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Abstract. In this paper, we propose a general framework that extends the theory of permutation
patterns to higher dimensions and unifies several combinatorial objects studied in the literature.
Our approach involves introducing the concept of a “level” for an element in a multi-dimensional
permutation, which can be defined in multiple ways. We consider two natural definitions of a level,
each establishing connections to other combinatorial sequences found in the Online Encyclopedia
of Integer Sequences (OEIS).

Our framework allows us to offer combinatorial interpretations for various sequences found
in the OEIS, many of which previously lacked such interpretations. As a notable example, we
introduce an elegant combinatorial interpretation for the Springer numbers: they count weakly in-
creasing 3-dimensional permutations under the definition of levels determined by maximal entries.
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1 Introduction

The field of permutation patterns is a popular and rapidly growing area of research [22]. In the lit-
erature, there have been successful attempts to extend the theory of permutation patterns to higher
dimensions through the introduction of multi-dimensional permutations, which can be defined in
several ways. In [33, 2, 3|, the authors defined a multi-dimensional permutation as a sequence of
one-line permutations, with the first one being the natural order permutation 12---n. Under this
definition, Zhang and Gildea [33] studied the hierarchical decomposition of multi-dimensional per-
mutations by considering them as alignment structures across sequences or visualizing them as the
result of permuting n hypercubes of certain dimensions; Asinowski and Mansour [2] examined the
multi-dimensional generalization of separable permutations, providing both a characterization and
enumeration of these permutations; Avgustinovich et al. [3] generalized the concept of mesh patterns
in multi-dimensional permutations; Bonichon and Morel [4] presented a generalization of the well-
studied Baxter permutations to higher dimensions and established a vincular pattern-avoidance
characterization for Baxter d-permutations. Concerning the applications in physics, Dukes in [11]
defined a variant of the Ising model in which spins are replaced with multi-dimensional permuta-
tions and obtained some statistical results for this model. Moreover, the authors in [12, 24, 26, 25]
defined multi-dimensional permutations from the perspective of high-dimensional analogues of per-
mutation matrices and derived their combinatorial properties. For our purposes, we define a multi-
dimensional permutation as a collection of permutations of the same length, expressed in one-line
notation and arranged in matrix form (see Section 2 for a formal definition). The elements of these
permutations correspond to the columns.

In this paper, we propose a general framework based on the notion of a pattern in a multi-
dimensional permutation. This framework allows us to provide new combinatorial interpretations
for various sequences studied in the literature and to unify several combinatorial objects appearing
in the Online Encyclopedia of Integer Sequences (OFEILS) [29]. For example, we define a new class of
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permutations, called d-dimensional hoe permutations (see Section 3.4), which provide new combi-
natorial interpretations for the sequences A023000, A135518, and A218734 in [29] when d = 4, 5,6,
respectively. Another class of permutations, called c-bounded 3-dimensional permutations under a
canonical representation, gives a common interpretation for the sequences A008776, A002023, and
A235702 in [29] (see Section 4.4).

To extend permutation patterns to the multi-dimensional setting, we introduce the notion of a
level of an element in a multi-dimensional permutation, which is a function mapping each column
to a non-negative integer. The notion of a level can be defined in multiple ways, two of which,
levMax and levSum, are studied in this paper, each revealing interesting connections to known
combinatorial objects. levMax(C') returns the maximal entry in a column C, while levSum(C') sums
the entries of C. It is noteworthy that some of the involved research questions for levMax have
trivial solutions for levSum, and conversely. This observation holds generally: certain challenging
research problems under one definition of level may have straightforward solutions under the other,
and vice versa.

Our most intriguing results focus on enumerating multi-dimensional permutations under levMax.
One notable finding is the connection between certain 3-dimensional permutations and sequence
A008971 in [29], which counts (2-dimensional) permutations of length n with k increasing runs of
length at least 2, as discussed in [10, Chapter 10]. This leads us to introduce, in Theorem 3.5,
an alternative form for the exponential generating function of these numbers, as provided in [29,
A008971] and derived by Zhuang [34] through the application of Gessel’s run theorem [14].

Another significant result for multi-dimensional permutations under levMax, demonstrated in
Section 3.2, is that weakly increasing 3-dimensional permutations are enumerated by the Springer
numbers. This important class of numbers, rooted in representation theory, encompasses various
combinatorial interpretations. For example, Arnol’d [1] showed that the Springer numbers enumer-
ate a signed-permutation analogue of the alternating permutations, involving the notion of “snakes
of type B,,”. Several other combinatorial objects are also enumerated by the Springer numbers:
Weyl chambers in the principal Springer cone of the Coxeter group B, [31], topological types of
odd functions with 2n critical values [1], labeled ballot paths [9], certain classes of complete binary
trees and plane rooted forests [19], and up-down permutations of even length fixed under reverse
and complement [17]. Additionally, the Springer numbers are studied in relation to the classical
moment problem [30].

This paper is organized as follows. In Section 2, we introduce all necessary definitions and
notations, including levels and patterns in multi-dimensional permutations. Section 3 is devoted
to the study of properties of patterns in multi-dimensional permutations when levels are defined
by levMax. In particular, we explicitly derive exponential generating functions for weakly in-
creasing and unimodal 3-dimensional permutations under levMax. Additionally, we investigate
real-rootedness of certain relevant polynomials. In Section 4, we define and study several types
of special permutations when the levels are defined by levSum. Finally, in Section 5, we provide
concluding remarks and suggest some problems for further research.

2 Multi-dimensional permutations, levels, and patterns

In this section, we will introduce the definitions and notations related to multi-dimensional per-
mutations. Specifically, we will define the notion of “level” to analyze “pattern” occurrences in
multi-dimensional permutations, which will be detailed in Subsections 2.1 and 2.2, respectively.
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Firstly, we follow [3] to define the notion of a multi-dimensional permutation. Due to technical
reasons (which will become clear after we introduce the notion of a level, specifically levSum), we
need to assume that permutations in the symmetric group S,, involve elements from {0,1,...,n—1}
instead of the more typical {1,2,...,n}.

Let m = mymy...m, be a permutation of length n (n-permutation) in S,. As written, 7 is in
one-line notation, while its two-line notation is

( 0 1 ... n—1 )

T = )

T Ty ... Ty

A d-dimensional permutation IT of length n (or d-dimensional n-permutation, or (d, n)-permutation)
is an ordered (d — 1)-tuple (72,73,...,7%) of n-permutations where for each 2 < i < d, n* =

mimy ... 7l € S,. For example, (201,201,120) is a 4-dimensional permutation of length 3. We let
S? denote the set of d-dimensional permutations of length n. Note that S? corresponds naturally
to Sy, hence “usual” permutations are 2-dimensional permutations. We also generalize two-line
notation to d-line notation and we write

0 1 ... n—-1 ol T

- 2 .
= | = = 3 =| #} =3 ™ |,

wdoxd g xd oxd Ll

so that II corresponds naturally to a d x n matrix. It is also helpful to let 7! denote the permutation
01...(n — 1) so that we can succinctly write

I = {ﬂ-;'}lSiSd :

1<j<n
Motivated by two-line notation, we say that the columns of this matrix represent the elements
of I which we denote by II;. In particular, we write II = II1II,...II, where II; is the d-tuple
(1 —1, 7%'27 77;3, cee TFZ(-i)T. For example, if IT = (7!, 72, 73) is a 3-dimensional permutation of length 5

with 72 = 01423 and 73 = 40132, then we write

It 01 2 3 4
O=| 1 |=]101 4 2 3 (2.1)
3 4 01 3 2

or I = I IIoI3I40l5 where II; = (0,0,4)7, Iy = (1,1,0)T, I3 = (2,4, )7, 1I; = (3,2,3)7,
5 = (4,3, 2)T. However, throughout this paper, we usually omit 7!, so d-dimensional permutations
are typically represented by d — 1 rows, and the i-th element (that is, the i-th column with d — 1
elements) is denoted by II;. In this notation, the overline is omitted to distinguish these columns
from those with d elements; the respective permutation is then denoted by II (instead of II).
Furthermore, we sometimes concern about the case of 7> = 01...(n — 1). Specifically, given a
subset T of S2, let C(T) denote the subset of T consisting of those canonical permutations, i.e., the
permutations IT = (72, 73,...,7%) with 72 = 01...(n — 1).



Patterns in multi-dimensional permutations

2.1 Levels

In considering the extension of results on permutation patterns to the multi-dimensional case,
similar to previous work such as [2, 3, 33], we encounter the need to compare two elements in a
multi-dimensional permutation. A natural way to compare two elements is via the notion of a
level of an element II; in IT € S?, denoted by level(II;), which is simply a function mapping II; to
a non-negative integer. We let level(Il) = (level(Ily),...,level(Il,)) be the vector of levels of II.
Furthermore, we let levelyi, (IT) (resp. levelyax(IT)) be the minimum (resp., maximum) entry in
level(II).

The introduction of levels allows for the comparison of elements within a multi-dimensional
permutation, extending and generalizing the classical theory of permutation patterns to higher
dimensions. It is important to note that if we define the level in such a way that any two distinct
elements in a multi-dimensional permutation correspond to distinct levels (for instance, by defining
the level vector of a permutation IT = (72,73, . .. ,7rd) to be 72), then such definitions are equivalent
across our framework and therefore lacks novelty. Consequently, we focus on level functions that
may lead to some repeated entries in the level vectors of certain permutations, as these present
more interesting and non-trivial structures. Specifically speaking, in this paper, we focus on two
ways to define the function level:

o levMax(II;) is the maximum entry in II;, and
o levSum(Il;) is the sum of all d — 1 entries in II;.

For example, for the 3-dimensional permutation in (2.1) (with the increasing top row removed),
levMax(Il) = (4,1,4,3,3), levMax(Ily) = levMaxy,in(II) = 1, levMaxpax(II) = 4, levSum(II) =
(4,1,5,5,5), levSumpin (IT) = 1, and levSumpax (II) = 5.

Note that for levSum, each level in {0, 1, ..., (d—1)(n—1)} is attainable among all permutations
in S¢. This is the reason we set the minimum element in a permutation in S, to be 0 rather than 1.
Otherwise, for example, level 1 would never be achievable for d > 3, along with some other levels
depending on the value of d.

2.2 Patterns

In this subsection, we will review the classical pattern occurrences in the 2-dimensional case and
then generalize this concept to the multi-dimensional case.

In the 2-dimensional case, a permutation w7y ... T, € S, contains an occurrence of a pattern
P =pip2 ... pr € Sk if there is a subsequence ;, m;, ... 7, such that m;, < m; , if and only if p; < pp,.
A permutation avoids a pattern if it contains no occurrences of the pattern. To match the notation
used in the permutation patterns literature, such as in [22], we assume that a pattern consists of
the elements in {1,2,...,k} rather than {0,1,...,k— 1}. For example, the permutation = = 21034
avoids the pattern 231 while 7 contains three occurrences of the pattern 123 (the subsequences 234,
134, and 034).

There are myriad ways to introduce the concept of pattern occurrences in multi-dimensional
permutations. For example, we can view such a permutation as a matrix and explore occurrences
of various 2-dimensional patterns, similar to previous work [20, 23] with binary matrices. However,
our focus lies in the straightforward extension (or generalization) of the 2-dimensional case to multi-
dimensions by seeking pattern occurrences in vectors of permutation levels. This approach allows
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us to compare any two elements in a multi-dimensional permutation, leading us to introduce the
notion of a level. Additionally, in contrast to the two-dimensional case where for each pair (a,b)
of elements either ¢ < b or a > b, in the case of d-dimensional permutations, d > 3, it is also
possible that a = b. Therefore, we study occurrences of patterns in sequences using the alphabet
{0,1,...} [18], bearing in mind that the same word can appear multiple times, while some other
words may never appear.

Formally, a permutation Il =11 ...1II, € Sff contains an occurrence of a pattern p = p1ps ... pg
(which is a word over an alphabet A = {1,...,s} for some s < k and each letter in A occurs in
p) if there is a subsequence II; I1;, ... II;, such that level(Il;,) < level(Il;,) (resp., level(Il;;) =
level(Il;,,)) if and only if p; < pn, (resp., pj = ppm). We are particularly interested in consecutive
patterns, in occurrences of which elements stay next to each other (i.e., io = i1 + 1, i3 = i2 + 1, etc
in the definition of an occurrence of a pattern). To distinguish consecutive patterns, we underline
are also known in the literature as plateaux or levels in words; however, we reserve the term “level”
for another purpose. Additionally, occurrences of the patterns 12 and 21 are referred to in the
literature as ascents and descents, respectively, with the respective numbers denoted by asc and
des. Let p(II) denote the number of occurrences of a pattern p in a permutation II. For example,
for the 4-dimensional permutation II in (2.1), we have

o under levMax: levMax(II) = (4, 1,4,3,4), 11(IT) = 0, 12(II) = asc(II) = 2, 21(II) = des(II) =
2, 212(I1) = 4, 123(I1) = 122(IT) = 1 and 321(II) =

0.
o under levSum: levSum(Il) = (4,2, 7,8,9), 11(II) = 0, 12(II) = asc(Il) = 3, 21(II) = des(II) =

1, 1234(I1) = 2 and 213(1I) = 3.

For any fixed pattern p and chosen notion of level, S¢(p) denotes the set of permutations in S%
that avoid the pattern p.

3 levMax: levels defined by maximal entries

In this section, we will explore several patterns in multi-dimensional permutations under levMax.
Our results concerning levMax primarily focus on three-dimensional permutations, including per-
mutations with k& levels repeated, weakly increasing permutations, and unimodal permutations.
Although generalizing from three dimensions to higher dimensions is challenging for most enumer-
ation problems, we have nevertheless obtained some results regarding general multi-dimensional
permutations, such as the enumeration of a special class of unimodal permutations which we refer
to as “hoe permutations” in S?¢ and the total number of plateaux among all permutations in S¢.

3.1 Canonical permutations in S? with k levels repeated

In this subsection, we consider the enumeration of those canonical permutations in S3 with exactly
k levels repeated, denoted by R, ;. That is,

Rk = |{IT € C(S2) : there are exactly k distinct levels repeated twice in IT}|.

0123456 ;
<1245306>€C(S7)

6

For example, the permutation
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contributes to the count of R7 9 since levels 4 and 5 are the only ones repeated in it. Note that
all permutations in S3 with k levels repeated can be obtained by shuffling those elements of the
canonical permutations in S3 with exactly k levels repeated, and hence they are counted by Ry, k-

In the study of these numbers, we derive their recurrence relations and bivariant exponential
generating functions. Furthermore, we obtain the real-rootedness of the generating functions of
these numbers with n fixed. Notably, the research of R, j is not only intriguing in its own right
but also plays a crucial role in deriving enumeration results for weakly increasing and unimodal
permutations, which will be discussed in the following subsections.

3.1.1 Recurrence relations

Our first goal is to derive the recurrence relations for R, j in a purely combinatorial manner. This
recurrence relation was, in fact, first obtained by David and Barton [10, page 163] in their study of
increasing runs of permutations. Using techniques of context-free grammar [8], Ma [28] also derived
the same recurrence relation.

Theorem 3.1. Forn >1 and k > 1, we have
Rok=0Qk+1)Ry 1+ (n—2k+1)Ry 1 11 (3.1)
with R, 0 =1 for anyn >0 and Ry, =0 for any k > 1.

Proof. Consider two elements at the same level ¢ as a pair. We refer to this pair as being on
level £. Then, there are three ways to obtain a permutation IT € C(S3) with exactly k pairs from a
permutation I’ € C(S2_,) by inserting two “n — 17 entries:

Case 1: If we insert the element (n—1,n—1)T at the end of the permutation IT’, then the number
of pairs of repeated levels remains unchanged, resulting in R,,_; j choices for selecting II". This

contributes the term R,,_1 ) to the right-hand side of Equation (3.1).

Case 2: Choose an element (z,y)? and replace it with (z,n — 1)T. Then insert the element
(n—1,y)T at the end of the resulting permutation. There are two cases to choose the element (x,y)”:

Case 2(a): If the level of the chosen element (x,y)* is repeated in II; the insertion removes one
pair on level max{z,y} and creates a new pair on level n — 1, resulting in II' having exactly k pairs.
The number of choices for the element (z, y)T is 2k. This contributes 2kR,,_1,  to the right-hand
side of Equation (3.1).

)T

Case 2(b): If the element (x,7)” is at a unique level, then this insertion creates a new pair
“(z,n —1)T and (n — 1,y)T”, requiring II' to have exactly k — 1 pairs. The number of choices for
the element (z,y)T is n—1—2(k—1). This contributes (n—1—2(k—1))R,,_1 1 to the right-hand
side of Equation (3.1).

By combining the disjoint cases discussed above, we derive Equation (3.1). Moreover, it is clear
that Rn,(] = 1, and RO,k = 0. [

The special cases for k = 1,2, 3, match sequences in the OEIS [29]:
Ry1= 1(3"—2n-1) [29, A000340]
Ryo= 15 (5" — (2n—1)3" +2n? — 2n — 2) [29, A000363]
Rys3= 153 (3-7" = (6n—9)5" + (6n® — 18n + 3)3" — 4n® + 18n? — 8n — 15)  [29, A000507]

7
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Note that for £ = 1, we provide the first known combinatorial interpretation for this sequence.
Additionally, for £ = 2 and k = 3, there are known combinatorial interpretations for the respective
sequences. These interpretations correspond to the number of n-permutations with exactly 2 or
3 increasing runs of length at least 2, respectively. In general, R, j is given by A008971 in [29],
the triangle read by rows, where the (n,k)-th element is the number of n-permutations with k
increasing runs of length at least 2, see [10, 28] for the details. This follows easily from the fact (by
inserting element n in an (n — 1)-permutation) noted in [29, A008971] that the sequence satisfies
exactly the same recurrence relation as Equation (3.1). A bijective proof of the noted connection
can be readily obtained by matching Cases 1 and 2(a) with the insertion of n at the beginning of
the permutation or at the end of an increasing run, while matching Case 2(b) with the remaining
possibilities to insert n.

3.1.2 Generating functions

We are now prepared to provide the explicit formula for the bivariate exponential generating func-
tion of R,, ;. While Zhuang [34] has provided a proof of this formula using Gessel’s run theorem
[14], we demonstrate it by solving the associated partial differential equations.

Let

R,
R(z,y) == Z T;kw”yk, (3.2)
n k>0
and
Ry k(z) :=R(z, 1) = Z —r and Ry, «(y) := ZRn,ky )
n>0 k>0

In order to derive the explicit formula for R(x,y), we need to consider the recurrence relations
of the generating functions of R,, j with n or k fixed.

Theorem 3.2. For k > 1, we have
Re(e) = @+ 1) [ Ros)dtraRepa(@) + (1= 20) [ Repa@de, (33
and
Ry o(x) =e”. (3.4)

Proof. For k = 0, according to Theorem 3.1, we have R, o = 1. Therefore,

n

Ry o(z) = Z R—

n!
n>0

For k > 1, using Equation (3.1), we have
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1
R k’(m) = Z m ((Qk + 1)Rn—1,k + (TL — 2k + 1)Rn—1,k—1) z"

K
n>1

R, _ Ry_1k-1 , Ry_1k-1 ,
:(2]<:+1)Z nll’k:v”—i—zil’li)‘lx +(1—2k)271’k Ly

! (n— n!
n>1 n>1 n>1

(2k+1/R*k )dt—f—l‘R*kl 1—2k/R*k1 O

By applying the above theorem, it is straightforward to obtain the following partial differential
equation for R(z,y).

Theorem 3.3. We have

IR(z,y) IOR(z,y)

2 J) _ 1) 2= gy
oy (zy —1)—5

Proof. By the definition of R(z,y) and from Equations (3.3) and (3.4), we have

R(SL‘,y) =e’ + ZR*,k(x)yk

R(z,y) —2(y — 1)y =0. (3.5)

k>1
=t +Z</ R 1(t dt)y +Z2k</ R it dt)yk
k>1 k>1
+ xZR*7k,1(x)yk —|— (1 — 2k) </ R k—1(t) dt) y"
k>1
—e +Z</ R i(t )y +Z2k</ R it dt)
k>1 k>1
+a Y Rep(@)y = (1+2k) ( / R k(1) dt) y" !
k>0 k>0 0
=e” + / Z R k(H)y* | dt + 2y/ Z kR x(t)y™ ' | dt + zy Z R k()"
0 \i>1 0 \i>1 £>0
/ D R k(ty dt—2y/ D kR k(t)y | dt
k>0 k>0

=e +/x(7€(t y)—e)dt+/0x2yaRa(y’)dt+xyR(x,y)
—y/ R(t,y)dt — /aR((g;y)dt
:(1—y)<2y/0 aR(;ydt+/ Rtydt>+:vy72(a:y) + 1.

By taking the partial derivative with respect to x on both sides of the above equation, we obtain

OR(x,y) —(1—y) (298R(x,y) OR(x,y)

D 9 +R($,y)>+y7€(x,y)+wy o

9
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which is clearly equivalent to the desired equation. O

In fact, the partial differential equation (3.5) has a unique power series solution satisfying the
given boundary conditions.

Lemma 3.4. Let Fi(z) = 3,50 sn2™ € Q[[z]] and F2(y) = D450 siy® € Q[y]] be two power series
such that so = s,. Then the equation system

OF (x,y) OF (z,y)
Ay +zy—1) or 0 (3.6)
]:(ZL‘,O):]:l(:E), ]:(an) :]:2(3/)

Flz,y) —2(y— 1)y

has a unique power series solution F(x,y) € Q[[z,y]].

Proof. Assume that F(z,y) = > . k>0 an, k"y"* is a power series solution of the equation sys-
tem (3.6). Then substituting it into the equation system (3.6), we have

Z ap, k" y -2y —1)y Z an, kkx"y k=14 + (zy — 1) Z anﬁknxnflyk:O,

n, k>0 n, k>0 n, k>0
k 1k

E an 0" = § Spx™, E agry” = E SKY -

n>0 n>0 k>0 k>0

Comparing the coefficients of the power series, we obtain the following equivalent equation with
respect to the sequence (ap, k)n, k>0:

nan, k= 2k + a1+ (n =2k + Dap_14-1, n,k>1,
ano = $n, N 20 (3.7)
apx = s%, k> 0.

It is clear that the system of equations (3.7) has a unique sequence solution, and thus the sys-
tem (3.6) has a corresponding unique power series solution. O

Finally, we can derive an explicit formula for R(x, y). This formula provides an alternative form

of
p(z,y) = ]
’ VT —ycosh(zy/T—y) — sinh(z/1T —y)’
which was presented in [34] as the exponential generating function for n-permutations with k
increasing runs of length at least 2.

Theorem 3.5. We have

y—1
VY — Tcos(zy/y — 1) —sin(zy/y — 1)

Proof. Combining Theorems 3.3 and 3.4, we can give an explicit formula for R(z,y) by solving
Equation (3.3) and verifying the boundary conditions R(z,0) = e* and R(0,y) = 1 directly. O

R(z,y) = (3.8)

10



Patterns in multi-dimensional permutations

3.1.3 Real-rootedness

Now we discuss the real-rootedness of R, «(y). Let us review some definitions and results on the
generalized Sturm sequence. Given two real-rooted polynomials f(x) and g(x) with nonnegative
real coefficients, let {r;} and {s;} be all roots of f(z) and g(x) in nonincreasing order, respectively.
We say that g(x) interlaces f(x), denoted by g(x) < f(x), if either deg f(z) = deg g(x) = n and

Sp STy < Sp1 ST <o <81 <y,
or deg f(z) = degg(z) + 1 =n and
Tn < Sp—1 STpo1 < -0 <81 ST

Following Liu and Wang [27], let a < bx + ¢ for any real numbers a,b,c, and let f(z) < 0 and
0 < f(z) for any real-rooted polynomial f(x). Moreover, we say that f(z) is standard if f(z) =0
or its leading coefficient is positive. Let {f,(z)}n>0 be a sequence of standard polynomials. If
for all n > 0, we have f,(z) < fo+1(z) and f(x) is real-rooted, then {f,(x)},>0 is said to be a
generalized Sturm sequence. For surveys on this topic, we refer readers to Stanley [32], Brenti [6],
and Brandén [5].

Liu and Wang [27] provided a unified criterion for determining whether a polynomial sequence
is a generalized Sturm sequence, and it is useful to prove the real-rootedness of a polynomial.

Lemma 3.6. ([27], Corollary 2.4) Let {fn(x)}n>0 be a sequence of polynomials with nonnegative
coefficients with deg f,(x) = deg fn—1(z) or deg fn—1(x)+1, which satisfies the following conditions:

(a) fo(z) and fi(z) are real-rooted polynomials with fo(z) < fi(zx).
(b) There exist polynomials an(z), by (), cn(x) with real coefficients such that
fu(@) = an(z) fr-1(2) + bn(2) £, 1 () + en(2) fr-2(@).

If for all x < 0, we have by(x) < 0 and c,(x) < 0, then {fn(z)}n>0 forms a generalized Sturm
sequence.

Theorem 3.7. The polynomial sequence {Ry,, «(y)}n>0 is a generalized Sturm sequence. In par-
ticular, the polynomials R, «(y) are real-rooted.

Proof. Firstly, from Equation (3.1), we can derive the following recurrence relation for R, «(y):

Ru(y) = ((n =Dy + 1) Ru1,+(y) — 2yy — )Ry,_1 (y), forn>1, (3.9)

and the initial conditions are Ro «(y) = R1,«(y) = 1. Now by Lemma 3.6, we only need to show
that deg Ry, «(y) = L"TAJ by verifying that R, ; > 0 if and only if 0 < k < ["7711

We proceed by induction on n > 1. The base case is trivial since Ry «(y) = 1. For n > 1,
assume that R,_;; > 0 if and only if 0 < k < (%1 By Equation (3.1), we have R, ; >
(n—2k+ 1R, 1 k-1 >0for 0 <k <[] If k> [%2] + 1, then k > k — 1 > [252] > [252],
so Ry_1,, = Ry—1,k—1 = 0, implying that R, = 0. Now, assume that k = f%_ll 4+ 1. Then
R,_1.1=0. If nis odd, then k = "T_l +1, and thus n — 2k +1 = 0. If n is even, then k = § + 1,
sok—1=735> %‘2 = {"T_QJ, implying that R,_1 r—1 = 0. Therefore, Rn’[anl-H»l = 0, and this
completes the proof. O

Note that Ma [28] also presented Equation (3.9) and obtained the real-rootedness of the relevant
polynomials.
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3.2 Weakly increasing permutations in S?

This subsection is devoted to presenting some enumeration results for weakly increasing permuta-
tions in S2. Notably, we present two proofs to show that these permutations can be counted by
the Springer numbers.
We begin by providing the relevant definitions. A weakly increasing permutation is defined as
a permutation that avoids the pattern 21 (equivalently, as a permutation that avoids the pattern
21). Let
W, :=|S3(21)| = |{IT € S3 : 11 is weakly increasing}|.

We next present the following theorem, which establishes a connection between weakly increasing
permutations and permutations in S3 with & levels repeated.

Theorem 3.8. For n > 0, we have
Wo=Y 28R, . (3.10)
E>0
Proof. 1t is clear that any weakly increasing permutation can be obtained from a canonical permuta-
tion counted by R,, ;, by fixing the order of elements at the same level in 2F ways and then arranging
all elements in weakly increasing order. Summing over all possible k, we obtain Equation (3.10),
as desired. O

Let W
W(z) = Z 2"

n!
n>0
be the exponential generating function for weakly increasing permutations. We can derive an

explicit formula for W(x) as follows.

Theorem 3.9. We have

1
Wiz) = cos(z) — sin(z)’ (3:11)

Proof. By Equation (3.10), we have

k
W(x) = Z Z %aj" =R(z,2),

n>0 k>0
which yields Equation (3.11) by using Equation (3.8). O

The exponential generating function (3.11) of the numbers W, corresponds to that for sequence
A001586 in [29]. This shows that weakly increasing permutations are counted by the Springer
numbers Sy, [15, 16, 31], thus providing another combinatorial interpretation for these numbers.

Most recently, Han et al. [17] proved a conjecture by Callan that the number of up-down
permutations of even length fixed under reverse and complement are given by the Springer numbers.
Examples of such permutations are 1302, 251403 and 46570213. This combinatorial interpretation
can be seen as one of the easiest to define. The approach taken to prove Callan’s conjecture in [17]
involved deriving the following relationship between the Springer numbers and the Fuler numbers:

n—1
n—1
Sn=3_ < N >2kEk8n_k_1, (3.12)

k=0

12



Patterns in multi-dimensional permutations

where the Euler numbers FE,, are defined by the exponential generating function

n
E(z):= Z En% = secx + tan . (3.13)
n>0 '

In the rest of this subsection, we provide another proof of Theorem 3.9 by deriving the recur-
rence relation (3.15), similar to the relation (3.12). For this purpose, we introduce the following
definitions. Given a permutation m = mymy -« -, € S,%, a peak in 7 is an index ¢ such that m;_1 < m;
and w4 < m;, for 2 < i <mn—1. Let

P, = |{m € S2 : 7 has exactly k peaks}|,

and let

Pk
P(z,y) = Z %xnyk

n, k>0

After simplifying the original expression for P(x,y) in [21, Corollary 23], we obtain the following
lemma.

Lemma 3.10. ([21]) We have
V=T
Vy—1—tan(zyy — 1)

By applying the above lemma, we derive the following recurrence relation for the numbers W,,.
Considering the relation (3.12), this provides an alternative proof of Theorem 3.9.

P(z,y) = (3.14)

Theorem 3.11. Forn > 1, we have

n—1

1
W, = <” . >2kEk W1 (3.15)
k=0

Proof. For each permutation IT € S3(21), we can decompose it uniquely into two fragments. One
fragment is of the following form:

(n— 1,a1)T, (a1, ag)T, (az, CL3)T, R (ak_l,ak)T, (ag,n — 1)T, (3.16)

where the a;’s are distinct numbers. If kK = 0, then this fragment consists of exactly one element:
(n —1,n —1)”. The other fragment consists of the remaining elements of II. Both fragments are
in the same order as they appear in the original permutation II. Note that the decomposition is
unique and reversible since no two elements on the same level can be in different fragments. We
need to prove the following claim:

Claim: Given a positive integer k, the number of possible fragments of the form (3.16) is

k
Z Pk, £2£+1 )
=0

Proof of Claim. We identify the fragment in (3.16) with a permutation 7 = ajas---ax € Sg.
Then, for 2 < i < k — 1, the collection in (3.16) contains a pair on level a; if and only if a;—1 < a;

13
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and a;+1 < aj, which indicates that i is a peak in w. Thus, if 7 has ¢ peaks, then the fragment in
(3.16) contains exactly £+ 1 pairs of elements at the same level. Moreover, there are 2! ways to
determine the internal sorting of these elements. Therefore, the number of ways to form a fragment
of the form (3.16) is S35, Py 211, as desired.

In the recurrence relation (3.15), k£ denotes the number of a;’s in the first fragment, and those
entries a1, ao,...,a; can be chosen in (ngl) ways. For the second fragment, there are W,,_;_1
choices, since we can first choose a weakly increasing permutation of length n — k — 1 and then
replace 7 in this permutation, 0 < i < n — k — 2, with the i-th smallest element in {0,1,...,n —
21\{a1,...,ar}. Thus, it remains to show that for k > 1,

k

> B 2 = 2VE,
=0

by using the above claim.
On the one hand, by substituting ¢ = 2z in Equation (3.13), we obtain that

Z Ek2kx = tan(2z) + sec(2z) — 1

_ 2 tan(x) 1 — cos?(x) + sin?(z)
1 — tan?(x) cos?(z) — sin?(x)

_ 2tan(x) 2 tan?(x)

1 —tan?(z) 1 - tan?(x)

_ 2tan(x)

1 —tan(x)

On the other hand, by applying Lemma 3.10, we get
i e 2" 2 2 tan(x)
kZZI (;;PMQ ) 7 =2(P(@2)—1) = @ —2= T tan(e)’
which coincides with the exponential generating function for Ej2* and completes the proof. O

To illustrate the decomposition of a weakly increasing permutation into two fragments in the
proof of Theorem 3.11, we consider the weakly increasing permutation

0132465 ;
<2314506>ES7'

The fragment given by (3.16) is then (6,0)7, (0,2)7, (2,4)7, (4,5)7, (5,6)T, namely, a; = 0, ay = 2,
asz = 4, and a4 = 5, while the other fragment is given by (1,3)%, (3,1)7.
3.3 TUnimodal permutations in S3

This subsection is devoted to the study of the total number of unimodal permutations in S3. More
preciously, we establish a connection between this number and R,, j, and further derive the precise
formula for its exponential generating function using the results in Subsection 3.1.
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A unimodal permutation is a permutation whose vector of levels begins with several (possibly
none) ascents, followed by several (possibly none) descents. Examples of unimodal permutations

include:
342 0 1 012 3 4 41456320
14320/)’\o1234)*(023%6:5 1)

Up,={IT € SS’L : IT is unimodal}|,

and set Uy = 0. Then U,, can be expressed in terms of the numbers R(n, k), as stated in the next
theorem.

Theorem 3.12. For n > 1, we have

Up=> 2" Ry 4. (3.17)
k>0

N )

Let

Proof. Note that any unimodal permutation in S3 must include the element II; = (n — 1,n — 1)T,
for some ¢, 1 <4 < n. Then it suffices to choose the elements on both sides of II;, ensuring that
the levels of the elements on the same side are distinct. As in the proof of Theorem 3.1, we treat
two elements at the same level as a pair. To determine the number of unimodal permutations II in
S3. we count the possible arrangements of n — 1 elements to the left and to the right of II;.

Suppose that the number of pairs of elements at the same level is k, with £ > 0. Then, we need
to arrange the two elements of each pair on opposite sides of the element II;, providing us with 2%
choices. Following this, we need to decide how to arrange the remaining n — 1 — 2k elements, which
gives us 2" 172k choices for their placements. In this way, to obtain n — 1 elements with exactly k
pairs, we first select a set of elements with k pairs that can form a permutation II € S3_; in Ry 1k
ways. Thus, the total count becomes 2”*’“*1Rn_17k.

Summing over all possible k, we obtain Equation (3.17). O

Let

n>0
Then we can derive an explicit formula for U(z) by applying the above theorem together with
Theorem 3.5.

Theorem 3.13. We have
1 1
U(x) = — | arcsinh —arcsinh(1) | . 3.18
(=) V2 ( (sinh (arcsinh(1) — ﬁx)) ( )) (3.18)

Proof. Using Equation (3.17), we have

U(z) = Z % Z 2"_]‘7_1Rn,17kx”

n>1" k>0

= R0 (;) k

n>1 k>0
[r(al)a
0 2
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Using the expression for R(z,y) in Equation (3.8), we have
1

/0 i cos(v/2ti) — v/2sin(v/2ti)

U(z) = dt

z 1
=), st

r 1
- /0 cosh(v/2t) — /2sinh(v/2t) a

v 1
- /0 sinh(arcsinh(1) — ﬂt)dt?
where the third and fourth equalities hold since
cos(it) = cosh(t), sin(it) = isinh(¢), and sinh(¢ + s) = sinh(¢) cosh(s) + cosh(¢) sinh(s).
Let T = arcsinh(1) — v/2t, then we have

1 [ cosh(T)
Ulz) =—— ar
V2O sinb? (1), eosh? (1) simi (1)
1 x cosh(T) AT

V2Jo sinn?(T),/1/ sinh(T) + 1

On the other hand, if we let

1 ) 1 .
F(x) = 7 (arcsmh <sinh (arcsinh(1) — ﬂw)) - arcsmh(l)) ,

then by differentiating F'(x), we obtain

cosh (arcsin(1) — v/2z) ‘
sinh? (arcsin(1) — v/22) \/1/ sinh? (arcsin(1) — v22) + 1

From the above derivation and verification of the initial values (i.e., F(0) = U(0)), we conclude
that U(z) = F(x). This completes the proof. O

Fl(z) =

By Theorem 3.13, we can deduce that the numbers U, correspond to sequence A104018 in [29],
thereby providing the first combinatorial interpretation for this sequence.

3.4 Hoe permutations in S¢

In this subsection we consider a subclass of d-dimensional unimodal permutations, which we call
hoe permutations.

We define IT € S? as a hoe permutation if 11 is unimodal and has exactly one descent at position
n — 1. For instance, the permutations

103 2
0124563 € S2, <(1) g g i i’)esgand 023 1|es;
1230
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are all hoe permutations. Note that any such IT must contain the element (n —1,...,n —1)7. Let
H, 4= |{lT € S¢: 1 is a hoe permutation}|.
We can then derive the following explicit formula for H,, 4 in a combinatorial way.

Theorem 3.14. Forn > 2 and d > 2, we have

n—2

Hya=Y <2d—1 - 1)k. (3.19)

k=0

Proof. We first consider the case of d = 2, where a 2-dimensional hoe permutation of length n is
just an ordinary permutation with exactly one descent at position n — 1. There are n — 1 choices
to obtain this, coinciding with Equation (3.19).

Next, for d > 3, we claim that the numbers H,, 4 satisfy the following recurrence relation:

Hyg=1+ @7~ 1)H, 1 4 (3.20)

Indeed, to obtain a hoe permutation II in Sff, we can insert the element C = (n —1,...,n — 1)T
between the two rightmost elements of a permutation II’ in Sff_l, where the first n — 2 elements
are strictly increasing. It is now sufficient to count the number of such II”’s in S¢_;. Note that
there are three cases for the patterns formed by the two rightmost elements in IT"’s. If they form
an ascent, then II' is strictly increasing, which counts as 1. If they form a descent, then IT' is a
hoe permutation, counted by H,_1 4. Otherwise, these elements must form a plateau. Since all
occurrences of “n — 2” must be in the two rightmost elements of II’, such a permutation can be
obtained from a hoe permutation by freely swapping the entries of the two rightmost elements
within the same rows, except that swapping the entries in all rows or not swapping at all is not
allowed. Thus, there are (2“1_1 — 2)H,,_1,4 such II"’s in this case. Combining these three cases, we
obtain Equation (3.20).
Rewriting Equation (3.20) as

1 _ 1
Hn,d + m - (2d 1 - 1) <Hn_17d + 2(1_1_2> 5 (321)

then {H,, 4+1/(2971 —2)},>2 is a geometric progression with the initial value Hy q+1/(2¢71—2) =
1+1/(2%71 — 2). After simple computation, we have

Ho .= (2d—1 _ l)n—l -1
" (2¢-1—1)—1 "’

which coincides with Equation (3.19), and this completes the proof. O

The following special cases match sequences in the OEIS [29]:

d=3: H,3="7-1 [29,4003462]
d=4: Hys=T"3=1 [29,4023000] 5.22)
d=5: Hys=12"7=1 [29, 4135518
d=6: Hue="3"5"1 [20, A218734]
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Notably, for d = 4,5, 6, we provide the first known combinatorial interpretations for the respective
sequences. Additionally, one of the known combinatorial interpretations in A003462 is related to the
number of triangles in Sierpinski’s triangle, while in Subsection 4.4, we will introduce the numbers
|M3+3|, which is linked in [29, A002023] to Sierpinski’s tetrahedron (i.e., to the number of edges in
the (n — 2)-Sierpinski tetrahedron graph).

3.5 (d— 1)-plateaux among permutations in S¢

In various parts of the permutation patterns literature, researchers are interested in the total
number of occurrences of a specific pattern in all permutations (often under certain restrictions)
in S,,. For example, see [7, 13] and references therein. In this subsection, we derive the explicit
formula for the total number of (d — 1)-plateaux among all permutations in SZ.

Theorem 3.15. Letn, d > 2. If n > d— 1, then the total number of (d — 1)-plateaux (occurrences
of 11...1 with d — 1 17s) among all permutations in S? is given by

(n—d+2)(d—1)!((n—d+1)!) dlz (0,d—2)) (3.23)

where A(m, k) represents the arrangement number:

Alm, k) = (mmf!k)p if 0 <k <my
R otherwise.

Proof. Suppose that the elements of a (d — 1)-plateau are on level ¢ for some 0 < ¢ <n — 1. It is
clear that for this (d—1)-plateau, there is exactly one ¢ in each row, and there are (d—1)! choices to
decide the internal ordering of these ¢’s. After that, we need to choose the remaining d — 2 entries
from the set {0,1,...,¢ — 1} and this contributes to (A({,d — 2))9~!. Summing over all possible /,
we can obtain that there are (d — 1)! Z?:_ol (A(L,d —2))*! choices for such a (d — 1)-plateau.

To complete the construction of a (d,n)-permutation, we still need to arrange the remaining
elements with ((n — (d — 1))1)%! choices, and then insert the (d — 1)-plateau into these elements
n (n—(d—1)+1) ways. Consequently, we obtain Equation (3.23). O

In the three-dimensional case, it is straightforward to calculate the total number of plateaux
(occurrences of 11) among all permutations. Moreover, we can obtain the total number of ascents
and descents in this case.

Corollary 3.16. Let n > 2. The total number of plateauz among all permutations in S is given

by
— I(n —1)!
(2n — 1)nl(n 1).. (3.24)
3
The total number of ascents (the same as descents) in S2 is given by
2 Dnl(n —1)!
(3n® —5n+ 1)nl(n —1) ' (3.25)

6
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Proof. Set d =3 in Equation (3.23) to obtain

n—1
(n—1)((n—2)1)%> 217,
£=0

which coincides with Equation (3.24) by substituting

n—1

262 _ (n—1)n(2n —1)

(=1 6
For the second assertion, considering the reversal of all permutations in S3, we observe that the
total number of ascents equals the total number of descents. Therefore, twice the total number of
ascents plus the total number of plateau equals (n — 1)(n!)2, which represents the total number of
consecutive pairs of elements in S3. Thus, the total number of ascents is given by

1 (2n — 1)nl(n — 1)!
5 (- puy? - E2= =il

This completes the proof. O

4 levSum: levels defined by sums

In this section, we introduce the definitions of minimal, maximal, minimax, and c-bounded per-
mutations. These concepts are mostly trivial under levMax, while they lead to several interesting
results under levSum. The common combinatorial objects in these two definitions of levels are the
occurrences of patterns across all permutations.

4.1 Minimal permutations

In this subsection, we examine the minimal permutations and explicitly determine their maximum
levels by presenting a construction of specific examples.

We first provide the definition of minimal permutations for any level definition. For any d > 2,
we let mg, = min{levelp. (1) : II € S} and My, = {II € S¢ : levelpax(II) = mg,}. The
permutations in My, are called minimal permutations or minimal (d,n)-permutations when we
want to emphases the dimension and length of minimal permutations.

The notion of a minimal permutation is trivial for levMax, as in this case My, = Se. Moreover,
the notion of a minimal permutation is trivial for levSum when d = 2 because ma, = n — 1,
meaning that each permutation is minimal. Therefore, M, = S2 = S, in this case, with n! such
permutations. On the other hand, for levSum and d = 3, it is easy to see that each minimal
(3, n)-permutation must be a permutation of the columns of

0 1 oo n—1
X3’"_<n—1 n—2 ... 0 > (41)

and hence the number of minimal (3, n)-permutations in this case is again n!. The situation becomes
more complicated for levSum when d > 4. We are able to determine m, ,, for levSum in the general
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case by constructing classes of minimal permutations, but we have been unable to find the exact
cardinality of Mg, in the general case.

A special case is that the size of C(My 25+1) corresponds to sequence A002047 in [29], which has
several combinatorial interpretations, including essentially our minimal permutations (by subtract-
ing k from each entry in our permutation, one obtains an object in [29, A002047]). No formula is
listed in [29, A002047], suggesting that enumerating minimal permutations might be challenging.

In the case of d > 3, we derive the explicit formula for mg, under levSum, as stated in the
following theorem.

Theorem 4.1. We have mq, = [W-‘ forallm >1 and d > 3.

Proof. We begin by finding a lower bound for mg,. Note that all entries in each row of a permu-

tation 1I € Mg ,, sum up to n(n2—l)7 hence the total sum of all entries in II is
—1)(d—1
nin 2)( ) = levSum(II;) + levSum(Ily) + - - - 4 levSum(II,,),
which is less than or equal to n - mg,. Thus, we have
d—1 —1
mgy > G- D01 >2(” ). (4.2)

Next it suffices to show that there exists a (d,n)-permutation II such that levSumpax(II) =
[%—‘ foralln>1and d > 3.

We have already presented the permutation X3, in (4.1), whose elements are all at the same
level [%W and the case of n = 1 is trivial, so we assume that d > 4 and n > 2. By letting

the second row be a cyclic shift of the first row to the left by k£ entries for £ > 1, and filling in
the third row such that the sum of each column becomes 3k, we obtain a proof of the claim that

Mokl = {%-‘ — 3k:
0 1 oo k=1 k k+1 ... 2k—1 2k
Yiort1 = kK k+1 ... 2k—1 2k 0 . k=2 k-1
2k 2k—2 ... 2 0 2t—-1 ... 3 1

Using a similar construction as for Yy o541, we prove the claim that my o, = [%W =3k—1:

0 1 ... k-1 ko k+1 ... 2k—2 2k—1
Yior=| k-1 k... 2k-2 2%k—-1 0 ... k=3 k-2
2k—1 2k—3 ... 1 0 2k—2 ... 4 2

Now, if d = 2s + 1 for s > 1, then we can take s copies of X3, from (4.1) and stack them on top
of each other to obtain the desired result. On the other hand, if d = 2s for s > 2, and n = 2k + 1
(resp., n = 2k), we take Yy op41 (vesp., Yaor) and s — 2 copies of X3 9541 (resp., X39x) and stack
them on top of each other to obtain the desired result. ]

Remark 4.2. Note that by permuting rows and columns in our constructions in Theorem 4.1, one
can obtain many more permutations in Mg,. Additionally, more such permutations in Mgoy, can
be obtained by swapping 2k — 1 with 2k — i + 1 in the last row of Yy o, fori=3,5,...,2k -1, and
then permuting rows and columns of these permutations.
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The set CPg,, of complete-plateau permutations is defined as

{IT € §¢ : level(IT;) = £ for 1 <4 < n and fixed £} = {Il € S¢ : 11(7) =n — 1}.

n(n-1)(d-1) _ nl.

Under levSum, using our arguments in the proof of Theorem 4.1, we deduce that 3

Therefore,
(n—1)(d-1)

2
is uniquely determined. Since £ must be an integer, at least one of n or d must be odd. Moreover,
we have levSum(Il;) = ¢ = mq,, for all 1 <14 < n, which implies that CPg,, € Mg,. In fact, the
following corollary establishes that

€:

CPy, = { Mgy, if either n or d is odd;

a, otherwise.

Corollary 4.3. Let n > 1, d > 2 and either n or d is odd. A (d,n)-permutation II is in Mg, if
and only if 11 is a complete-plateau permutation with all levels of its elements being mq.r,.

Proof. The sufficiency is clear, and we assume that II € M,, for the necessity.

Because either n or d is odd and II € My ,, we have levSum(Il;) < mg, = [ww =

W for 1 <i < n. If there exists some element, say II;,, such that levSum(II;,) <

then the total sum of all entries in II is M = levSum(Il;) + - - - + levSum(IL;,) + --- +

levSum(IL,) < n - &2@_1), a contradiction. O

In general, it is challenging to construct all minimal permutations, even under the complete-
plateau condition. Here, we only give some sufficient and necessary conditions for minimal (4, 2k +
1)-permutations in shift forms.

Theorem 4.4. Let n > 1, d > 2 and either n or d is odd. Given sg,ss3,...,8q € {1,2,...,n —1}
and 72, 73,... ;7 € {0,1,...,n — 1} such that ged(s;,n) = 1 for all i, a (d — 1) x n array of
numbers can be defined by

II= {7T }2<'L<d’
1<j<n

where Wé =7l +j-s; (modn). Thenll is a (d,n)-permutation (omitting the first row). In particular,

let d =4 and n =2k + 1 with k > 1. Assume (w.l.o.g.) that so =1 and 72 =n — 1.
(a) If s3 =1, then Il € My, if and only if s4 =n — 2, (73, 72) = (k —1,1) or (k,0).

Tl’ n

(b) If s3 =k, then Il € My, if and only if sy = k, (7} (0,k) or (k,0).

’IL7 n)

Proof. We first show that the array II defined above is a (d, n)-permutation. Since ged(s;,n) = 1,
there exists a j = s; ' (2 — m%) (modn) such that 7 =z for any z € {0,1,...,n — 1}. Therefore,
we have II € S4.

Claim. If IT € My ,, then Zf o T =mg, and fo 58 =0 (modn).

Proof of Claim. By Corollary 4.3, we have 5% = levSum(Il,) = mg, and

z2n

d d d
mq,n = levSum(Il;) = Z =) (7l +s) =man + Z s; (modn),
=2 =2 =2
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which gives the desired result.
Now we are in a position to prove the rest of this theorem. Note that for k = 1 (n = 3)
statements (a) and (b) are consistent.

(a) For sufficiency, verification is straightforward. To prove necessity, assume that II € My ,,.

By the above claim, we have n | (s2 + s34+ s4) = 2+ s4, S0 4 = n — 2, which is co-prime with
n since n is odd.

Because s = 1 and 72 = n — 1, we have 7T]2- =j—1for 1 <j<n. Now, we only need to

choose (W?,’/T;l) such that 3k = my,, = 7T? 4—7?51 +j—1 for all j. Hence, 0 < 7r]3 <3k—(j—-1).
Note that

3
J

{ T+ 4, 1<j<n—1-—m3

B 4+j—n, n—m <j<n.
Therefore, in the case of j =n — 1 — 7> and j = n, we have
wiiliwg =mi4n—1-m<3k—-(n—-1-7—1);
{ 73 <3k —(n—1).
Finally, we obtain that 73 equals to k — 1 or k, and the item (a) is proved.

(b) For sufficiency, we only need to verify the case of (73, 72) = (0,k), as the other case can be
obtained by swapping the last two rows of II. In fact, if s3 = s4 = k and (73, 72) = (0, k),
then we have

3 {Qk—j;, if j is even;

T = i1 e ;L
k—15=, if jis odd;

and T

{ k-1, if j is even;
J

2k — 151, if j is odd.
A straightforward verification shows that II € My 4.

Conversely, assuming that 11 € My 4, we get s4, = k and 0 < 775-’ < 3k — (57— 1) in the same
way as in (a). In particular, 0 < 7r;31 < kand 0 < 7r;31_1 <k+1 If0o< 7T2 < k — 1, then
k+1>n2 | =73 —k+n. Hence, 73 = 0 or k, and this completes the proof. O

For an illustration of the construction of the shift-form permutations in Theorem 4.4, see the
following example.

Example 4.5. Let d =4, n =5, (72,73, 7}) = (4,0,2) and (s2, s3,54) = (1,2,2). Then the array
| 012 3 4

D= {ri}ecica=(2 413 0|, (4.3)
1S=n \4 13 0 2

where 7'(‘;- =7l +j-s; (modn), is indeed a minimal (4,5)-permutation.

Remark 4.6. In the case of d = 4, computer experiments show that all elements in My 3 and My 5
can be constructed using the method given in Theorem 4.4. However, there exist other permutations
in My, for example,

0123
M={6 415 € My7.
346 1

Tt O =~

)
2
2

S W o
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4.2 Maximal permutations

In this subsection, similar to the previous one, we define maximal permutations and further deter-
mine their minimum level. Besides, we also establish several connections between these maximal
and minimal permutations.

For any definition of level, let m} =~ = max{levely,(II) : I € S¢}. A mazimal (d,n)-permutation
is a (d,n)-permutation IT whose minimal entry in level(II) is mj . We denote by Mj , the set of
all maximal (d, n)-permutations, i.e., My, = {ll € S 2 levelyn (IT) = my .}

For levSum, the case of d = 2 is trivial and we have m3, = 0 and M3, = S,. For d = 3, it is
obvious that mg, = m3, and Mj, = M3, . For d > 3, we have the following result.

Theorem 4.7. We have that m:}m = LWJ foralln>1 and d > 3.

Proof. We start by presenting an upper bound for m} . Similar to the proof of Theorem 4.1, we

n(n—1)(d—1)
2

have > n-my, for any II € M . Consequently,

(d=1n—1)

> (4.4)

*
md,n <

The remaining proof follows precisely the same steps as those in the proof of Theorem 4.1, where the
minimal entries of the level vectors of (d, n)-permutations constructed are exactly LWJ . O

Now, we are ready to study the set M, . The case of n = 1 is trivial. For n = 2, the set M},
coincides with the set M9, as shown in the next corollary.

Corollary 4.8. If n =2 and d > 2, then MC’Z2 =Mgs.

Proof. f Il € Mj,, then we can assume that levSum(Il;) = mj, = L%J Since the sum of

levSum(I1;) and levSum(IIy) is the total sum of all entries in II, i.e., levSum(Il;) + levSum(Ily) =

d — 1, we have that levSum(Ily) = [%] = Mg, implying that Il € Mgs. Hence, M7, C M.

Justifying that Myo C M}, can be done similarly. O

If either n or d is odd, not only do we have Mj = M,,, but also the following stronger
conclusions can be derived.

Corollary 4.9. Letn > 1, d > 2. If either n or d is odd, then
(a) m:;,n = Mdn-
(b) I € My, if and only if levSum(Il;) = mj,, for 1 <i<n.
(c) My, = Mgp.

Proof.

(a) Since either n or d is odd, we have mj , = Vdil)énfl)J = (dfl)énfl) = Pdil)("fl)

2 —‘ = Mg n-

(b) We can follow exactly the same steps as those in the proof of Corollary 4.3, replacing Mg,
with Mj, , mg, with m} , > with <, < with >, and the ceiling function with the floor
function.

n’
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(c) It follows from (a), (b) and Corollary 4.3. O

Remark 4.10. In general, M;yn may differ from Mgy,. For example, consider the permutation
1 2 0 3
m=(10 3 2 |es], (4.5)
3120

where we find levSumpax(II) = 5 = my 4 and levSump,(II) = 3 < 4 = my 4. Therefore, 11 is a
minimal permutation but not a maximal one.

While M}, and Mg, can differ, we can always construct a bijection between these two sets.
Therefore, M, and M, are equinumerous.

Theorem 4.11. We have that | M |Mgp| for alln >1 and d > 2.

7”‘

Proof. 1t is sufficient to present a bijection between My, and Mg,,. Consider the map ¢ : Sd - gd

such that ¢(II) is obtained from IT € S? by taking the complement of each row in II (replacing an
entry i in a row by n—1—i for all 7). Clearly, ¢ is a bijection. We only need to show that ¢(II) € My,
for any Il € My, and ¢~ 1(I) € Mj,, for any II € Mgy,. Given a maximal (d,n)-permutation II,
we have levSum(Il;) > m};, and there is an element, say Il;;, such that levSum(IL;)) = m}; . Then

)

we have levSum(¢(I);) = (n — 1)(d — 1) — levSum(ll;) < (n — 1)(d — 1) —mj,, = m4n ,(the last

equality follows from Theorems 4.1 and 4.7) and levSum(¢(Il);,) = mgy, so ¢(1I) € Mg,. It is
analogous to prove that ¢~1(II) € Mj, if II € Mgy, so we omit the proof. O

We next give an example to illustrate the map ¢ in Theorem 4.11.

Example 4.12. Let II be the minimal permutation in (4.5). Then the permutation

€ S,

o(Il) =

S NN

1 3
3 0
2 1

W = O

where levSumpmax (¢(II)) = 6 > my 4 and levSumpyiy (¢p(11)) =4 = mj 4, s a mazimal permutation
but not a minimal one.

4.3 Minimax permutations

In this subsection, we explore the equivalent conditions for minimax permutations, which are defined
as permutations that are both minimal and maximal.

We call a (d, n)-permutation a minimaz (d, n)-permutation if it is both minimal and maximal.
Let MJ, denote the set My, N M}, which consists of all minimax (d,n)-permutations. Clearly,
for levMax, we have M7 = Mj, . However, under levSum, the situation is more complex. Corol-
laries 4.8 and 4.9 implyvthat Msn = Mg, = M}, if n =2 or if at least one of n or d is odd. A
complete classification of minimax permutations is given by the following theorem.

Theorem 4.13. Let n > 1 and d > 2. A (d,n)-permutation Il is a minimaz permutation if and
only if one of the following two conditions holds:

(a) mayn =m), and all elements of I are on level mgp;
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(b) mg, = mfl,n + 1 and there are 5 elements on level m:,qn and % elements on level mgq,, in IL.
Proof. 1f either n or d is odd, then mgy, = mz’n and the statement follows from Corollary 4.9.
Assume that n and d are even with n = 2s for s > 1. Then we have mg, = m}, +1. The
sufficiency is evident by the definition of a minimax permutation. For the necessity, assume that
IT € M3, . Since m}, = levSumy,, (II) < levSumyax(II) = mg,,, the level of each element of IT is
either 77%2 »n OF mdm., Now we only need to show that the numbers of elements on levels mj;, and
Mg, are as claimed. Suppose that there are s —t elements on level m;, and s+t elements on level
mgqn for an integer ¢ # 0. Considering the total sum of all entries in I, we have s(2s—=1)(d—1) =
(s —t)my,, + (s +t)man = s(my,, +man) +t(man —my,) =s(2s—1)(d—1)+t # s(2s—1)(d—1),
which is a contradiction. O

Note that the permutation given in (4.3) is, in fact, a minimax permutation. Furthermore, all
minimal (4, n)-permutations constructed in Theorem 4.4 are minimax permutations, since mg, =
m(’;’n for odd n > 3.

4.4 c-bounded permutations

This subsection is devoted to the introduction of the c-bounded permutations. We present the
connections between these permutations and other combinatorial objects in the OEIS [29], along
with a formula that unifies them within the same context.

For any II € S¢ and definition of level, levelya, (IT) > Mg, Introducing a cap ¢ > 0 to the level
of permutations in S¢, we obtain the set of c-bounded (d, n)-permutations:

Mig ={Ile S?: Mapn < levelmax (II) < mg, + c}.
Note that the condition levelyax(II) > myq,, is trivial, so we have the equivalent definition
Mjfl = {IT € S : level(T;) < mg,, +c, forall 1 <i <n}.

Clearly, for ¢ = 0, M;g = Mg,,. For general cases, see the following theorem for the exact
cardinality of M;"C.

Theorem 4.14. We have |M§rﬁ| =cl(c+1)"n! forall0 <c<mn-—1.

Proof. We only need to show that the number of ways to choose elements of IT € S is c!(c+1)""¢
the rest will be given by permuting the elements in n! ways. W.l.o.g., mins...m2 =01...(n — 1).

Consider the element (n — 1,72)7. Since levSum(Il,,) < n — 1 + ¢ and hence 73 € {0,1,...,c},
there are ¢ + 1 choices for 73. Fix 3 and consider the element (n — 2,72 ;). Since 73 | # 73
and 7rg_1 € {0,1,...,c+ 1}, again, we have ¢ + 1 choices for Wi_l. Fix 71'2_1 and consider the
element (n — 3,75 _,)T. Since 72_, # 73 and 73 _, # 7 _; and 75 _, € {0,1,...,c+ 2}, again, we

have ¢ + 1 choices for 72_,. And so on until we fix the element (c, 72 +1)T. The number of choices
for (¢ — 1,72)T will then be ¢, for (c — 2,73 ;)T it will be ¢ — 1, and so on until we will make the
unique choice for (0,73)7, completing our proof. O

Interestingly, in the case of d = 3, Mgr Tll gives a new combinatorial interpretation for the sequence

A002866 and Mgr 3 introduces a previously unknown combinatorial interpretation for the sequence
A052700 in [29].

25



Patterns in multi-dimensional permutations

Removing n! (i.e., scaling by n!) and considering a canonical representation of permutations in
question, we obtain c!(c + 1)"~¢ objects. The formulae for ¢ = 0 and ¢ = 1 are trivial and simple,
respectively. For ¢ =2, ¢ =3 and ¢ = 4, but not for ¢ =5, we also get matches in the OEIS [29].

e For ¢ = 2, |C(M;72L)| = 2.3""2 given by sequence A008776 in [29]. There are several
combinatorial interpretations of these numbers, for example:

— Compositions of n — 1 where there are two types of each natural number, say, barred
and non-barred. For instance, the 6 compositions of 2 are {2,2,1+1,1+1,1+1,1+ 1}.

— Functions f : {1,2,...,n — 1} — {1,2,3} such that for fixed x € {1,2,...,n — 1} and
fixed y € {1,2,3}, we have f(z) # y.

o Fore=3,| C(Mgrf;’)] = 6-4"73, given by sequence A002023 in [29]. The known combinatorial
interpretations are related to the Sierpinski tetrahedron, also known as tetriz. In particular,
the sequence counts the number of edges in the (n — 2)-Sierpinski tetrahedron graph.

e For ¢ =4 and \C(Mgrfm = 24 - 574 given by sequence A235702 in [29]. This sequence is
related to the Pisano periods, which are periods of Fibonacci numbers modulo n. However,
our objects give the first (direct) combinatorial interpretation for these numbers.

Once again, we offer new combinatorial interpretations that unify sequences A008776, A002023 and
A235702 from [29].
4.5 k-plateaux among permutations in S3

This subsection is devoted to the enumeration of occurrences of k-plateaux in all (3, n)-permutations
for all 2 < k <n.

We begin by giving some definitions and notations. For any n > 1, d > 2, and 0 < ¢ <
(n—1)(d —1), let eq ¢ denote the number of distinct elements on level £ among all permutations
in Sg, and let Eg, ¢ be the set defined as

{(xl,xg,...,:cd_l)EZd_l:x1+x2+-~+xd_1:€and0§xi§n71forlgigdfl}.

In what follows, for a function f(x), [x"]f(z) denotes the coefficient of ™ in the Taylor expansion
of f(x) around 0. The next lemma provides several basic properties of eq, ¢. Since these formulae
can be derived through technical manipulations, we omit their proof here.

Lemma 4.15. We have
Loond—1
(8) eane = Banel = 2] (252)
(b) edne = €an,(d-1)n-1)-¢ for 0 <L < (n—1)(d—1).

(c) eame= (5137 for0<t<n—1.

To study the occurrences of patterns in all (d, n)-permutations, we need to examine the repeti-
tion of each element, as described in the following proposition.

Proposition 4.16. Each element occurs n!((n — 1)1)4=2 times among all (d,n)-permutations, and
the number of elements on level £, where 0 < £ < (n — 1)(d — 1), among all permutations in S? is
nl((n = 1N 2eq e
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Proof. 1t is sufficient to prove the first assertion. First, note that the elements are uniformly dis-
tributed among all permutations in S¢. Indeed, for any elements (21, ...,24_1)" and (y1,...,ya-1)",
we can consider a bijection on Sff that swaps, in each row i of each permutation, z; and y;.
Now, the number of distinct elements is n?~! and the total number of elements in S¢ is n(n!)
Since the elements are uniformly distributed, each distinct element occurs n(n!)?=! /n4=t = n!((n—
1)1)4=2 times. O

d—1

Using a similar approach as in Theorem 3.15, we obtain the following formula for the total
number of k-plateaux, where A(n, m) is defined as previously.

Theorem 4.17. Let n > 2 and 2 < k < n. The total number of k-plateauz (occurrences of 11...1
with k 1’s) among all permutations in S2 is given by

n—2
n! (L4 1)!
—k+Dn—-K!| ——+2 —]. 4.
(n—k+Din—k) <(n—k)!+ ezk;l(zﬂ—k)!) (46)
Proof. First, we show that there are

2(n—1)

> Alesne k) (4.7)

=0

distinct k-tuples of elements counted as k-plateaux in permutations. To obtain a k-plateau tuple
occurring in some permutations, we simply need to choose k different elements at the same level
in order, ensuring they have distinct entries in each row. Thus, there are A(es, s, k) k-plateau
tuples on level £. (Note that this observation cannot be extended to d > 3 because then we cannot
guarantee that the elements in each row in k tuples selected from Ey ,, ¢ are distinct.) By summing
over all possible levels, the assertion is proven.

Next, we compute the expression (4.7) by using Lemma 4.15.

2(n—1) n—2 2(n—1)
Y Alesnek) = Alezne k) + Aleznn-1,k) + Y Alezns k)
=0 /=0 {=n
n—9 2(n—1)
= Z A<€3,n,Z7 k) + A(63,n,n—1u k) + Z A(63,n,2(n71)7€7 k)
£=0 l=n

n—2
- A<63,n,n—17 k) +2 Z A(eS,n,b k)
=0
-2
n! K (+1)!
HECRERD (e(+ 1 —)k)"
’ (=k—1 )

Finally, we need to demonstrate that any k-plateau tuple occurs in (n—k-+1)((n—k)!)? different
permutations. This is because, when constructing a permutation with a fixed k-plateau tuple, we
have (n — k+ 1) choices for the position of the k-plateau tuple and ((n — k)!)? choices for arranging
the remaining entries. O

By applying Theorem 4.17, we can derive the following result for (3,n)-permutations, which
surprisingly coincides with Corollary 3.16.
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Corollary 4.18. Let n > 2. The total number of plateaux (occurrences of 11) among all permuta-
tions in S is given by
(2n — 1)nl(n —1)!

4.8
- (43)
The total number of ascents (the same as descents) in S2 is given by

(3n% — 5n + 1)nl(n — 1)!_ (4.9)

6

Proof. The expression (4.8) is obtained by substituting k with 2 in (4.6).
For the second assertion, the proof follows the same reasoning as in Corollary 3.16, and this
completes the proof. ]

5 Conclusion

We conclude our paper with several open problems related to the most interesting results of our
studies.

Under levMax, we give a new combinatorial interpretation for the Springer numbers by intro-
ducing weakly increasing 3-dimensional permutations. However, our two methods rely on certain
known generating functions and are not purely combinatorial. Since the Springer numbers have a
rich background and numerous combinatorial interpretations, it is natural to consider whether there
exist bijections between the weakly increasing 3-dimensional permutations and the combinatorial
objects counted by the Springer numbers. In particular, the following question is of interest.

Problem 5.1. Find a bijective proof of Theorem 35.9.

Under levSum, we examine the maximal levels of minimal permutations. Through a special
construction, we characterize certain 4-dimensional permutations of odd length as minimal per-
mutations, as described in Theorem 4.4. Interestingly, all elements of each minimal permutation
under this condition must share the same level. However, enumerating these minimal permutations
presents a significant challenge.

Problem 5.2. Let d =4 and n be an odd integer. Find an explicit formula for the numbers |[Mg, p|.

Although many enumerative results for the same patterns under levMax and levSum differ,
Corollaries 3.16 and 4.18 yield the same total count of plateaux across all permutations in S2. This
observation leads to the following problem.

Problem 5.3. Find a bijection between the plateaur under levMax and levSum in all (3,n)-
permutations.

Throughout this paper, due to the complexity of handling high-dimensional permutations, we
focus primarily on enumerative results for the 3- and 4-dimensional cases. Extending these results
to permutations of higher dimensions is a natural next step. Additionally, as another direction for
further research, one could explore alternative definitions for the level of an element in a multi-
dimensional permutation and extend the enumerative and structural results presented in this paper
to these new definitions.
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