1;(n) = jn — (j — 1) and fa;(n) = $n(jn — (j — 2)) into this equation.

To prove the formula (3.30) we apply Theorem 3.8 to the sequence (55-0) (n))n N

s () =30 (RO ), (3.31)
Expanding (3.29) we obtain
1
s (n) = S (in = (G = D) (in = 20 = Dn + ) = ayn® + Bjn® + yn + &,
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where a; = %jg, B = —%j(j—l), v = %(3j2—4j+2) and 0; = —%j(j—l). Substituting
the last equation with these expressions into Eq.(3.31) we obtain

82»0) (n) = a;S3(n) + B;S2(n) + v;51(n) + §;50(n),

where SO( ) =2k (nJrzi}ik)v Si(n) =2 %=1 k (nJrzi}ik)’
So(n) :=>p_ k? ("+m - k) and S3(n) := Sp_ K3 ("t k) By Lemma 3.11 we have
So(n ) = fm1(n), (”) = fmt1,1(n), S2(n) = fmi22(n ), and S3(n) = 2fm33(n) —

fm+2,2(n). Hence,
() = 0 (2fm33(0) = fnr22(n)) + B frnt2.2(n) + % frns1,1(n) + 8 fim 1 (n)
=20 frma33(n) + (B — ) fma2,2(n) + Vi frma1,1(n) + 05 fm1(n)

) (47 — 3 352 —4j +2
= P man) ~ T oy 2 ) -

iG—1)

S fma ().

This is the first formula given in Eq.(3.30), the second is obtained by using Lemma 3.10
for k = 2 and k = 3 and this proves the proposition. a

Remark 3.14 Note that formula (3.29) can also be derived by the fact that s(-o)( ) is by

definition the sum of the arithmetic progression with the initial value Tj(n,1) = c§0) (n) =

f2,j(n) — f1;(n) + 1, the constant difference d =1 and fi ;(n) = jn — (j —1) terms. The
last term is then fg,j(n). Hence, by Corollary 3.12 for m = 1, we have

sgo)(n) = %ij(n)(fQ,j(n) — fij(n) +1+ f271(n))

:%Qn—U—wNzgwn—@—ln—@"—U—”>+0

= 5 (Gn— G =) (7 =26~ U +5)
and this is formula (3.29).

The first few sequences s§-m) (n) for j,n € N and m € Ny are:

om—Os n) = 3(in—(j—1))(jn*—2(j — L)n+j).
Note that formula (3.30) for m = 0 gives another representation of this sequence.
Indeed, since f31(n) = ("+2) fa1(n) = (n;rl), fii(n) = n and fo1(n) = 1, we

obtain
Sgo) (n) =352 f31(n) — 35(25 — 1) fa1(n) + 7‘72_27j+2f1,1(n) - j(‘j;l)fo,1(n)
B 3J2%(n+ Y 42) = 33(2] - 1)2(n+ Ny _27j +2 j(j; 1)
- %j%ﬁ _ gj(j n? + = (3] — 45+ 2)n — %J(J - 1).
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This cubic polynomial in n has the simple root 33;1 and therefore it can be factor-
ized obtaining in this way formula (3.29).
Special cases are:
j=1: sgo) (n) = in(n®+ 1). These are the centered triangular pyramidal numbers
(A006003). Tt is also the row, column and diagonal magic sum in the magic square
of order n, since %222:1 = in(n?+1).
j=2: sgo) (n) = (2n —1)(n®> —n+1) =n3+ (n — 1)3. These are the centered cube
numbers (A005898).
j=3: sgo)(n) = 1(3n — 2)(3n® — 4n + 3). This sequence is not available in the
OEIS [16].

em=1: sgl)(n) =in(jin—(j—2))(in* - (j —2)n+2).
This formula can be derived from (3.30) for m = 1 noting that f41(n) = ("23),
fzi1(n) = (";2), f21(n) = (";1) and f11(n) = n. We obtain after some algebraic
simplifications

1 . » . . .
sgl)(n) = gn(ﬁn?’ —2j(j = 2%+ (j> = 2j + 4n —2(j — 2))

This cubic polynomial in n has the simple root %;2 and therefore it can be factor-
ized obtaining in this way the asserted formula.

Since sgl)(n) = f21(f2,5(n)) = fan (%(]n - (- 1))) we see that sgl)(n) are (for
all 7 € N ) subsequences of the triangular numbers. Moreover, by Eq.(2.2)

s m) = T4 (Fag(n), fos(m) = 3 fos0) (s (m) — 1) + Fay(n)

. (3.32)
= §f2,j(n)(f27j(n) +1).

Special cases are:

j=1: sgl)(n) = in(n+1)(n* +n + 2). These are the doubly triangularl numbers

(A002817). Since fo1(f21(n)) = fo1(3n(n+1)) = 3(3n(n+1)) (3n(n+1))+1) =

in(n+ 1)(n? + n + 2) this sequence is the second iterated function of fa1(n).

j=2: sél)(n) = In?(n? + 1) This is the sum of the first n? natural numbers
(A037270).
j=3: sgl)(n) = in(3n — 1)(3n® — n + 2). This sequence is not available in the
OEIS [16].

o m=2: 5 (n) = dgn(n+1)(352n%~3;(j—5)n>—(2j°—5j —40)n+2(j%~10j+20)).
This formula can be derived from (3.30) for m = 2 noting that f51(n) = (";4),
fai(n) = ("13), fz1(n) = (";’FQ) and fo1(n) = (”;rl) We obtain after some lengthy

algebraic simplifications the asserted formula.
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Special cases are:

j=1: sf) (n) = 5n(n+1)(n+2)(3n* + 6n + 11). This sequence is not available
in the OEIS [16].

J= 2 s2m) = dn(n+1)(2n+ 1)(3n2 + 30 + 4) = L) (m2on?)
These are the polynexus numbers of order 6 (A079547).

j=3: 5(2)( ) = sgn(n+1)(27n® +18n? + 17n — 2). This sequence is not available
in the OEIS [16].

4 The Case Ti(n,k)

Recall that by Theorem 2.2 T1(n, k) = n(n — 1) + k,k € [n] and that, conversely, by
Theorem 2.4, the number N is in the nth row and kth column of the array Ti(n,k),

where n = E(l + V8N — 7)J and k = N — n(n —1). Note that in this and in the next

chapter we will use repeatedly the rules [—z] = —|x| for all z € R (cf. [7, Eq.(3.4), p
68]) and || +n = [z + n] (resp. [z]+n =]z +n]| forallz € Rand n € Z (cf. [T,
Eq.(3.6), p. 69]).

Remark 4.1 If N € N is in the nth row of T1(n, k), where n = [ (1+v8N )J then
N +1 is also in the same row if and only if N is not a triangular number, whereas N + 1

is in the (n+ 1)st row if and only if N is a triangular number. This means that E(l +
J = { 8(N+1)— 7)J = Lf(l + V8N + 1)J & N is not a triangular
number and E(ljﬂ/ (N+1)— J { (1++/8N )J { (1+V8N )J+1<:>N

s a triangular number. Both assertions can be expressed more concisely as follows:
1 1
Li(l + V8N + I)J - [5(1 + V8N — 7)J = (N is a triangular number) (4.1)

or, equivalently,

Ll(fl + V8N +1) J [% -1+ W)J = (N is a triangular number) (4.2)
Theorem 4.2 Let o(n) := 3(2n+1—+/8n+1), n € N. Then for alln > 2:
Ti(n—1,n—1) = [¢(Ti(n,n))] (4.3)
and for all k € N and for alln >k :
Ti(n—1,k) = [¢ (Tl(n ). (4.4)
Proof. Let N be a triangular number, that is N = (n + 1), n € N, then by Theorem

2.4 and by (4.1) N is the ny(N)th row of T3 (n, k), Where

J1+VBN -7 |1+V8N+1 1+ A+ 1) +1
"1(N)_{ 2 J_L 2 J_l_{ 2 J_l

_ L1+\/(2n+1)2J Lo tr2ntl
= : =T

2

—1l=n
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and in the kth column, where k = N — in(n — 1) = in(n+ 1) — Sn(n — 1) = n. Hence,
by Theorem 2.2, N = Ti(n,n) and ¢(T1(n,n)) = (N) = 1(2N +1 — /8N +1). Sub-
stituting N = %n(n + 1) into the last equation and simplifying we obtain go(Tl(n, n)) =
in(n —1) = Ty(n — 1,n — 1) € N. Therefore, [¢(T1(n,n))] = Ti(n —1,n — 1) and this
is Eq.(4.3).

Now let N := Ti(n,k) be a non-triangular number, ie., for al n € N : N =
Ti(n —1,k) # 3n(n + 1), then by Theorem 2.4, N is in the nth row and in the kth

column of Tj(n, k), where n = E(l + V8N — 7)J and k = N — $n(n — 1). Hence, by
Remark 4.1 and using Eq.(4.1) we get

Ti(n—1,k) =Ti(n,k) —(n—1) =N —n+1=N - rﬂ/iNi—?J 1

1++v8N +1
ZN—{_’_E;Q—i_J-i-l:N—

{—1 + V8N + 1J
2

_ {2N—|—1— 8N~|—1_‘ o)) = [o(T1(m )],

2
The proof of the theorem is complete. O

Remark 4.3 In the proof of Theorem 4.2 we have used the well-known property of the
triangular numbers

g n(n+1)
according to which N is a triangular number if and only if 8N +1 is a perfect odd square
number (cf. [4, p. 32]). Alternatively, for odd numbers x : 2% = 1(mod 8) or 8 is a
divisor of x> — 1. This result was already known to Plutarch (about 100 A.D.).

+1=2n+1)> (4.5)

Applying Theorem 4.2 nj(N) — 1 times (noting that N = Ty(n,k), n € N, k € [n])
we obtain

Corollary 4.4 Let ¢ defined as in Theorem 4.2, N € N, and

BV =[], V) = () — 1 = | VT

Then the (th iterated function of ¢ is given by *N)(N) = 1, where ' (N) := ¥(N) and
YFHN) == p(P*(N)), k < L(N).

The meaning of Theorem 4.2 and Corollary 4.4 is as follows: Firstly, if N € Nis a
triangular number, i.e. N =Ti(n,n), n € N, then ¥(N) = ¢(T1(n,n)) = [¢(Ti(n,n))]
is by 4.3 equal to the preceding triangular number Tj(n — 1,n — 1) and secondly, if
N € N is not a triangular number, that is N = Ti(n,k),n € N, k € [n — 1], then
Y(N) = ¢(Ti(n, k) = [¢(Ti(n, k)| = Ti(n — 1,k) is by 4.4 exactly the number above
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T1(n, k) in the same column k. Hence, starting with an arbitrary N € N in Table 1 we
go a row upward in the same column until we reach a triangular number (in case N is
a triangular number there is nothing to do). Then we continue going upward in Table
1 along the principal diagonal until we reach after ¢(N) = ny(NN) — 1 steps the first row
with the value 1.

5 Application to the Tower of Hanoi with Four Pegs

In 1989 Hinz [8] presented an iterative algorithm for the minimal solution of the Tower
of Hanoi with four pegs (also known as the Reve’s puzzle) and called it the presumed
minimal solution of the Tower of Hanoi with four pegs. Meanwhile, in 2014 T. Bousch
[2] proved in a brilliant article that the Frame-Stewart conjecture is true for the Reve’s
puzzle. Since the number of moves of the iterative solution by Hinz is exactly the same
as those given by the Frame-Stewart conjecture we can speak of an iterative minimal
solution of the Reve’s puzzle. (Other different iterative minimal solutions for the Reve’s
puzzle have been given by van de Liefvoort [12] and Lu [13].) The minimum number of
moves is given as the solution of the recurrence relation

v(0)=0, VneN: p(n)= min {2v(f)+2"/ -1}, (5.1)

0<f<n

where any f € [n]o := {0,1,2,...,n — 1} for which v(n) = 2v(f) + 2" — 1 holds, is
called a minimum partition number for n. In general, this number is not unique. In [8,
Corollary, pp. 136-137] it is shown that for ¢ as defined in Theorem 4.2

f(n) = lp(N)] (5:2)

is & minimum partition number for n.

In this chapter we shall show that [¢(N)] is a minimum partition number for n, too.
To this end we recall the following recurrence relation (of first order) for v(n) (cf. [11,
Lemma 4.5 for p =4, p. 151] and [10, p. 159 for p = 4])

v(0) =0, ¥neNg: wv(n+1)=wv(n)+2lzCIHEED] = ) 4 on=Tem] (53

By summation one gets from (5.3) the formula (cf. [11, Theorem 4.6 for p = 4, p. 152])

n—1 n—1
VneNy: wv(n)= Z gla(~L+VBRFD)] Z ok=Tek)], (5.4)
k=0 k=0

Alternatively, from Eq.(5.3) we obtain a second recurrence relation (of second-order) for
v(n).

Corollary 5.1 Foralln € N:

Y(n+1) = {3y(n) —2v(n—1), ifn is a triangular number, (5.5)

2v(n) —v(n—1), otherwise,
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or, equivalently,
v(in+1) =2v(n) —v(n—1)+ (v(n) —v(n —1)) - (n is a triangular number)  (5.6)
with the initial values v(0) = 0, v(1) = 1.
Proof. By Eq.(5.3) it is v(n + 1) —v(n) = 2ls(~1HVEED] and for n — 1 instead of n
we have v(n) —v(n — 1) = 2l3(-1+v8n=D)] Hence, by subtraction vin+1) —v(n) —
(v(n)—v(n—-1)) = 2l (—1+VBID)] _9l3(—1+vBn=T)] o equivalently, v(n+1) = 2v(n) —
y(n — 1) 4 2l2(C14HVEED] _ ol3(-14+v8n=T)| By Eq.(4.2) one sees that when n is not
a triangular number, the two powers of 2 in the last equation are equal. Therefore,
v(n+1) = 2v(n) —v(n—1). However, if n is a triangular number, then again by Eq.(4.2)
and noting that 2l (~1+VBn=T)] v(n) —v(n — 1) we obtain
vin+1)=2v(n)—v(in—1)+ 9l3(=1+VBn=T)]
=2v(n) —v(n—1)+ (v(n) —v(n —1))
=3v(n) —2v(n—1)

and this proves (5.5). The assertion (5.6) follows immediately from (5.5). O

Finally, if n is a triangular number, then by Eq.(5.5) for n — 1 instead of n we have
v(n) =2v(n —1) —v(n — 2) and therefore

vin+1) =2v(n)+v(n) —2v(n—1)
=2v(n)+2v(n—1)—v(n—2) —2v(n—1) =2v(n) —v(n — 2).
Hence, by Corollary 5.1 we obtain a third recurrence relation (of third-order) for v(n).

Corollary 5.2 For alln > 2:

v(n—2), ifn is a triangular number,

vin+1) =2v(n) — { (5.7)

v(n—1), otherwise,
or, equivalently,
vin+1)=2v(n) —v(n—1)+ (v(n—1) —v(n—2)) - (n is a triangular number) (5.8)
with the initial values v(0) =0, v(1) =1, v(2) = 3.
The first few values of the sequence (V(n))n N (A007664) are
(0,1,3,5,9,13,17, 25, 33,41, 49, 65, 81,97, 113, 129, 161, 193, 225, 257, 289, 321, 385, . ...),

whereas the first few values of the difference (v(n+ 1) — v(n)) A137688) are

n€eNp (
(1,2,2,4,4,4,8,8,8,8, 16,16, 16, 16, 16, 32, 32, 32, 32, 32, 32, 64, 64, 64, 64, 64, 64, 64, . ...)

(7 2™ appears n + 1 times, n > 0”). This is the non-decreasing sequence of numbers of
the form 27 - 2¢, j k € Ny (also denoted by s(?) := (352))]-61\;). Note also that Eq.(5.4)
can be written as v(n) = > }_; 852) (cf. [9, Corollary 5.6, p. 214]).
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Proposition 5.3 Let ¢ be defined as in Theorem (4.2) and f(n) = [@(N)]. Then
VneN: w(n)=2v(f(n)+2" -1, (5.9)

i.e., together with [@(N)] is [@(N)] a minimum partition number for n, too. In par-
ticular, these two values are coincident for a triangular number (cf. [5, Theorem 2, pp.

235-236] and [12, p. 91]).

Proof. Since f(n) — f(n) = [¢(n)] — [¢(n)] = (n is not a triangular number), we
distinguish two cases:

1) n is a triangular number, then f(n) = f(n) and so Eq.(5.9) is established.

2) n is not a triangular number, then f(n) = f(n) + 1. Consider now the difference

A(n) :=20(f(n)) + 277 —1 = y(n)

Inserting f(n) = f(n)+1 into the above equation and using Eqs.(5.2) and (5.3) for f(n)
instead of n we obtain

An) = 2v(f(n) +1) + 271 — (20 (f(m)) + 221 — 1)

=2((f(n) + 1) = v(f(n)) ) + 2"V — g f )
_ ol i)~ Te(f ()] _ gn—f(n)-1,

The assertion (5.9) is proved if and only if the two exponents in the last equation are
equal for all non-triangular numbers n € N. Hence, it remains to show that for all
non-triangular numbers N € N the following term

S(N):=1+ f(N) = [p(f(N)] — (N = f(N) - 1)
=2(f(N)+1) = [e(f(N)] =N
=2[o(N)] = [¢([e(N)]=1)] =N

is exactly 0. (Note that [@(N)] = f(N) + 1.)

In order to prove this, assume that [@(/V)]| is a triangular number. Then, by
Theorem 4.2 there is a number n € N such that N = Ti(n + 1,n) and by Eq.(4.4)
[e(N)] = [¢(Ti(n+1,n))] = Ti(n,n) and [@(N)] — 1 = Ti(n,n) — 1 = T1(n,n — 1).
Hence, by Eq.(4.3) [o([@(N)] = 1)] = [¢(Ti(n,n—1)] = T1(n — 1,n — 1). By Eq.(2.5)
for n — 1 instead of n and for kK =n—1 and j = 1 we obtain 6(N) = 2-T1(n,n) —T1(n—
I,n—1)—Ti(n+1,n) =0.

In the other case, if [¢(N)] is not a triangular number, then by Theorem 4.2
there are n € N and k € [n — 1] such that N = Ti(n,k), [¢(N)] = Ti(n — 1, k).
Hence, [o(N)] =1 = Ti(n — 1,k) = 1 = Ti(n — 1,k — 1) and [o([o(N)] = 1)] =
[o(T1(n—1,k—1)] = T1(n— 2,k —1). Therefore, by Eq.(2.5) for n — 2 instead of n and
k—1 instead of k and j = 1 we have 6(N) = 2-T1(n—1,k)—T1(n—2,k—1)—=T1(n,k) = 0.

Hence, for all N € N we have obtained §(NN) = 0 and this proves the proposition. O
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Note that Theorem 4.2 and Corollary 4.4 together with Proposition 5.3 tell us how
many subtowers, that is regular states with ss...stt...t, s,t € {0,1,2,3}, s #¢, k€N
N
k N-—k
and how many discs (this is the height of the subtower) have to be built in the it-
erative solution of the Tower of Hanoi with four pegs and N discs by Hinz, namely
n=n1(N) = |3(1++v8N —7)] subtowers of heights 1 = ¢"~1(N), " 2(N),..., ' (N)
and ¥°(N) = N, respectively. Note that the subtower of height N is the ordinary tower
of N discs. (For more details on the Tower of Hanoi with more than three pegs we refer
to [9, Chapter 5].) For example, let N = 25, then by the above remark and looking at
the red path in Figure 1 we obtain the sequence 25 — 19 —+ 14 — 10 - 6 — 3 — 1,
which tells us that in order to perform the iterative solution of the Reve’s puzzle we
have to build in all 7 subtowers oh heights 1, 3,6,10,19 and 25, respectively.

However, this is only one of all possible ways to solve the Reve’s puzzle, since for
instance the sequence 25 — 18 — 13 - 9 — 5 — 3 — 1 (see the blue path in Figure
1) is also a solution by Eq.(5.2). To conclude, we want to count the number of paths in
Table 1 from N to 1, where the only allowed directions are north and northwest.

6
9 10
11 12 1|3\1|4 15
16 17\1|8\1|9 20 21
22 23 24 26 27 28

e I @ S G S N O N N

Figure 1: Two different optimal paths for the Reve’s puzzle with 25 discs
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Corollary 5.4 Let N € N, then there are in Table 1 exactly
ni(N)—1 >
i (N (5.10)
(it

paths in north and northwest direction of length ¢(N) = ni(N) —1 from N € N to 1,
where ni(N) = [$(1 + V8N —7)|. The solution is unique only for all N and N + 1,
where N is a triangular number.

Proof. Let N € N, then by Theorem 2.4 N is in the nth row and kth column of T} (n, k),
where n = ny(N) = [3(1+ V8N =7)| and k = k1 (N) = N — iny(N) - (ni(N) — 1) =
N — (”1(2N)). The number of steps in north direction is given by ni(N) — ki (N) =
ni(N)— (N— s (N)- (m(N) - 1)> = ("1(1\20“) — N. Since the total length of each path

is n1(N)—1, the number of steps in northwest direction is ny(N)—1— (ny(N)—k1(N)) =
ki(N) — 1. A path can be described by a sequence of bits 0 and 1 of length n;(N) — 1,
where the bit 0 indicates the north direction and 1 the northwest direction. Therefore,
the total number of paths from N to 1 is equal to the number of sequences of nj(N) —1
bits of which ni(N) — ki (N) = (nl(]g)ﬂ) — N are 0 and k;(N) — 1 are 1. This number
is exactly the binomial coefficient given in Eq.(5.10).

If N is a triangular number, then k;(N) = ny(/N) and hence ("1(N)71) = 1. For

0
N + 1, N a triangular number, we have k1 (N) = 1, hence (Zig%g:}) =1 and this proves

the corollary. a

Remark 5.5 Theorem 4.2, Corollary 4.4, Proposition 5.3 and Corollary 5.4 give a com-
plete answer to the remark by H. E. Dudeney in [6, p. 132] (at least for the case with
4 pegs): 7 If the number of cheeses in the case of four stools is not triangular, ...,
then there will be more than one way of making the piles and subsidiary tables will
be required. This is the case with the Reve’s 8 cheeses. But I will leave the reader to
work out for himself the extension of the problem.” Obviously, the words cheeses, stools
and piles stand for discs, pegs and subtowers, respectively. Indeed, for N = 8 we have
n=mn(8) = |21+ v8-8=T7)] =4 and by Eq.(5.10) ((411_)178) = (3) = 3 different
sequences of subtowers have to be built, namely 8 — 4 — 2 2—) ,8—=5—=>2—1and
8 =5—=3—=1 (cf also [9, pp. 240-245], private communication by Hinz, 2019).

We remark that constructing all paths from a number N up to the number 1 as
defined in the above corollary one obtains the two-dimensional (complete) grid graph
P,,0P,, that is the Cartesian product of the path graphs P, onm = kj(N) = N — (”1(2N))
vertices and P, on n =n1(N) — ki (N)+ 1= (”1(]\2[)“) — N + 1 vertices (see Figure 2).
Therefore P,0P, has |P,0P,| = [Pyl - |Py| = ki(N) - (n1(N) — ki(N) 4 1) vertices
and [|PnOP,|| = (|Pn| = 1) - [Po] + (IPa] = 1) - |Poa| = 2|P| - [ Pal = ([P + | Pal) =
2k1(N) - (m(N) = k1 (N) + 1) — (ni(N) + 1) edges.
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/
/

INKN
1 1\12\13\14\1 !

16 17 18 19 20 21

22 23 24 25 26 27 28

AN
29 30 31 32 33 34 35 36

B’m n:nl(N)—kl(N) +1
i~

Figure 2: Grid graph P,0P,, m =5, n=4
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