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ABSTRACT: The definition and study of pattern avoidance for set partitions, which
is an analogue of pattern avoidance for permutations, begun with Klazar. Sagan
continued his work by considering set partitions which avoids a single partition of
three elements, and Goyt generalized these results by considering partitions which
avoids any family of partitions of a 3-element set. In this paper we enumerate and
describe set partitions, even set partitions and odd set partitions without singletons
which avoids any family of partitions of a 3-element set. The characterizations
of these families allows us to conclude that the corresponding sequences are P-
recursive. We also construct Gray codes for the sets of singletons free partitions
that avoids a single partition of three elements.
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1. Introduction

Enumeration of pattern-avoiding objects such as permutations, words or
compositions, is a very active area of research, with connections to several
areas of mathematics. In 1996, Klazar [4] extended the notion of pattern
avoidance for permutations, words and compositions to set partitions by an-
alyzing set partitions that avoids the patterns abab and aabb. Sagan [9] con-
tinued this work by considering set partitions which avoids a single partition
of a 3-element set. Since then this notion has been studied by many authors
(see [6] and the references therein for a comprehensive survey). In particular,
Goyt [2] generalized Sagan’s results by considering partitions, even partitions
and odd partitions that avoids any family of partitions of a 3-element set.
In this paper, we will focus on set partitions without singletons, that is set
partitions whose blocks have at least two elements, that avoids any family of
partitions of a 3-element set. To this end, we need some definitions.
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For integers m < n define the interval [m,n] = {m,m 4+ 1,...,n} with
special case [1,n] = [n]. A partition 7 of a set S C [n], n > 1, is a collection
of nonempty disjoint subsets By, ..., B; of S, called blocks, whose union is S.
We will write 7 = S and b(7) = ¢ to denote the number of blocks of 7. A
block with only one element is said to be a singleton. A partition is said to
be in standard form if it is written as m = By/By/ - - - / By, where the blocks
are listed in ascending order according to their smallest element. Generally,
we will not use braces and commas in the blocks unless they are needed for
clarity. For example, if 7 = 13/245/6/7 then 7 F [7] with b(7) = 4.

The set of all set partitions of [n], n > 1, will be denoted by

I, ={r: 7k [n]}.

If S is a subset of the integers with cardinality #S = n, then the stan-
dardization map corresponding to S is the unique order-preserving bijection
stg : S — [n]. When S is clear from the context we drop the subscript. For
example, if S = {2,5,7} then st(2) = 1,st(5) = 2 and st(7) = 3. Thus, if
7w = 27/5 its standardization is st(7) = 13/2.

A set subpartition of a set partition m = By/Bs/--- /By of S is a set parti-
tion 7’ of 5" C S such that each block of 7’ is contained in a different block
of m. For example, 27/5 is a subpartition of 1356/27/4 but not of 1357/26/4.
Let m € II; be a given set partition called the pattern. We say that a parti-
tion o € 11, contains the pattern m if there exists a set subpartition ¢’ of o
such that st(¢’) = 7. In this case, ¢’ is called an occurrence of the pattern
7 in o. If o as no occurrences of 7, then we say that o avoids the pattern .
For example, 0 = 16/23/45 avoids the pattern 123 but contains the pattern
13/2 since the standardization of the subpartition ¢’ = 16/2 is 13/2. In this
context, for R C II; we use the notation

I1,(R) = {o € 11, : 0 avoids every pattern m € R}.

The set II(R), with R C II3, was studied by Sagan [9] when #R = 1 and by
Goyt [2] for #R > 2. Denote by II/, the set of all singleton free partitions of
[n], and given R C Il a subset of patterns, let

I (R) = {0 € Il : o avoids every pattern m € R}

be the set of all singleton free partitions of [n| that avoids all partitions of
R. When R = {r}, we simplify the notation and write IT/ ().

In the next section we characterize the set II/ (7), and give exact formulas
and generating functions for its cardinal, for various patterns =, including
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all 7w I [3]. We then use these results to characterize and enumerate 11/ (R),
for any R C II3. In section 3 we present the notion of sign of a partition,
defined in [2], and enumerate the set of singleton free signed partitions of
[n] which avoids any family of patterns of II3. The study of P-recursiveness
associated with permutation patterns begun with Gessel [1] and Noonan-
Zeilberger [8], and was applied to set partitions by Sagan [9]. In section
4 we show that although II/, is not P-recursive, the sets of singleton free
partitions and singleton free sign partitions that avoids any pattern = F [3]
are P-recursive. Finally, in the last section we construct Gray codes for the
sets I/ (), for all w = [3] for which the set is not trivial, where each partition
in the list is obtained from its immediate predecessor by changing the block
of at most two elements.

2. Singleton free set partitions

We start by considering the case II/ (7), with 7 a pattern in I3, namely
123,1/23,12/3,1/2/3 and 13/2. Following the notation of [9] for exponential
generating functions, we let

xl

File) =) = (2.1)
1€l
for I a set of nonnegative integers. In particular, when I = [0, m], we write
mo_i

expy(a) = Y .

1=0

Let aél denote the number of partitions of [n| with ¢ blocks with cardinali-
ties in the set I C N. As Fj(z) is the exponential generating function for the
number of ways an n-set can form a block with size in the set I, it follows
that (see, for example, [7] or [13])

Zaﬁf—n _ Filx)’ (2.2)

is the exponential generating function for the number of partitions of [n] with
¢ blocks, each of them having sizes in the set I. Finally, given a pattern ,
we write

Fi(e) = 3 #1005 (2.3
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The distinction between (2.1) and (2.3) will be clear, since we denote patterns
by Greek letters and sets of integers by capital Latin letters.

For example, with I = N\ {1}, it follows that #II/ is the sum over all
¢ > 0 of the numbers afw, and thus the exponential generating function for
the number of singleton free set partitions of [n] is

Flz)=Y #H;% =>>»> afw% =>Y aé,g%

n=>0 n>0 (>0 ' (>0 n>0
N /
- Z ¢ /1 2h exp(e’ —1— ). (2.4)
>0 '

A partition o F [n] is layered if it is of the form [1,4]/[i + 1,7]/[j +
1Lk]/--- /[l +i,n]. A partition o is said to be a matching if #B < 2, for
all block B of 0. When the cardinality of each block is exactly 2 the parti-
tion is called a perfect matching. The characterization of the set partitions
in II,,(7), for 7 € II3, obtained by Sagan [9], will be used repeatedly, so we
state it below.

Theorem 2.1 (Sagan). Forn > 1,
1,(1/2/3) = {0 € T, : b(o) < 2},
I1,,(123) = {0 € 11, : 0 is a matching},
I1,,(13/2) = {o € I1,, : 0 is layered}.
Given positive integers i < m, let /. be the layered pattern

12/ Ji—1/i(i +1)}i+2/ - /m
in I1,,, where all blocks are singletons with the exception of B; = {i,i + 1}.
Theorem 2.2. Forn > 2,

(i) = {o € TT, : b(o) < m — 2},

Fﬂ(x) = exp,,_s(exp(r) — 1 — x).

Proof: Since w’, has m — 1 blocks, it is clear that if b(c) < m — 2 then
o avoids the pattern 7’ . Reciprocally, let o € II/ (7!) and assume that

m

b(c) >m — 1. Let By,..., B,_1 be m — 1 blocks of o, each of them with at
least two elements, ordered by their least element: B; = {a;,...}, with

ap < as < -+ < Q1.
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Next, let BY,..., Bl _; be the blocks B;, ..., B,,_1 ordered by their largest
element: B; = {...,b;}, with
bi < b1 <---<bpy_1.
Then,
< Qo < - <a; <b <bi1<---<bp_
and ay/as/ - Ja;bi/biy1/ -+ /bm_1 is a copy of w' in o, a contradiction.

It follows that the number of partitions in IT/ (7’ ) is the sum over all

m

0 <? < m — 2 of the number afw of partitions of [n] with ¢ blocks, each of
them with at most two elements:

m—2

#IT, () = > ahy,

with I = {2,3,...}. Thus, we can use (2

n m—

m—2
PN x" x"
I (x) = Z #H;(Wm)m = aé,e—, = Z ( aﬁ,em)

n>0 ’ n>0 (=0 ) =0

m—2

Fr(x)

— Z Ié' ) = exp,,_s(exp(z) — 1 — x).
(=0 )

|

Two patterns o and 7 are said to be Wilf-equivalent [6], denoted by o ~ T,
if the number of elements of the sets II},(R) and II},(T) are the same for all
n > 1. The last result shows that 7, ~ 7/, for i,j < m.

Corollary 2.3. The patterns ©', for 1 <i <m — 1, are Wilf-equivalent.
Corollary 2.4. Forn > 2,

I1,(12/3) = T1,,(1/23) = {12---n},

Fijo3(x) = Fioys(r) = " — 2.

Proof: It follows from the last results since 12---n is the only partition in
I/, with a single block. u

Theorem 2.5. Forn > 2,
I (12---m)={ocell,:2<#B <m—1, for all block B € o},
Fio..m(z) = exp(exp,,_;(x) — 1 — x).
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Proof: The characterization of the elements of II/ (12---m) is clear, since a
partition contains a copy of 12 ---m if and only if it has a block with at least
m elements. It follows that #II/,(12---m) is the sum of the numbers aé’g of
partitions of [n] with ¢ > 0 blocks with cardinalities in the set [ = [2,m — 1].
Again, we use (2.2) to write:

" x" "
Foe) = T 12 om) % = S5l 5 = 5 (St )

n>0 ’ n>0 (>0 ) >0

)
- Z Flé ) = exp(exp,, 1(z) — 1 — ).
>0 '

The double factorial of an odd positive integer 2¢ — 1 is defined as the
product of all positive odd integers up to 2i — 1:

(2 — 1) = (2 —1)(2i —3)---5-3-1.
Corollary 2.6. Forn > 2,
I (123) = {0 € 11, : 0 is a perfect matching},

1T (123) = {ézk — DI ifn =2k

otherwise

Proof: The characterization of II/ (123) is a consequence of the previous the-
orem, and it can also be deduced from Theorem 2.1. Moreover, we can write

Fips(x) = Z @ _ Z (2n)! 22

e ! e 27n! (2n)!

. (2n)!
and since ST (2n — 1)!! the result follows. m
Theorem 2.7. Forn > 2,
IL,(1/2/ -+ /m) = {o € 1L, : b(o) <m — 1},

Fl/g/.../m(x) = exp,,_1(exp(z) — 1 — x).

Proof: The characterization of the partitions of [n] that avoids the pattern
1/2/--- /mis clear from the definitions, and the generating function follows
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from (2.1), since:

n m—1 n m—1 n
T xT x
Flyaym(t) = Z#Hﬁl(l/Q/ a /m)g = a£,£7 = Z ( CL{M_)
n>0 ’ n>0 (=0 ' =0

m—1

~
o

where afl’é is the number of partitions of [n] with £ < m — 1 blocks, and [ is
the set of all integers greater than, or equal to 2. |

Corollary 2.8. We have
I (1/2/3) = {o €I, : b(o) < 2},
#11' (1/2/3) = 2" 1 —n, forn >3,
with #115(1/2/3) = #115(1/2/3) = 1 and #11}(1/2/3) = 0.
Proof: From the generating function given in the last result, we have

(¥ —1—x)? 1+£L“2+62m .
=—4+—+——=zxe

2 2 2 2

xn

2
o z n—1
_1+5+Z(2 —n)=—

n!’
n>1 ’

Fijgs(a) =14 (e" =1 —x) +

and the result follows. ]

The FEulerian number e(n,m) is the number of permutations pips---py
of [n] with exactly m descents, that is, m places in which p; > p;.q, for
1 <j <n-—1. Let E(n,m) be the set of all permutations of [n] with exactly
m descents.

Theorem 2.9. There is a bijection between I (1/2/3) and E(n — 1,1), for
n>1.

Proof: Using the description of II' (1/2/3) as the partitions of II' having
one or two blocks, its cardinality 2" ! — n for n > 3 can be obtain directly
as follows. If o € II', has only one block then ¢ = 12---n. Otherwise,
0 — Bl/BQ, with

Bl - {1}US7
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where S C [2,n] has i elements, for some 1 < i < mn — 3. Thus,

#H;(1/2/3)—1+j§;3(";1) =n§(";1> —n=2""1—n.

i=0
On the other hand, a permutation p = pips - - - p,_1 of [n — 1] with exactly
one descent must satisfy

p1<-: <Dk, Dk > DPktls, DPkt1 < " <Dp-1,

for some 1 < k < n — 2. Thus, to give such a permutation is to give a
set S = {p1,...,pr} with k elements of [n — 1] such that p; < -+ < pg
and  pri1 < -+ < p,. There will be a descent at position £ if and only if
S #£{1,...,k}. We identify permutations in E(n—1,1) with sets S C [n—1]
such that S # [k]. Therefore,

e(n—l,l):zé((nkl)—l> - (:zé ("k1)> _p=2"1_p

We can now give an explicit bijection ¢ : E(n — 1,1) — II' (1/2/3), for
n > 3. Note that for n = 1 or 2 the result is trivial.

Let S ={p1,...,pr} Cn—1], S # [k], withp; < --- < p. f #S £ n—2,
we set

P(S)={l,p1+1,...,pr +1}/B,

where B is the complement of {1,p;+1,...,pr+1} in [n], having #B > 2. If
#S = n—2, then we must have S = {1,...,4,...,n—1}, for some i € [n—2)],
where ¢ means that the integer ¢ is not in S. In this case, we put

{2 i+ L), i
¢(S){{1,2,...,n}, ifi=1

From its construction, the partition ¢(.S) has one or two blocks, each with at
least 2 elements. Moreover, note that the partition {1,2,...,i}/{i+1,...,n}
must be obtained via the map 1 from a uniquely determined set S C [n —
1] with #S = n — 2, for otherwise we would have S = {1,...,i — 1}, a
contradiction. Henceforth, we can easily conclude that v is a bijection. m

Denote by F;, the n-th Fibonacci number which is defined by the recurrence
relation
Fn:anl"i_anZa 7122,
with the initial conditions Fiy = 0 and F; = 1.
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Theorem 2.10. Forn > 1,
I1,(13/2) = {o € I, : o is layered},
#11/ (13/2) = F,, 1.

Proof: 1t is clear that if o is layered then o avoids the pattern 13/2. Recipro-
cally, let By be the block of o € IT/,(13/2) having the integer 1, and let i > 1
be the largest integer of B;. Note that if there is an integer 1 < 5 < 7 such
that j is not in By, then st(1i/j) = 13/2. Thus, we must have By = [1,1].
Iterating this process we find that o is layered.

For the enumeration part, note that #11;(13/2) = Fy = 0 and #115(13/2) =
Fy = 1. We claim that the number of elements of II/,(13/2) is equal to the
sums of the cardinals of IT) ,(13/2) and II/,_,(13/2), for n > 3. Consider the
map

¢ < 1L, 5(13/2) UIL, ,(13/2) — II,(13/2),
where the image of the singleton free layered partition o of, respectively,
[n — 2] or [n — 1] is obtained by adding, respectively, the block {n — 1,n} to
o, or by adding the integer n to the block containing the letter n — 1. The
map ¢ is a bijection, since if 7 is a layered partition of [n], then the block B
containing n must also contain the integer n—1. Therefore, if B = {n—1,n},
then 7 is the image of the layered partition of [n — 2] obtained by removing
B from 7, and if #B > 3, then it is the image of the layered partition
of [n — 1] obtained from 7 by removing the letter n. Thus, we find that

#I1 (13/2) = #11/,_,(13/2) + #1I' _,(13/2) and the result follows. u
m IT;, () #1L,, ()
12/3 12.--n 1
1/23 12.--n 1
1/2/3 | partitions with at most 2 blocks 2=t
13/2 layered partitions F,_4
193 perfect matchings (2k — DMif n =2k
0 otherwise

TABLE 2.1. Singleton free partitions avoiding a 3-letter pattern

Corollary 2.11. The number of layered set partitions of [n] with at least one
singleton is given by 2" — F,_.
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Proof: Tt follows from the previous result and the number 2" ! of layered
partitions of [n] obtained by Sagan [9]. u

We consider now the classification and enumeration of the set of singleton
free partitions that avoid a set R of patterns of II3, with #R > 2. Note
that since 12/3 ~ 1/23, if both patterns 12/3 and 1/23 are in R, then
I (R) =1II' (R \ {1/23}). Therefore, without loss of generality we may con-
sider only the patterns 12/3,1/2/3,13/2 and 123. The following proposition
is a consequence of Corollaries 2.4, 2.6, 2.8 and Theorem 2.10.

Proposition 2.12. Let R = {12/3, 7} C Il3. Then, forn >3
HMR){

It follows that II/ (TI3) = (). The results for I/ (R), with #R = 2 or 3, are
easy to prove, so we omit the proofs. Table 2.2 describes these sets and gives
their enumeration for n > 3.

0, if m =123
{12---n}, otherwise |

R 1T, (R) #11, (1)

0if 7 =123 0if 7 =123

{12/3, 7} {12---n}if 7 #£ 123 1if £ 123

12/34/--- /(n — 1)n} if n even 1 if n even

{123,13/2} { 0 if n odd 0 if n odd

0ifn£4 0ifn#4

{123,1/2/3} {12/34,13/24,14/23) if n — 4 3if = 4

{13/21/2/3V  [{1---i/(i+1)--n:i€2n—2} U{I2---n}| n-—2

{12/3,13/2,1/2/3} {12 n} 1
{12/3,123, 7} ) form=1/2/3 or 1 = 13/2 0

(12/34}ifn=4 1ifn=4

{13/2,123,1/2/3} 0 ifn 4 0 if n o 4

TABLE 2.2. Singleton free partitions with more than one restriction

3. Even and Odd Singleton Free Set Partitions

In this section we consider the number of even and odd singleton free set
partitions that avoids a set R of patterns of II3. A partition o F [n] with
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b(c) = k has sign
sgn(o) = (=1)"7*,

Definition 1. A set partition o of [n] is even if sgn(n) = 1, and is odd if
sgn(n) = —1 [2]. We denote by EII/, (resp. OII) the set of all singleton
free even (resp. odd) set partitions of [n]. Given R C Ils, let ETI (R) (resp.
OII! (R)) be the set of all singleton free even (resp. odd) set partitions of [n]
that avoids the patterns in R.

The complement ¢ of a set partition ¢ = By/Bsy/ -+ /By F [n], is the set
partition o = Bf/BS/ - - - / B where

B ={n—a+1:a€ B;}.

As mentioned in [2], the sign of ¢ is the same as the sign of ¢¢. Therefore,
since 12/3 ~ 1/23, we obtain the following lemma.

Lemma 3.1. Forn > 1,
LB, (12/3) = #ETL,(1/23)
#O1I! (12/3) = #O11/ (1/23).
We start by considering single restrictions.

Theorem 3.2. Forn > 1,
ETI (12/3) = {

0, if no1s even
{12---n}, ifn is odd ’
and

0, if n 1s odd

{12---n}, ifn is even

OIT (12/3) = {

Proof: By Corollary 2.4, the set II/ (12/3) has only the one block partition
12---n, which will be even if n is odd, and will be odd otherwise. |

Theorem 3.3. Forn > 1,

EIT (1/2/3) {{a elll :b(o) =2}, ifn is even

{12---n}, if n is odd ’

2=l —n—1, ifn is even

#EI,(1/2/3) = {1 if n is odd
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and
{oelll,:b(oc) =2}, ifnisodd

{12---n}, if n is even’

OIT,(1/2/3) = {

2=l —n —1, ifnis odd

1, if n is even

HOIT, (1/2/3) = {

Proof: By Corollary 2.8, the 2"~ —n partitions of [n] that avoids the pattern
1/2/3 are the ones having one or two blocks. As in the previous result, the
only partition 12 - - - n with one block is even if n is odd, and is odd otherwise.
On the other hand, if o is one of the 2"~! — n — 1 partitions of [n] with two
blocks, then it will have the same parity as n. Thus, the result holds. |

Theorem 3.4. If n is an odd integer then ETI/,(123) = OII/ (123) = ().
If n =2k > 1, then

ETI (123) = 11/,(123) and OII} (123) =0, if k is even
and
OIT' (123) = IT.(123) and EIT,(123) = 0, if k is odd.

Proof: It follows from Corollary 2.6, since when n = 2k, all perfect matchings
of [n] have k blocks, and thus its parity is the same of that of k. _

Theorem 3.5. Forn > 1,
ET (13/2) = {o € 11, : o is layered and b(c) has the parity of n},

1 n __ Aan 1 no__ §n
s =3 (5=2) 1222

where

1+V5 1-5 1 V3 1 V3
- . B= T - N EE A
2 2 2 2 2 2

are the roots of the equation x* + 223 + 2% — 1 = 0.

Proof: The description of the set EII/ (13/2) follows from theorem 2.10 and
the definitions. For the enumeration part, we start by noticing that

#BIL,(13/2) = #OII, _,(13/2) + #OIL,_,(13/2)

since, as in the proof of Theorem 2.10, any partition o € #FEII/ (13/2) is
uniquely obtained from a partition in II/,_,(13/2), with parity different from

«
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n, by adding the block {n —1,n}, or from a partition from II/, ,(13/2), with
parity different from n, by adding the integer n to the block having the letter
n — 1. Therefore, using Theorem 2.10 we can write

WEIL(13/2) = #OTT,_,(13/2) + 40T, ,(13/2
= #1L, 5(13/2) — #E1L, ,(13/2) + #1L, ,(13/2) — #EII,_,(13/2)
= Fyos+ oo — #E11,_5(13/2) — #E11,_,(13/2).

Thus, the sequence formed by the cardinalities a, := #FEII/ (13/2), for
n > 0, satisfies the recurrence relation

ap,=F,_3+ F,_9 —ap_o— a,_1, forn >3 (3.1)

with the initial conditions ay = a1 = as = 0.

Recalling that F(x) = is the generating functions for the Fi-

1—2— 22

bonacci numbers (see [5]), and setting G(z) = Z a,x", from the recurrence
n>0

(3.1) we obtain
G(%) = Z (Fn—S + Fn—2 — ap-2 — an—l) "

n>3

=27 Z Foa" + o* Z Foa" — 2*G(z) — 2G(x)

n>0 n>1
= 2%(z + 1)F(2) — (2* + 2)G(2),
that is, the generating function for the number of partitions in ETI/ (13/2) is
23 (z +1)
(1—z—2®)(1+z+22)

G(x) =

Let a = #,ﬁ = %g,v: —%—l—\/?gi,(S: —%—%gi be the roots of the

equation (1 —z — 2?)(1 + x + 2*) = 0. By the Binet formula [5], we have
x a =g
1—x—x2_z oz—ﬁx'

n>0

In a similar way, we can write 1 + z + 2% = (1 — yz)(1 — dx), and thus

x B x 1 1 B fy”—(Wxn
l+z+22 (1—v2)(1—-62) ~—6\1—vyr 1-—dz _n>0 vy—0
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Finally, noticing that

1 x 1 x
o =3 (=) 2 (r5250).

we get the desired result. |

Since the set II/(13/2) is the union of the disjoint sets EII’,(13/2) and
OI1 (13/2), from the last theorem we get the analogous result for singleton
free odd set partitions that avoids the pattern 13/2.

Corollary 3.6. Forn > 1,

O1Il,(13/2) = {o € 11, : o is layered and b(c) has not the parity of n},

1 n _ Aan 1 no__ gn
#OH;(13/2)=§(O‘Q_§ >+§<77_5 )

where

are the roots of the equation x* + 223 + 22 — 1 = 0.

Proof: If H(x) is the generating function for the numbers #OII/ (13/2), then
by the previous theorem,

B .. le Oén—ﬁn ,yn_(sn o
H(z) = F(z) - G(x) ;(&_5+7_5> ,

and the result follows. ]

We consider next the description and enumeration of the sets EII (R) and
OIl' (R) where #R > 2 and n > 2. As before, by Lemma 3.1, we have
FEIl (R) = ETI (R \ {12/3}) and OII',(R) = OII/ (R \ {12/3}), so we need
to consider only the patterns 12/3,1/2/3,123 and 13/2. Tables 3.1 and 3.2
give the results for FII/(R) and OII(R), n > 2. The proofs are direct
consequences of the theorems above.
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R EIL(R) # E1L,(R)
{12/3,1/2/3} {12 wlfn@ iisf s odd (1)
(12/3,123} 0 0
{12/3,13/2} {12 wlfn@ iisf s odd (1)
{1/2/3,123} (12/34, 13?21?;243} ifn =4 g

{1---¢/(i+1)--n:2<i<n-—2},neven| n-—3
{1/2/3,13/2} {12---n} if n is odd 1
{12/34/ -+ /(n — 1)n} if n = 2k with k even 1
{123,13/2} () otherwise 0
{12/3,123, 7} () form=1/2/3 or m =13/2 0
0 if n is even 0
112/3,1/2/3,13/2} {12---n} if n is odd 1
(12/34) ifn=4 1
{123,1/2/3,13/2} 0ifn £ 4 0
#R > 4 0 0

TABLE 3.1. Singleton free even partitions with more than one restriction

4. P-recursion

A sequence (a,),>o is said to be P-recursive (short for polynomial recursive)
if there exist polynomials py(z), p1(z) ..., ps(x) with pg(x) # 0, such that

po(n)a, + pr1(n)ans1 + -+ + pa(n)anrq = 0,

for all n > 0. That is, (a,),>0 satisfies a homogeneous linear recurrence of fi-
nite degree with polynomial coefficients [11]. The above relation defines a,4
in terms of the values of a,, ani1, ..., ap1q-1, provided pg(n) # 0, and can
be used to compute the sequence of values a, 4 with relatively low compu-
tational cost, for n large enough. Our objective in this section is to identify
the sequences #I1/ (7), #FEII (7) and #O1II! (7), n > 1, for = F [3], which
are P-recursive.

Closed related with P-recursive sequences is the notion of D-finite (short
for differentiably finite) formal power series [10]. A power series f(x) is D-
finite if there exist finitely many polynomials py(z), pi(z),...,pm(z) with
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R OIT,(R) #OIL,(R)

{12/3,1/2/3} 0 if n is odd 0

{12---n} if n is even 1

{12/3,123} 0 0

() if n is odd 0

{12/3,13/2} {12---n} if n is even 1

{1/2/3,123} 0 0
{1---i/(i+1)---n:2<i<n—-2},nodd| n-3

{1/2/3,13/2} {12---n} if n is even 1

{12/34/--- /(n — 1)n} if n = 2k with k odd 1

{123,13/2} () otherwise 0

B 0 if n is odd 0

T={12/3,1/2/3,13/2} {12---n} if n is even 1

AR>3, RZT 0 0

TABLE 3.2. Singleton free odd partitions with more than one restriction

pm(x) # 0 such that

po() f (@) + pr(x) f9 (@) + - -+ pul) f (@) = 0, (4.1)
where f0)(z) = d'f/dx’.

An example of a D-finite function is f(x) = e, since f(x) — f'(z) = 0.
Similarly, any linear combination of series of the form x™e® (m € N a € R)
is D-finite, since such series satisfy a linear homogeneous differential equation
with constant coefficients.

The following result, proved by Stanley in [10], was also mentioned in
Jungen [3].

Theorem 4.1. A sequence (ay,)n>0 is P-recursive if and only if its ordinary
generating function f(x) =, - a,x" is D-finite.

Sagan [9] proved the following analogous result for exponential generating
functions.

Theorem 4.2. A sequence (ay,)n>0 is P-recursive if and only if its exponential
generating function f(x) =) -,a,x"/n! is D-finite.

A formal power series is said to be algebraic if there exist polynomials
po(z),...,pa(x), not all zero, such that

po() + pi(x) f(2) + - - + pa(a) f ()" = 0. (4.2)
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The smallest positive integer d for which (4.2) hold is called the degree of
f(z). It is simple to see that an algebraic power series f(z) has degree 1 if
and only if f(z) is rational. The following result asserts that all algebraic
power series are D-finite (see [11]).

Theorem 4.3. If f(x) is an algebraic power series then f(z) is D-finite

The converse of this result is false, since, for instance, the power series
f(x) = e” is D-finite but not algebraic.
We will also need the following result of Stanley [11].

Theorem 4.4. If f(x) and g(x) are D-finite, then any linear combination
af(x) 4 bg(x) is also D-finite.

If f(x) is D-finite and g(z) is algebraic with g(0) = 0, then the composition
f(g(x)) is D-finite.

We start our analysis by showing that #II
recursive sequence.

/

n, n > 1, do not form a P-

/

n, 1 >1, 15 not P-recursive.

Proposition 4.5. The sequence #I1

Proof: The proof follows essentially the same argument used by Sagan in
[9] to show that #II,, is not P-recursive. By contradiction, assume that the
sequence #I1/ is P-recursive. Then, its generating function

F(r)=e" 177

determined in (2.4), must be D-finite by Theorem 4.2, and so it must sat-
isfy equation (4.1) for some polynomials po(z),p1(x),...,ps(x). A simple
induction shows that the i-th derivative of F'(x) can be written as

deF(SC) = F(z) (a6 Fabe” +abe® 4 - 4 al el 4 e”) :
for some constants a;'-, j =20,1,...,7 — 1. Thus, taking the derivatives in

equation (4.1) and dividing by F(x), which is never zero, we get
q(z) + q1(x)e” + - - + qa(z)e™ =0,
where
d
qi(z) = pi(x) + Z aypi(z).
k=i+1

Moreover, since the p;(z) are not all zero, the same is true for the ¢;(z). But
this imply that e* is algebraic, a contradiction. ]
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Theorem 4.6. For any m > 1, the following sequences are P-recursive, for
n>1:

#IL,(12---m),  #I0,(m,),  #IL,(1/2/ -+ /m).

Furthermore, for any m = [3], the sequences #11),(m), #FEIL () and #OIL (),
n > 1, are P-recursive.

Proof: The exponential generating function for the numbers #II/ (12---m),
n > 1, is given by Fio..p(z) = exp(exp,,_;(x) — 1 —z). We have already seen
that f(x) = e” is D-finite, and g(z) = exp,,_;(x) — 1 — x is algebraic since it
is a polynomial. Thus, by Theorem 4.4 the composition f(g(x)) = Fia..n(x)
is D-finite.

The exponential generating functions exp,, (e’ —1 —x) and exp,,_;(e* —
1 —x), respectively, for the numbers #IT/ (7’ ) and #IT/,(1/2/--- /m), n > 1,
are D-finite since this functions are linear combinations of series of the form
e, with m € N and a € R, and thus satisfy a linear homogeneous
differential equation with constant coefficients.

Finally, note that by the results of sections 2 and 3, the generating functions
for #II/, (), #FEIL,(7) and #OIL (7), for each m F [3], are either specifica-
tions of the functions above, or rational functions, and thus are D-finite.

Since the generating functions of all sequences considered are D-finite, we
can use Theorems 4.1 and 4.2 to conclude that all these sequences are P-
recursive. ]

5. Gray Codes

A Gray code for a class of combinatorial objects is a list of these objects
so that the transition from one object in the list to its successor takes only
a “small change” (see [12] for a comprehensive survey). The definition of
“small change” depends on the particular class of objects. In our case, we
define the distance d(m,w) between two partitions 7, w of [n] as the minimum
number of letters that must be moved between blocks of 7, possibly creating
a new block, so that the resulting partition is w.

If the maximum distance between any two consecutive elements of a Gray
code is k, then we say that the Gray code has distance k.

In this section, we describe Gray codes with distance 2 for the sets II7 (7),
for m =1/2/3,123,13/2. The remaining cases m = 12/3 and 1/23 are trivial.
We point out that 2 is the minimum possible distance for a Gray code for
these sets. Except for m = 123, the partition 12---n belongs to II/ (7), and



SINGLETON FREE SET PARTITIONS AVOIDING A 3-ELEMENT SET 19

therefore, the distance between 12---n and any other partition must be at
least equal to 2. The set 11, (123) is formed by perfect matchings, and again
in this case, 2 is the minimum distance between two elements of this set.

We start with the case II7(13/2), for which we need the following defini-
tilons.

Definition 2. Given a singleton free partition o = By/--- /By of [n — j],
j = 1,2, define the partition ¢" of [n] as

n_ I Bi/ [ BrUfn}, if j =1
|\ B/ /B /{n—1,n}, ifj=2"

Definition 3. Let ¢ = By/---/By_1/B; and 7 be layered singleton free
partitions of [n]. We say that o and & forms a good pair if whenever #B; 1 >
3 and B; = {n — 1,n}, then B, 1 U{n — 1,n} is not a block of 7.

Lemma 5.1. If 0,7 is a good pair of 11, _;(13/2) and d(o,7) < 2 then 0", 7"
is also good pair of 117,(13/2) and d(o",7") <2, for j =1,2.

Proof: If o, is a good pair, it follows from the definitions of good pair and
o" that o, 7" is also a good pair. Assume that d(o,7) < 2. This means
that one or two integers moved between blocks of ¢ to get w, and the same is
true for the partitions ¢” and n". Since ¢ and 7n" are obtained from ¢ and
7 by inserting n is the last block, or by inserting the block {n — 1,n}, the
only non trivial situation to analyze is when 5 = 1 and the last block, say
By = {n — 2,n — 1}, of ¢ vanishes in . That is, ¢ = By/---/B;_1/B; and
T = By/ -+ /By_1 U B;. In this case, we have ¢" = By/---/B;_1/B; U {n}
and 7" = By/--- /B;_1UB;U{n}. But since ¢ and 7 are good pairs, we must
have B;_1 = {n — 4,n — 3}, and therefore 7" is obtained from ¢" by moving
the integers n—4 and n—3 to the last block. It follows that d(¢”,7") =2. =

Note that if we drop the good pair condition in the last lemma, we may have
layered singleton free partitions o and 7 of [n—1] with distance 2 such that the
distance of ¢™ and 7" is greater than 2. For instance, d(123/45,12345) = 2
but d(123/456,123456) = 3.

Theorem 5.2. For each n > 4 there is a Gray code sequence with distance
2,
T, 7T ...,Tg,

for 111 (13/2) such that any two consecutive elements are good pairs, m =
12---nand mg =12---(n —2)/(n — 1)n.
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Proof: The list 1234,12/34 is a good pair and forms a Gray code with dis-
tance 2 for I1(13/2). Assume the result for integers less than n, with n > 4,
and let

ai,...,ag and By, ..., 0

be Gray codes with distance 2 for II!, ,(13/2) and II/,_;(13/2), respectively,
in the conditions of the theorem. Then

py =12---(n — 1)n,

5 =12 (n—3)/(n—2)(n— 1,

af =12---(n—2)/(n — 1)n, and

al =12---(n—4)/(n —3)(n — 2)/(n — 1)n.
Thus, gf and o is a good pair with d(5}', o) = 2 and we may use Lemma
5.1 to conclude that any other two consecutive partitions of the sequence

B, ..., B¢ ak, . al. (5.1)

forms a good pair and have distance less than, or equal to 2. Moreover,
from the construction used in the proof of Theorem 2.10, we find that this
sequence is an exhaustive list of the elements of 11/ (13/2). This means that
the list (5.1) is a Gray code with distance 2 for II/,(13/2) in the conditions

of the theorem. n
I15(13/2) | 12
I15(13/2) | 123
I1,(13/2) | 1234, 12/34
I17(13/2) | 12345, 12/345, 123 /45
I15(13/2) | 123456, 12/3456, 123/456, 12/34/56, 1234/56
17(13/2) | 1234567, 12/34567, 123 /4567, 12/34/567, 1234/567, 123/45/67,

12/345/67,12345/67

I15(13/2) | 12345678, 12/345678, 123 /45678, 12/34 /5678, 1234 /5678,
123/45/678, 12/345/678,12345/678, 1234/56/78,
12/34/56/78, 123/456/78, 12/3456 /78, 123456 /78
TABLE 5.1. Gray codes for I/ (13/2), n=2,...,8

Theorem 5.3. For each n > 4 there is a Gray code sequence with distance 2
for I/ (1/2/3) which starts with 12---n and is followed by In/2---(n —1).
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Proof: For n = 4, the list 1234, 14/23, 13/24, 12/34 is a Gray code with
distance 2. By induction, assume that

Qp, Ay, - .., O

is a Gray code sequence with distance 2 for II),_;(1/2/3), for some n—1 > 4,
with ap = 12---(n — 1) and ag = 1(n — 1)/23---(n — 2). Recalling that
each partition in I/, _,(1/2/3) has one or two blocks, given o = B;/Bs €
I _1(1/2/3) define

"o=BU{n}/By, and "= B;/ByU{n}.

Foreachi=1,...,n—1,let 5; =in/1-- e (n—1), where 7 means that
the integer ¢ is not in the block, and let L be the sequence of partitions in
IT7.(1/2/3) defined by:

L = 12”7 Bla 527 "'76n—17a7117 0537"'704?7 nat7"'7 na27 nal'

It is clear from the definitions that each consecutive partitions in L has
distance 2. Moreover, note that by Corollary 2.8, the number of elements in
L is
#L =2 (411, ,(1/2/3) = 1) +n
=2(2"*=(n—-1)—1)+n
—onl _p.

That is, L is an exhaustive list of the elements in II/ (1/2/3), and therefore

is a Gray code sequence with distance 2 for 11/ (1/2/3). n
IT,(1/2/3) | 12

I15(1/2/3) | 123

IT,(1/2/3) | 1234, 14/23, 24/13, 12/34

T (1/2/3) | 12345, 15,234, 25/134, 35/124, 45/123, 14/235, 24/135, 12/345,

125/34, 245/13, 145/23

I1;(1/2/3) | 123456, 16,2345, 26/1345, 36,1245, 46/1235, 56/1234, 15/2346,
25,1346, 35/1246, 45/1236, 14/2356, 24/1356, 12/3456, 125/346,
245/136, 145/236, 1456/23, 2456/13, 1256/34, 126,345, 246135,
146,235, 456/123, 356,124, 256/134, 156,234

TABLE 5.2. Gray codes for I/ (1/2/3), n =2,3,4,5,6
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In the next theorem we construct a Gray code with distance 2 for the perfect
matchings of [2k], that is, for the set II,(123), k > 2. The next lemma,
whose proof is clear from the definitions, characterize perfect matchings with
distance 2.

Lemma 5.4. Two perfect matchings of [2k] have distance 2 if and only if all
but two of their blocks are equal.

Let « = By/---/Bj_1 be a perfect matching of [n] with n = 2(k — 1),
written in standard form. For each j = 1,...,k — 1 let B; = {a,b} with
a < b, and define

o =By B/ - /By /{n — L,n},
ol' = Bi/ -+ /B;1/{a,n}/Bj1/ - /Bya/{b,n — 1}, and
o> = Bi/ - /By1/{b,n}/Bysa/ - [ Bir/{a,n — 1.

Lemma 5.5. Let a and aq be two perfect matchings of [2(k—1)] with distance
2, and j € [k —1]. Then,

(1) (Oé ,af) =

(2) d(a’ ozﬂ)—Z for 0 =1,2;

(3) d(a’t, 0?) = 2;

(4) d(ad’, ol =2 for £ =1,2.
Proof: The first three conditions are clear since all but two of the blocks of
each of the pairs of partitions a’, a?, a?, o/’ and /!, a/? are equal.

Let « = By/--- /By and a; = Bj/---/Bj_, be perfect matchings of

[2(k — 1)], written in standard form and such that d(a, 1) = 2. Let n =
2(k — 1), j € [k — 1] and assume that B; = {a, b}, with a < b, so that

= B/{a,n}/{c,d}/{b,n—1} and o’* = B/{b,n}/{c,d}/{a,n -1},

(5.2)

where B = By /- - /Ej/ . /Eq/ -+ - /Bp_1. Since the distance between o and

a1 is 2, there must be a block B, = {¢, d} of a, with ¢ < d, and two integers
7', ¢ € [k — 1] such that B) = Bg for ¢ # 5/, ¢/, and either

B, = {a,c} and By, = {b,d} or Bj ={a,d} and B, = {b,c}.
Now, if B; = B}, then it is clear that d(o/", al') = 2 since all but two of the

blocks of these partitions are equal, for £ = 1,2. So, assume that B; # B;-.
We have two cases to consider: a < ¢ or ¢ < a. We consider only the case
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a < ¢, the other case is analogous. Then, we have j < ¢ and j’ < ¢/, and this
implies that

B’ = B}, = {a,c} and By, = {b,d} or Bj= Bj = {a,d} and B, = {b,c}.
In the first case we have

olt = B/{a,n}/{b,d}/{c,n — 1} and of* = B/{c,n}/{b,d}/{a,n — 1},

and in the second

of' = B/{a.n}/{b,c}/{d,n — 1} and af’ = B/{d,n}/{b.c}/{a,n — 1},

In both cases, comparing the expressions of o/’ given in (5.2) with that of
a{g, for £ =1, 2, we conclude that their distance is 2. |

Theorem 5.6. For each integer k > 1, there is a Gray code sequence for
1T, (123) with distance 2.

Proof: The proof is by induction on k > 1. For £k = 1 and k£ = 2, the lists 12
and 12/34, 13/24, 14/23 are Gray codes with distance 2. Assume the result
for k —1> 2, and let

Ly 1= a1,a,...,aqs,
be a Gray code sequence for H’Q(k_l)(123) with distance 2, where s = (2k—3)!!

by Corollary 2.6.
For each 1 = 1,...,k — 1, let R; be the list off all 2s partitions ozj , ] =

1,...,sand £ = 1,2, starting with a!' and ending in O‘z+17 defined by:

_ .l 21 11 12 12 12 11 21 21
R' Oé Oéi_l,...7041,&1,0[2,...,0&87068,Oés_l,...,OéZ'+1.

Finally, let

_ 0 0 0 0 0 0
Ly =aj, Ri, ayg Ro, ... 05 _q, Rp—1, o, agq,...,04.

By its construction, all partitions in L; are perfect matchings and, by Lemma,
5.5, any two consecutive partitions in Lj; are distinct and have distance 2.
Moreover, the list L; exhaust all elements of 79, (123), since its cardinal is
given by
#Lk =S5+ (]{7 — 1)28

= 2k = 3)!'+ (k— 12 ((2k — 3)!!)

= (14 2k —2)((2k —3)!)

= (2k — 1!
Therefore, Ly, is a Gray code with distance 2 for II5, (123). _
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(123) ] 12

(123)]12/34, 13/24, 14/23

IT

=
S22

(123) | 12/34/56, 16/34/25, 26/34/15, 36/24/15, 46/23 /15, 16,23 /45,
16/24/35, 13/24/56, 13/26/45, 12/36/45, 12/46/35, 13 /4625,
14/36/25, 14/26/35, 14/23 /45

TABLE 5.3. Gray codes for 1T/ (123), n = 2,4, 6
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