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Some distributions on increasing and flattened permutations

JEAN-LUC BARIL AND JOSE L. RAMIREZ

Abstract. We examine the distribution and popularity of different parameters (such as the
number of descents, runs, valleys, peaks, right-to-left minima, and more) on the sets of
increasing and flattened permutations. For each parameter, we provide an exponential gen-
erating function for its corresponding distribution and popularity. Additionally, we present
one-to-one correspondences between these permutations and some classes of simpler combi-
natorial objects.
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1. Introduction and notation

Let &,, denote the set of permutations of [n] := {1,2,...,n}. For convenience,
we define & as the singleton set consisting of the empty permutation €, and we
set & = J,;»0 ©n. A permutation 7 € & can be written in one-line notation as
the word ™ = my7s - - - T, where m; = (i) for 1 <4 <mn, and it is represented
by the empty word (also denoted ¢€) if 7 € &y. We denote the length of =
by |r|. Given a sequence of distinct integers a = ajas - - - ay, the reduction a,
denoted red(a), is the unique permutation in &,, order-isomorphic to a, and
the domain of a, denoted dom(a), is the set {aj,as,...,a,}. For instance, if
a=3614 then red(a) =24 1 3 and dom(a) = {1, 3,4, 6}.

Let m = mymo -+ -, € &, A walley in 7 is an index ¢, where 2 </ <n—1,
such that my_1 > my < meyr1. The height of a valley is given by the image
of its index, that is m,. The number of valleys in 7 is denoted by val(m).
Analogously, we define the peak statistic. A peak in 7 is an index ¢, where
2 < ¢ < n-—1, such that my_y < m > meq1. The number of peaks in 7 is
denoted by peak(w). We say that 7 has an ascent (resp. descent) at position
Cif mp < mpq1 (vesp. mg > mpq1), where £ € [n]. The number of ascents and
descents of 7 is denoted by asc(7) and des(w), respectively. Clearly, if 7 € &,
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TABLE 1. Permutation statistics.

val(m) number of valleys of run(7w) number of runs of 7

()
des(7) number of descents of 7 asc(m) number of ascents of 7
rim(7) number of right-to-left minima of = peak(7w) number of peaks of 7

then we have des(r) =n — 1 — asc(w). A run in a permutation 7 is a subword
TeTe41 " TetrsTotst1, where £,0 +1,... 4+ s are consecutive ascents. The
number of runs of 7 is denoted by run(w). A right-to-left minimum of 7 is an
entry m; such that if j > 7, then m; < 7;. The number of right-to-left minima
of 7 is denoted by rIm(w). All these parameters are summarized in Table 1.

In this paper, we focus on the distribution of the aforementioned permu-
tation statistics within two families of permutations: increasing and flattened
permutations.

A permutation 7 is called increasing if the heights of its valleys form an
increasing sequence from left to right. For example, in Figure 1, we illustrate an
increasing permutation of length 9, with the valleys marked in red. We denote
by Z the set of all increasing permutations, and by Z,, the set of those of length
n. This concept has also been studied in the context of other combinatorial
structures. One of the earliest works was by Barcucci et al. [2] in the context
of Dyck path. For example, they prove that the number of Dyck paths of
length 2n, where the heights of their valleys form a non-decreasing sequence,
is given by the Fibonacci number Fj, 1 (see also [9,13]). This concept was
later extended by Flérez and Ramirez [14] for Motzkin paths. Flérez at al.
[15] also studied this concept in the context of integer compositions, showing
connections with unimodal compositions.

A permutation 7 is called flattened if it consists of runs arranged from left
to right, with the first entries of each run in increasing order. We denote by
F the set of all flattened permutations and by F,, the set of those of length
n, and we clearly have F,, C Z, for n > 1. For example, the permutation
m=152436978is flattened, with runs 1 5,2 4,3 6 9,7 8. This concept
was introduced by Callan [8], who enumerated the number of flattened parti-
tions of length n that avoid a pattern of length 3. Since then, many authors
have investigated this concept. For instance, Nabawanda et al. [21] studied the
run distribution of flattened permutations and provided a bijection between
flattened partitions over [n+ 1] and set partitions of [n]. Mansour et al. [18,19]
examined the avoidance of subword patterns in flattened partitions (see also
[17]) and the distribution of consecutive patterns on flattened permutations
(see [16]). Notably, Mansour et al. [18] also studied some statistics such as
descents, ascents, peaks, and valleys in a different context of flattened permu-
tations, specifically focusing on the cycle notation of permutations. Recently,
this concept has been explored in other combinatorial objects. For example,
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9 3 9
8 3 8
7 3 7
6 . 6
5 . 3 5 .
4 3 4
3 . 3
2 3 2
1 1 1

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

FIGURE 1. Increasing permutation 7t =61284759 3, and
flattened permutation 7 =1524369 7 8.

Buck et al. [6] introduced the notion of Stirling permutations, Elder et al.
[10] defined and enumerated flattened parking functions, and Baril et al. [3]
investigated several statistics on flattened Catalan words.

Permutations are labeled combinatorial objects, and so it is natural to
employ exponential generating functions (egf’s) for their enumerative analysis.
We provide the bivariate exponential generating functions for increasing and
flattened permutations with respect to the length and the parameters listed
in Table 1, that is, the coefficient of £ ,k in the series expansion counts the
number of permutations (either increasing or flattened) of length n with the
parameter equal to k. We also give the egf for the popularity of each parameter
whose coefficient of ‘% in its series expansion is the sum of the respective
parameter’s values taken over all members of either Z,, or F,.

Our method consists in constructing recursively the combinatorial class in
question from smaller classes, A; and As, using the usual labeled product
A; x Ay and the boxed product A'lj * As. The boxed product .A'lj * As is a
subset of A; x A> where the smallest label appears in the A; component. The
exponential generating function of AP x A, is given by

/ " 0,1 (1) - Aa(t)dt

where A;(t) and Ay(t) are the exponential generating functions of A4; and
A, respectively. For more details on labeled combinatorial structures and the
boxed product, we refer the reader to the textbook of Flajolet and Sedgewick
[12] as well as [4] for additional applications.

@ Springer



29 Page 4 of 22 J.-L BARIL, J. L. RAMIREZ AEM
2. Enumeration of increasing permutations

In this section, we study the bivariate generating function

|| n
o z (m) _ z (m)
Ia,y) =) W!ys = 5 >y (1)

TeL n>0 w€l,

n, k
whenever the statistic s is val, run = 1 4-des, and rlm. The coefficient of ¥
in I¥(x,y) is the number of increasing permutations 7 of length n satisfying

s(m) = k.

2.1. For the number of valleys: s = val

We enumerate increasing permutations according to their length and the num-
ber of valleys, s = val.
Elizalde and Noy [11] have shown that the egf P(x,y) for the number of
permutations with respect to the length and number of valleys is given by
" V1—y
P , — L val(7) — . 2
() Z n! Z Y v — tanh(zy/1 —y) @

! 1-—
n>0 TES, Y

The coefficient of $:;"{k in the series expansion of P(z,y) corresponds to the
array A008303 in the OEIS [24]. This counting problem has been extensively
studied, with many related papers addressing various aspects of it, see for
example [7,20,27].

We denote by V the set of valleyless permutations, which are permutations
free of valleys. Rieper and Zeleke [23] established a bijection between valleyless
permutations and integer compositions. Consequently, the egf for valleyless

permutations is given by
1
V(z) = 3 (e** +1) =1+ ¢"sinhu.
This result will be used in the following proof.

Theorem 2.1. The generating function for increasing permutations with respect
to the length and the number of valleys is

ey/d T

Ival(x7y) — 2a—Y+iery- (1 n - e 1 y—2t+%”(_2+y_ e2ty>dt> ]
0

Proof. Let 7 be a nonempty increasing permutation. We decompose 7 accord-
ing to the position of the entry 1. Specifically, = can be expressed in one of the
following forms: m = w11, m = 1ms, or m = 7’ 1ms, where 75 # € and 7’ is free of
valleys. From this decomposition, we derive the following symbolic equation:

T=e+T+x{z}" +{a}°x T —e)+(V—e)x{z}"« (T —¢).
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Here, A x B denotes the boxed product of the combinatorial classes A and
B. From the symbolic equation, and after multiplying by y whenever a valley
is created, we obtain the functional equation

x €T €T
Iz, y) = 1+/ I"a'(t7y)dt+/ (Iva'(uy)—l)dt—i—y/ et sinh t(I'?(t,y)—1)dt.

0 0 0
Differentiating this functional equation yields the following differential equa-
tion:

d
. Ia,y) = 21" (2, y) — 1 +ye” sinh (I (2,y) = 1), 17(0,y) = L.
X

The solution of this differential equation provides the desired result. O

Notice that the solution V3 (x, ) can be expressed in a closed form without
integrals, depending on the WhittakerM function [26]. However, this form is
not particularly elegant, so we do not include it here. We solve the differential
equations of this paper by using symbolic software.

The first few terms of the formal power series are

Iz, y) = % (eh +1) + é (—462“% +etr — 1y
+ 6i4 (e** (82° — 4z — 1) + €' (2 — 8z) + % — 2) y* + O(y°).

Let inc"®(n, k) denote the number of increasing permutations in &,, with
exactly k valleys. The first few values of this sequence are

1 0 0 00
1 0 0 00
2 0 0 0 0
4 2 0 0 0---
8 [16] o o0 o0--
1= [inc®(n, k)l k>0 = | 16 8 0 0
32 416 136 0 0
64 1824 1440 48 0
128 7680 12288 1384 0

For example, inc"al(47 1) = 16, which corresponds to the boxed entry in the
array I'?' above. The 16 increasing permutations corresponding to this value
are

1324, 1423, 2134, 2143, 2314, 2413, 3124, 3142,
3214, 3241, 3412, 4123, 4132, 4213, 4231, 4312.

This sequence satisfies inc®'(n, 1) = 27~2(2"~1 —n), for n > 3, which appears
as A000431 in the OEIS [24].
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Due to the functional equation involving 1V?'(z, ), and after observing that
_ n—1 ﬁ
z)=1+) 2 5
n>1

a straightforward series calculation leads to the following result.
Corollary 2.2. Forn,k > 1, we have the recursive formula

inc?(n+1,k) = 2inc(n, k) + Z ( )22 Linc?(n — i,k — 1),

1=1

with the initial condition inc*®(0,0) = 1 and inc*®(n,0) = 2"~ forn > 1.

Corollary 2.3. The generating function I(x) for total number of increasing per-
mutations s

/ 3z _ 1,12 el/4 [T 2 4
I(z) o= I"(z,1) = e> "33 <1 T ), ¢ 2(1+62t)dt>
0
22 23 24 25 26
=1+ T +2*+63 +24E+112—+584a++3376—+0( 8).

Moreover, if inc(n) is the number of increasing permutations of length n, then

inc(n+ 1) = 2inc(n +Z<)2@ Yine(n —i), n>1

with the initial conditions inc(0) = 1 = inc(1).

Corollary 2.4. The generating function for total number of valleys in all in-
creasing permutations of a given length is

Tot"!(z) = 9,(I'**/(z, y)) y=1
23 o 5 26 27

T
= 25 + 161 + 1045 + 6885 + 4848? +O(x )

The sequences of coefficients of £ from the two series expansions in the
previous corollaries do not appear in the OEIS.

2.2. For the number of runs: s=run=1+des=n-asc

In this part, we focus on the enumeration of increasing permutations with
respect to the length and the statistic s = run that counts the number of runs.
It is worth noticing that, in a nonempty permutation, the number of descents
equals the number of runs minus one, i.e., des = run — 1. Therefore, we have

1
I""(z,y) =1+ y(I*(z,y) ~1) and Ia“(z,y)=1+§(Ides(9«"y71/y)—1)-
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For the classical permutations, the number of permutations of length n
with exactly k descents is given by the Eulerian numbers (sequence A008292).
It is well-known that (cf. [4,5,22])

Z e — 17y
= | || 1— yex(l_y) :

Theorem 2.5. The generating function for increasing permutations with respect
to the number of runs is

w1 _ v/ (y+)* 41 4y + 1)+ yelutht
Iz, y) = exp 2wt h(e? +y+l) ( i ¢ / (—yz(wrl)" — 1) exp (J ) (J y+1) ye dt+1].
G+ y+1 Jo (y+1)?

Proof. Let m be a nonempty increasing permutation. We consider the same
decomposition of 7 based on the position of 1, as in the proof of Theorem 2.1.
From this decomposition, we obtain the symbolic equation:

I:6+{x}+(I—e)*{x}D—|—{x}D*(I—e)—l—(V—e)*{w}D*(I—e),(g)

where V is the set of valleyless permutations.
Now let us give the egf for the set V with respect to the length and the
number of runs. Using the following recursive decomposition of V,

Vet {z}+{z}PrxWV-—0+V-e{x}",
we deduce the functional equation (we multiply by y whenever a run is created)
V(z,y) =1+zy +/ (V(t,y) — 1)dt + y/ (V(t,y) — 1)dt.
0 0
Then we obtain
(y+1l)z n
e y+1 < ) T
Viay) = 2T 14 ey
(.v) y+1 T; JZO n!

From (3), and after multiplying by y whenever a run is created, we obtain the
functional equation

I'"(z,y) = 1+2y+(1+y) /OI(I'“”(t,y)1)dt+/0w(V(t,y)1)([’“”(t,y)1)dt.

Differentiating the previous equation, we obtain the following differential equa-
tion:

d run run run run
ol @y)=y+A+y) (2, y) =D+ (V(z,y) - DI (z,9)-1), I™(0,y) = 1.
The solution of this differential equation is the desired result. O
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The first few terms of the formal power series are
I"(z,y) =1+ (" =Dy +e (—z+e" = 1)y’+

% (ez (—x2 + 4z + 1) — 4e%* 4 3 +2) >+ 0 (y4) .

Let inc™"(n, k) the number of increasing permutations in &,, with exactly k
runs. Then, we have the following

100 0 0 0 O
010 0 0 0 O
011 0 0 0 ©
01 4 1 0 0 0
01 11 1 0 0
"= [inc™(n, k)]nk>0=[01 26 58 26 1 0

01 57 234 234 57 1 ---
01 120 831 1472 831 120 ---
01 247 2757 7735 7735 2757 - --

For example, inc"(4,2) = 11, the entry boxed in the array I™" above, and
the corresponding increasing permutations are

1243, 1324, 1342, 1423, 2134, 2314, (4)
2341, 2413, 3124, 3412, 4123.

Note that the values inc™"(n,2), for n > 2, match the Eulerian numbers
A000295, which count the permutations with exactly one descent, that is,
increasing permutations with two runs.

A simple calculation on series induces the following result.

Corollary 2.6. We have the following recursive formula for n,k > 1

n—1k—1

n i—1
H Cfll" 17k H run ,k H run ’k 1 H run '7 - ,
inc"(n+1,k) = inc"(n, k) + inc™"(n, k — )+i§:1j§:1<i)(k—j—1)mc (n—1,7)

with the initial condition inc™"(0,0) = 1, incd™"(n,0) =0 forn > 1.

Observing the array I™", we can hope for the existence of an involution ¢
on 7, such that run(¢(m)) = n+1—run(w). Then, let us define recursively the
map ¢ on Z as follows:

For m € Z, we set:

€ ifr=c¢ (4)

A+ 9(n)1 ifr=11+7"), €l (i1)
M) =111+ o(+) ifr=1+n)1, = eI n #e/iii)
w7 1x(¢(red(ms)), dom(me)) if m = mylme, m1,7m2 # € (iv)

where 7] is the reverse of m; and dom(7z) is the set of values in 79 and x(m, S)
(with |7| = |5|) is the unique sequence taking values in S such that red(o) = 7.
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For instance, if # = 4132 and S = {2,6,7,9}, then x(w,S) = 9276 since
red(9276) = 4132.

Let us give an example. Easily, we can see that ¢(1) = 1, ¢(12) = 21 and
¢(21) = 12. Now, let m = 23154 be an increasing permutation with 3 runs.
Then, we have 7 = m 172 with m = 23, m = 54 and dom(m) = {4,5}.
Therefore, we obtain

X(¢(red(7r2)7dom(772)) = X(¢(21)ﬂ {47 5}) = X(12ﬂ {4, 5}) = 45.
Finally, we have ¢(23154) = 32145 and the number of runs in 32145 is 3 which
also is 5 + 1 minus the number of runs of m = 23154.
For example, the images by ¢ (keeping the order) of the permutations in
(4) are the increasing permutations with 3 runs, respectively:

3421, 3241, 2431, 4231, 2143, 3214,
1432, 4213, 3142, 4312, 4132.

Corollary 2.7. The generating function for total number of runs in all increas-
ing permutations of a given length is

Tot™(z) = 0,(I""(z,y))[y=1
2 3 4 5 6 7

- T x T x x T s
=357 + 125 + 6075 + 336 + 204475 + 135045 + O(a”).

in this series expansion does not appear

z"

The sequence of coefficients of 75

in the OEIS.

Let Zy2=9¢s be the set of increasing permutations 7 of length n such that
val(r) = des(m). We set ZVaI=des = | J _ Tyal=des,

Theorem 2.8. The cardinality inc”?=%(n) of T?=9 is given by the n-th Gould
number (see A040027 in [24]):

n—1ln—1 .
incval:deS(n) _ Z Z {.]]{}knlj7

k=0 j=k
where {i} is the Stirling number of second kind.

Proof. Let 7 be a permutation in ZY2'=9 Then 7 has a unique decomposition
as follows: m = majmeas - - - mpag, where aq,aso,...,a; are the right-to-left
minima of 7. Due to the equality val(7) = des(w), m;a; is either reduced to
a; whenever m; = €, or m;a; has only one descent and this descent involves
a;. Moreover, 7 is necessarily empty. Therefore, we construct the partition
B = By/By/ - /By of [n] where B; = dom(m;a;) for 1 <4 < k. Since the a;
are right-to-left minima of 7, then we have a; =1 < as < --- < ag, and then
min(B1) < min(By) < -+ < min(Bg) = ai. Thus, B is a partition ordered
by the smallest element of the blocks such that the last block is reduced to a
singleton.
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Conversely, let us consider such a partition B = By/Bs/ - -+ /By. Then we
construct an permutation 7 as follows: m = mya1mas - - - Trar, where a; =
min(B;) and m; consists of elements of B;\{a;} sorted in increasing order.
A simple observation proves that m € ZY2'=9s which establishes a bijection
between Z'=9 and the set of partitions of [n] having the last part reduced to
a singleton. Since these partitions are counted by the nth Gould number (see
A040027 in [24]), we obtain the desired result. O

2.3. For the number of right-to-left minima: s=rlm

In this part, we focus on the enumeration of increasing permutations with
respect to the length and the statistic s = rlm that counts the number of
right-to-left minima.

For the classical permutations, the number of permutations of length n
with exactly k right-to-left minima is the (unsigned) Stirling numbers of the
first kind (sequence A132393). It is well-known that (cf. [5]) the corresponding
bivariate generating function is

|| 1
€ rim(m
S(xy) =Y =y =

2 Tall -2

Theorem 2.9. The generating function for increasing permutations with respect
to the number of right-to-left minima is

I'm(z,y) = ¥ (2o+e™) (g /”(21 (#) =1 — ) e (") gp 4 e—%) ,
0
where 1(z) is given in Corollary 2.3.

Proof. Let m be a nonempty increasing permutation. We consider the decompo-
sition of 7 with respect to the position of the entry 1. From this decomposition
we obtain the symbolic equation:

T=e+T+{x}P+ {2} + T —-e)+ (V- x {2} + (T —o).

From the symbolic method (cf. [12]) we obtain the functional equation

I"™(z,y) = 1+y/ 1"””(t,1)dt+y/ (I"m(t,y)fl)dter/ e’ sinh t(I"™ (¢, y)—1)dt,
0 0 0

where I"™(¢,1) = I(t) is the egf for increasing permutations with respect to
the length (see Corollary 2.3).

Differentiating the previous equation, we obtain the following differential
equation:

d rm rim rim €T . rim rm
@I' (@,y) = yI"™ (2, 1) +yI"™ (2, y) —y +ye” sinha(I""(z,y) = 1), T""(0,y) = 1.
The solution of this equation is the desired result. O
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Let inc"™(n, k) the number of increasing permutations in &,, with exactly
k right-to-left minima. Then, we have the following

10 0 0 0 0 0 -
01 0 0 0 0 0 -
01 1 0 0 0 0 -
02 3 1 0 0 O0-
06 [11] 6 1 o0 o0 -
I"™ = [inc"™(n, k)] k>0 = | 0 24 3 10 1 0 -
0112 174 197 85 15 1 ---
0 584 812 1116 667 175 21 - .-
0 3376 4836 6510 5085 1822 322 - .-

For example, inc"™(4,2) = 11, the entry boxed in the array I'™ above, and
the corresponding increasing permutations are
1342, 1432, 2143, 2314, 2413, 3142,
3214, 3412, 4132, 4213, 4312.

Due to the functional equation involving I"™(z,v) a simple calculation on
series induces the following corollary.

Corollary 2.10. We have the following recursive formula for n,k > 1:
n—1
ind™(n +1,k) =i"™(n, k —1) —i—Z < >22 Yind™(n — i,k —1),
i=1
with the initial condition ind™™(0,0) = 1, inc™(n,0) = 0 for n > 1, and
inc™™(n,1) = inc(n — 1) forn > 1.

Corollary 2.11. The generating function for total number of right-to-left min-
ima in all increasing permutations of a given length is

Tot"™(x) = 0, (1" (&, y))ly=1

2 £E3 4 5
—x+3 gy +50 +258 +1472 +9232 +O()

This sequence is not currently listed in the OEIS.

2.4. For the number of peaks: s=peak

In this part, we focus on the enumeration of increasing permutations with
respect to the length and the statistic s = peak that counts the number of
peaks. Let IP%*K(x,7) be the bivariate generating function for this. We will
consider four sets Z¢°, a,b € {0,1}, consisting of increasing permutations 7
such that 7 does not start with a descent if and only if a = 0, and does not end
with an ascent if and only if b = 0. For a,b € {0,1}, I*?(x, %) is the generating
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function for the number of permutations = € Z%® with respect to the length
and the number of valleys.

Theorem 2.12. The generating function for increasing permutations with re-
spect to the number of peaks is

1
1PK () = 1+ 2+ y(I(z,y) = 1 —2) + I (z,y) + =1V (2, y) + T0(2,y),
y

where

0.1 ye?® _zy * ye?t |ty +
I"(z,y) =€ 1 _7“”/ e T T2l —
0

r y€2t,t7’y+t t ¢ ,y€2u+ﬂ,u
y e T 2 (efl) e 1 T2 Ty | dt — x,
0 0
z ty | ye2t t ye2u yu
IM(z,y) = y/ <62+ e —1) / e 14 “+2du> dt,
0 0

) =y [ (6= DI00) + I00y) — ¢~ i
0

+ [ @y + 1) + o
0

and

"% (z, ) =1+z+%/ ((¢" = 12(10(t,y) + It y) — ¢ — 1)) di+
0

ﬁ/uwwm+ﬂWm»4—nwf/u“mw+ﬂ%m»4—mw
0 0

Proof. Let m be a nonempty increasing permutation. We consider the decom-

position of m with respect to the position of the entry 1. From this

ht = (v1 U {z}) * {z}P % (1011 uzhtu {z})

70 = (V\{e,o}) * {2} % (201 UTH U fa}) + {2}« (201 U T U a))

0 = (vl U {m}) {2} % (1070 UT O\ {e, m}) + (1170 uzh U {m}) x {z}F

70 = e+ {z} + (VO\{e,2}) % {217+ (T70 U T\, 2} ) + {237+ (270 U O\ (e, 2}
+ (20U TN\ {6 2}) * {2},

where V* a € {0,1}, is the set of valleyless permutations m such that = does
not start with a descent if and only if @ = 0. From the symbolic method
(cf. [12]) we obtain a system of functional equations which gives the desired
result for I%%(x,y), a,b € {0,1}. We obtain the desired result for IP®2*(z,y)
by observing that: the number of peaks and the number of valleys are equal
in a permutation 7 € Z%! UZ19; the number of peaks equals to the number
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of valleys plus one in a permutation 7 € Z%%\{¢, 1}; and the number of peaks
equals to the number of valleys minus one in a permutation 7 € Z1!. O

We were unable to obtain solutions that could be presented in the paper.
Thus, we leave as an open question the problem of finding a simpler expression
for 1Pk (2, ).

Let inc”®**(n, k) the number of increasing permutations in &,, with exactly
k peaks. Then, we have the following

1 0 0 0 O0-
1 0 0 0 0-
2 0 0 0 0-
4 2 0 0 0-
8 [16] o o0 o0-
1P = [incP® (n, k)] k>0 = | 16 16 0 0--
32 341 211 0 O-

64 1361 1815 136 O ---
128 5286 12988 3078 O - - -

For example, incP®(4,1) = 16, the entry boxed in the array 1Pk above,
and the corresponding increasing permutations are

1243, 1324, 1342, 1423, 1432, 2143, 2314, 2341,
2413, 2431, 3142, 3241, 3412, 3421, 4132, 4231.

Corollary 2.13. The generating function for total number of peaks in all in-
creasing permutations of a given length is

Tot?**(z) = 80, (1" () y=1
3 4 ° ’ i :

N x x x x x 9
= 25 + 161 + 1125 + 763& + 5399ﬁ + 40496§ + O(z”).

™

The sequence of coefficients of % in this series expansion does not appear
in the OEIS.

2.5. Alternating increasing permutations

A permutation m = w7y - - W, is alternating if its entries satisfy m > mo <
w3 > ---. The exponential generating function for the number of alternating
permutations is a classical result of André [1], and is given by

mn
ZE” =secz + tanx,

nl
n>0

where E,, corresponds to the Euler number (see A000111 in [24]). For a com-
prehensive overview, see the survey by Stanley [25].
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Theorem 2.14. The generating function A(x) for the total number of increasing
alternating permutations is

7)2 x .’132
A(z) = e?(x+1)/ e dt —eT +2
0
2 g3 gh g 26 27 28
= L4 5+ oy + 25 5 8 + 335 + 48 + 279 + 0(a).

Proof. Let Ag (resp. Ao) be the set of increasing alternating permutations of
even (resp. odd) length, respectively. From the decomposition with respect to
the position of the entry 1, we obtain the symbolic equations:

Ao = {z} + {a} {2} x Ao,
Ap = e+ Ao+ {z}7 + {a} + {2} + (Ap — o).

Therefore, we obtain the differential equations

d
%Ao(x) =1 +£EAO($), Ao(O) =0,

%AE((E) =Ao(z) + 2(Ap(z) —1), Ag(0)=1

The solutions of these differential equations are
Ao(z) = eIZ/Z/ e /24t and Ag(z) =2 — w2y xex2/2/ e /2t
0 0
Since A(x) = Ao(x) + Ag(x), we obtain the desired result. O

Let a,, denote the sequence of coefficients of % in A(z). Notice that ag,+1 =
(2n)!! and ag 40 = (2n 4+ 2)!! — (2n 4+ 1)1 '

3. Flattened permutations

In this section, we study the bivariate exponential generating function
IR S
(I Y
TEF n>0 " ReFn

where F is the set of flattened permutations, i.e. permutations consisting of
runs arranged from left to right, with the first entries of each run in increasing
order. We consider the Statistics s = val, run = 1+des = n—asc = 1+peak, and

(z,y) is the number of flattened permutations
T of length n satlsfylng s( ) = k. Note that the statistic run has already
been investigate by Nabawanda et al. [21] using combinatorial arguments and
recurrence relations.
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3.1. For the number of valleys: s = val

We begin with the enumeration of flattened permutations by length and num-
ber of valleys.

Theorem 3.1. The generating function for flattened permutations with respect
to the length and the number of valleys is

Fle,y) = 1+ / BI(1, y)dt.
0

where

B"a'(a:,y) = e~ tyteyte—y (ey /I e—e ytty—t (—ety +y+et— 1) dt + 1) )
0
Proof. We first define the subset B of permutations 7’ € & having one of
the following forms: (i) ' = ¢, or (ii) @’ = 1(1 + m1) where m; € B, or (iii)
7w’ = 23-.-kl where k > 2, or (iv) m# = molm where red(me) = 12---k,
k > 1 and red(m) € B\{e}. Considering this definition, a nonempty flattened
permutation 7 is necessary of the form 7 = 1(1+#") where 7’ € B. So, we first
give the egf of the set B with respect to the length and the number of valleys.
From the above decomposition of B we obtain the symbolic equation:

B=e+{z}°xB+(ID —¢)« {2z} + (ID —¢) x {z}" « (B—¢),

where the set ZD consists of all identity permutations of length n > 0. There-
fore, we obtain the following functional equation:

val T _ * val * et_ * et_ val _ )
B (2, y) 1+/0 B (t,y)dt+/0( 1)dt+y/o( 1B (¢, ) — 1)dt

Differentiating the previous equation, we obtain the following differential equa-
tion:

d
%Bva'(:cyy) =B?(z,y)+e" — 1+y(e” —1)(B*(z,y) - 1), B?(0,y)=1.

The solution of this equation provides the expected expression of B(z,y). Now,
by considering the decomposition F = 1 + {x}D * B, we obtain the desired
result. O

Using symbolic computation, we find the first few terms of the series ex-
pansion:

Fl(z,y) = 2z 4 e®(z — 1)) + i (—2e%(z — 2)x + ¥ (22 — 3) + 3) y
1

% (—9e3” (222 — 22 — 7) + 6e” (22° — 62 — 15) + 27 (6z — 11) + 49) y*>+O(y*).

+
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Let f¥?(n, k) denote the number of flattened permutations in &, with
exactly k valleys. The first few values of this sequence are

10 0 0 O0--
10 0 0 O0--
10 0 0O0--
20 0 0O0-
3 2 0 0 O0--
val ,__ rpval _l4/11 0 0 0--
FY2 = [fY¥(n, k)]n,k>0 5 s 00,
6114 8 0 O--
7 300 522 48 0 --
8 741 2594 797 O -

For example, f¥?(5,2) = 11, the entry boxed in the array F*?' above, and
the corresponding flattened permutations are
12435, 12534, 13245, 13254, 13425, 13524,
14235, 14253, 14523, 15234, 15243.

Corollary 3.2. We have the following recursive formula for n,k > 1, f(n +
1,k) = b(n, k), with

n—1
b(n+1,k) = b(n,k) + Y (TZ‘) b(i k — 1)

i=1
with the initial conditions b(0,0) = 1, b(n,0) = n forn > 1, and f*¥(0,0) = 1.

Corollary 3.3. The generating function for flattened permutations without val-
leys is
Fel(2,0) =242+ (z —1)e”
2 3 x4 25 26 27

and the number of ﬂattened permutatzons of length n wzthout Ualleys isn—1
forn > 2.

Corollary 3.4. The generating function F(x) for the total number of flattened
permutations s

F(z):=F"(z,1)=1 +/ et
0
22 23 4 5 26 =7
=1+ 1 +§+2§+57+15§+52§+203W+0( )

As expected (see [18]), the total number of flattened permutations of length
n > 0 is given by the Bell number B,,_; (sequence A000110).
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Corollary 3.5. The generating function for the total number of valleys in all
flattened permutations with respect to the length is given by

Tot*!(z) = 0y (F*!(x,)) y=1

xr
- / (B (1) = Bi (1,¢)) e = @+ @+ e’ ) d,
0
where

Ei(a,z):/ ettt
1

The first few terms of the formal power series are
4 5 6 7 8

val () — 9% T r T T 9
Tot"(z) = 24! +11 ] + 55 ol + 280 o + 1488 ql + O(z”).
The sequence of coefficients of % in this series expansion does not appear in

[24].

3.2. For the number of runs: s = run = 1 4+ des = 1 4 peak = n — asc

In this part, we focus on the enumeration of flattened permutations with
respect to the length and the statistic s = run that counts the number of
runs. Observe that, for flattened permutations, the number of runs satisfies
run = 1 + des = 1 + peak.

The next result was originally proved by Nabawanda et al. [21]. Here, we
present an alternative proof using the symbolic method.

Theorem 3.6. The generating function for flattened permutations with respect
to the length and the number of runs is

Fr(e,y) = 1+ ay + / (B™(t,y) — 1)dt,
0

where
Brun(x’y) — ety (yeely + (1 _ y)ez(yfl)er) )
Proof. We make a similar proof as for Theorem 5.1 by considering the set B
defined by the symbolic equation:
B=c+{z}"«B+ (ITD—¢)«{z}7 + (ID — ¢) x {z}7 « (B — ¢).
Thus we deduce
B(@.y) = Lyt [ (Bt y)-Ditry? [ (e -ty [ (1B b))t
0 0 0
Differentiating the previous equation, we obtain the following differential equa-
tion:

d
B y) = y+B""(z,y) —1+y*(e” —1)+y(e” —1)(B""(z,y)~1), B""(0,y) = 1.
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Solving this differential equation yields the closed-form for B™"(x,y). Now, by
considering the decomposition F = 1 + {x}" x B, we obtain

Fa,y) =1+uay +/ (B™"(t,y) — 1)dt,
0
which provides the desired result. O

We can use a symbolic software computation to obtain the first few terms
of the formal power series

Fz,y) = 1+ + (" — 1)y + (¢(sinh(z) — x)) y*+
1
D (6e” (2* +1) — 3e*(2z 4+ 1) 4+ 2¢** —5) y° + O(y*).

Let f™"(n,k) denote the number of flattened permutations in &,, with
exactly k runs. The first few values of this sequence are

10 0 0 O ---

01 O 0o 0 -
01 0 0 0 -
01 1 0 0 -
01 4 0 0 -
Fr = [ (n, k)]0 = [ 01[11] 3 0

0126 25 0 ---
01 57 130 15 ---
01 120 546 210 ---

For example, f™"(5,2) = 11, the entry boxed in the array F™" above, and
the corresponding flattened permutations are

12354, 12435, 12453, 12534, 13245, 13425,
13452, 13524, 14235, 14523, 15234.
Nabawanda et al. [21] proved the following recurrence relation
(k) = kf*(n = 1,k) + (n = 2)f™"(n — 2,k — 1).
Corollary 3.7. The generating function for the total number of runs in all flat-
tened permutations with respect to the length is given by
x
Tot™(x) = 9y (F"(x,y))|y=1 = = + / (—eet_lt Fette’ =1 1) dt.
0

x2 3 x? x5 28 z’ 8 9
::c+a+3§+91+325+1285+565ﬁ+2719§+0(z ).
Let F2'=ds he the set of flattened permutations 7 of length n such that

val(7) = des(r). We set FYai=des — ano JFyal=des,
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Theorem 3.8. The cardinality of F'¥=% is given by the n-th Gould number
(see A040027 in [24]):

]_—val—desl "ZQ”ZQ { }kTL—Q—j7

k=0 j=k
where {é} is the Stirling number of second kind.

Proof. The proof is obtained mutatis mutandis as for Theorem 2.8. 0

3.3. For the number of right-to-left minima: s = rim

In this part, we focus on the enumeration of flattened permutations with re-
spect to the length and the statistic s = rlm that counts the number of right-
to-left minima.

Theorem 3.9. The generating function for flattened permutations with respect
to the length and the number of right-to-left minima is

Py =1y [ B
0
where B"M(x,y) = e¥(¢" 1),

Proof. We make a similar proof as for Theorem 5.1 and Theorem 5.6 by con-
sidering the set B defined by the symbolic equation:

B=c+{z}PxB+(ID —e){x}7 4+ (ITD —e) x {x}F x (B—e).

Thus we deduce the functional equation

t

rlm T _ ‘ rlm ‘ et_ et_ rlm o )
B (eg) = 1y [ Bty [ @ -Diery [0 @)1

0

Differentiating the previous equation, we obtain the following differential equa-
tion:

d rim rim €T X rim rm

%BI ({177y) = yBl (l‘,y)+y(6 —1)+y(€ _1)(BI (.’L’,y)_l)7 BI (07y) =1

The solution of this equation provides the expected expression of B"™(z,y).
Now, by considering the decomposition F =1 + {:c}':’ * B, we obtain

F™(2,y) =14y / B™(t,y)dt,
0

which provides the desired result. O
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The first few terms of the formal power series are

1
F"m(aj,y):1+ya:—|—(ez—m—1)y2+1(2x—4e$+62x+3)y3+

1
36 (=62 + 18¢” — 9e** + 2¢°* — 11) vyt 4+ O0®°).

Let f"™(n, k) the number of flattened permutations in &,, with exactly &k
right-to-left minima. The first few values of this sequence are

1000 00 0 -
0100 0
0010 0
001 1 0
001 3 1
001[7]6
001152510 1 -
001 31906515 -

= OO oo

0

0 ---

0 ---
rlm rim 0
= [ (n, k)]n k>0 = 0
1

For example, f"™(5,3) = 7, the entry boxed in the array F"™ above, and the
corresponding flattened permutations are

12453, 13254, 13425, 13524, 14253, 14523, 15243.
Corollary 3.10. For n,k > 1, we have

rlm n—1
k) = .
oo ={1 71
Notice that f1™(n, k) equals the Stirling number of the second kind {Zj}
that also counts the number of set partitions of [n—1] with k—1 blocks. We de-
compose a flattened permutation m = aymsas . .. Tpar where a1 = 1,a9,--- ,ax

are the right-to-left minima of 7, and we construct the partition B = B,/B2/ - -
/By of [n — 1], where B; = dom((m; — 1)(a; — 1)) for 2 < i < k.

Corollary 3.11. The generating function for the total number of right-to-left
minima in all flattened permutations with respect to the length is given by n-th
Bell number.
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