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Abstract

We give a formula to compute the number of permutations with a
prescribed descent set in quadratic time. We give the generating func-
tion of the number of permutations with a periodic descent set. We
introduce the density method algorithm, which generates uniformly dis-
tributed random permutations with a prescribed descent set.

1 Statement of the results

Let o be permutation of {1,2,... N}. The descent set of o, D(o), is the set of integers i € [1, N — 1] such that
o(i) > o(i + 1). For instance, D(id) = 0. If o is an alternating permutation, that is, if

o(l)>0(2)<o(3)>0(4)...

then D(¢) = [1,N — 1] — 2N.

The aim of this paper is to study permutations of {1,2,... N} with a prescribed descent set A C [1, N — 1].
We first give a method to compute this number efficiently, namely, using O(N?) elementary computations,
while the classical formula based on an inclusion-exclusion argument uses an exponential number of elementary
computations. Next, given a periodic pattern of ascents and descents, we give a complete expression of the
exponential generating function of permutations whose descent set follows this pattern. Finally, we introduce an
algorithm generating at random, with uniform probability, permutations with a given descent set.

These results make use of a generic method, which we call the density method, and which applies in a more
general framework, namely the study of (finite) posets. Generally speaking, if Pos is a finite poset, its order
polytope is the subset of [0,1]7°% consisting of all functions f : Pos — [0,1] satisfying, for all z,y € Pos,
x <y = f(x) < f(y). The density method consists in expressing the marginal densities of the uniform
measure on the order polytope by computing iterated integrals. This is not always possible for all types of posets
but in the context of this paper, we shall see that this is relevant. An interest of this method is that it provides
an explicit algorithm of random generation with polynomial cost. Other uses of this method can be found in
[Mar16, BMWTS].

Our first theorem is the following:

Theorem 1.1 Fiz an integer N > 2 and a set A C [1, N —1]. Define by descending induction a sequence of
polynomials (f;,1 < i < N) as follows:

e fn=1
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o I[fic A, N
filw) = /O fiir(y) dy

e Ifid A, 1
filw) = / fioa(y) dy

Let Qn(A) be the number of permutations of {1,2,... N} with descent set A. Then

Qn(4) = NI /O f1(y) dy

The reason why we use descending induction, rather than regular induction, will appear in Theorem 3. An
easy inclusion-exclusion argument (see for instance [Bonl2|], Chapter 1) gives

Qn(A) = > (-1)*1Flgy(B) (1)

BCA

where the function gy is defined as follows. If B = (), then gn(B) = 1. Otherwise, there exists k € [1, N — 1]
such that B has the form B = {i; <2 < ... <} and in that case

N!

gn(B) = (N —ip) (i — ig—1)!. .. (12 — 91)'4q!

However, in order to use , one needs to compute 2V~14l terms. By comparison, Theorem 1 only requires
the computations of the coefficients of N polynomials of degree 0 to N — 1, which means computing O(N?)
coeflicients. Moreover, each coefficient can be computed using only one elementary computation, except for the
constant coefficients. It is easily seen that calculating the constant coefficient of f; requires N — d elementary
computations. Hence the number of elementary computations in Theorem 1 is O(N?). Another efficient method
to compute Qy is given by Viennot [Vie79].

Theorem 1 also gives access to comparison results. For a permutation o of [1, N], say that m € 2, N — 1] is a
local extremum if either o(m — 1) < o(m) > o(m +1) or o(m — 1) > o(m) < o(m + 1). Then we have

Corollary 1.1 For B C [2,N — 1], let F(B) be the number of permutations of [1, N] with set of local extrema
B. Then F : P({2,3,...n—1}) = N is an increasing function.

Of course, such results are more difficult to derive using alternating sums such as . The fact that the
maximum of F' is achieved for alternating permutations was first observed by Niven [Niv68|, see also [BR70].
Our next result deals with the case of a periodic descent set.

Theorem 1.2 Let p > 2 be an integer, fix a set A C {1,2,...p} and put

oo

n=0
For each integer n > 1, let d,, be the number of permutations of {1,...,n} with descent set
Ao N[l,n—1]
Let w, ... ,wy, be the p-th roots of 1 (resp. -1) if p — |A| is even (resp. odd). For k,l € [1,p|, put
s (wkt)np-i-l
t) = —
i (1) Z:O (np +1)!

Then there exists a rational function Ry € Z(Xy, ..., Xppt1)), such that

(oo}

dpt™
Z nl :RA(Wla-~'7wpagl,1(t)7"'7gp,p(t))

n=1
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Theorem 2 generalizes the classical theorem by André [And1879| for alternating permutations:

o0

—=
— nl cos(t)
where we agree that dy = 1. More recent results were established by Carlitz (see [Car75] for instance) and

Mendes-Remmel-Riehl [MRR10] in the case p = 1, and later by Luck [Lucl4] and Basset [Basl6G]. We shall see
how to recover these results from our method in Section 3.

For the first-order asymptotics, see [LM83] and [BHRO3|]. For every set A, one can compute R4 and derive
the asymptotics from the zeros of the denominator, using the classical tools of analytic combinatorics. See for
instance the analysis of alternating permutations as Example IV.35 in [FS09]. However, our approach does not
provide the general form of the denominator.

Finally, we introduce an algorithm generating uniform random permutations with a given descent set. We
begin by a simple remark, which was already used in [ELR02] among others. Let Y = (Y7, ...Yy) be a sequence
of distinct reals in [0,1]. We can construct from Y a permutation oy as follows. Let k1 € {1,2,... N} be the
integer such that Yy, is minimal in {Y7,...Yx} and put oy (k1) = 1. Then, let ko € {1,2,... N} — {k1} be the
integer such that Yy, is minimal in {Y7,...Yn} — {Y%, }, put oy (k2) = 2 and so on. To recover oy from Y, one
can use a sorting algorithm.

One can define the descent set D(Y") of a sequence of reals Y as for a permutation and clearly, D(Y) = D(oy).
Moreover, if Y is chosen according to the Lebesgue measure on [0, 1]V, then oy is uniformly distributed over all
permutations of {1,2,... N}. As a consequence, if Y is chosen uniformly at random among all sequences with
descent set A, that is, if its density with respect to the Lebesgue measure on [0, 1]V is

Cl{py)=a} (2)

for some constant C' > 0, then oy is uniformly distributed over all permutations with descent set A. Therefore,
we want to find an algorithm constructing a random sequence with descent set A.

Algorithm Using iid random variables (Ui, ... Uy ), uniform on [0, 1], and the functions f; defined in Theorem
1, construct a sequence Y = (Y1,...Yn) as follows:

e Y] is the real in [0, 1] such that
vi 1
Ay =Us [ Ry
0

0

e For i € [1, N — 1], Y;44 is the only solution in [0, 1] of the equation
fi(Yiq1) = U1 fi(Y2) (3)
Finally, recover the permutation oy from Y by sorting.

Theorem 1.3 The algorithm described above yields a random permutation of {1,2,... N}, uniformly distributed
over all permutations with descent set A.

To see that the algorithm is well-defined, suppose for instance that i € A. Then becomes

Yiq1
/o fir1(y) dy = Ui fi(Y3) (4)

Since the functions f;, fi1+1 are nonnegative on the interval [0, 1], (4) clearly has a unique solution on [0, 1].
We shall not study in detail the complexity of the algorithm. Nevertheless, let us make a few comments.
First, remark that a simple rejection algorithm would have exponential complexity. Indeed, if we draw
a permutation at random, the most likely profile is the alternating case, and the probability for a random
permutation of length N to be alternating is ~ 2(2/m)"V (see Example IV.35 in [FS09]). Therefore, the average
number of times one has to draw a permutation before finding one with the prescribed descent set is at least
c(r/2)N.
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Using our algorithm, we need to compute the functions f;, which can be done using O(N?) elementary
computations, as already seen. The last step, namely sorting the sequence Y to deduce oy, has an average
complexity O(N log N) if one uses randomized quicksort. What is more intricate is to evaluate the time needed
to generate the variables Y;, which amounts to solving N equations of the form . We shall not discuss this
from a theoretical point of view. However, some experimental results are given at the end of the paper. Typically,
our algorithm can generate permutations of length a few thousands.

In the particular case of alternating permutations, other algorithms with a better complexity can be found
in [BRST2].

We now proceed to the proof of the results. We first prove Theorem 3 in Section 2 and deduce Theorem 1
and Corollary 1 in Section 3. In Section[d] we give an outline of the proof of Theorem 2. In the last section , we
comment on the implementation in Maple of our algorithm.

2 Proof Theorem [1.3

First, observe that there are obvious symmetries in the problem. If one replaces o(¢) with N 4+ 1 — o(7) for each
i, then A is replaced with its complement. If o(¢) is replaced with (N 4+ 1 — ) for each ¢, then A is replaced
with N — A.

Let us prove Theorem [I.3] One can re-formulate the algorithm, using the notion of conditional density of a
random variable, as follows:

e Y] has density fl/fol f1(y) dy.
e If i € A, conditionally on Y;, Y;1; has density 1y y;) fir1/fi(Yi)-
e If i ¢ A, conditionally on Y;, Y;11 has density 1jy, 17 fiv1/fi(Yi)

As a consequence, the density of the sequence Y = (Y1,...,Yx) with respect to the Lebesgue measure on [0, 1]V
is equal to the telescopic product

AM) O ()
f01f1(y)dy ) 7T (Yo Pe=A

1
= T Hom=a)
o fi(y) dy

which is exactly the form required in (2)). Therefore, oy is uniformly distributed over all permutations with
descent set A. This proves Theorem 3.

3 Proof of Theorem [1.1]

Let us deduce Theorem 1. If a permutation of {1,...n} is drawn uniformly at random, the probability that its
descent set is A is . )
/ dyr .. / dyn1{p(y)=4a}
0 0

Qn(A)
N!

But this probability is also equal to

Using the formula for the density of Y, we find that

1 /1 1
—_——— dyl/ dyN]-{D( )y=A} =1
Iy fiw)dy Jo 0 !
whence .
() =Nt [ fw)dy
0

which proves Theorem 1. ~ B
Finally, let us prove Corollary 1. It suffices to prove that if B, B are two subsets of [2, N —1] with B = BU{m},
m ¢ B, then the number of permutations with set of extrema B is smaller than the number of permutations with
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set of extrema B. Using the symmetries of the problem, it suffices to count permutations with set of extrema
B,B ending with a descent. If we impose this condition, let A, A be the corresponding descent sets. Using A, A
we define by descending induction the polynomials f;, f; as in Theorem 1.

Now define the polynomials h;, 1 <4 < N by hy = 1 and h;(z) = fi(x) if i € A while h;(x) = f;(1 — z) if
1 ¢ A. Remark that for i < N — 1, the h; are increasing functions on [0, 1] such that h;(0) = 0. Besides, one can
directly define the h; by descending induction as follows. First, hy = 1 and then, if i ¢ B,

hi(z) = /01' hiv1(y) dy (5)
while if i € B, )
mw) = [ hia=v)dy (©
Likewise, define the polynomials hi, 1 <i < N by hy =1, hy(x) = fi(x) if i € A and hy(z) = fi(1 —z) if
Z ¢S?Iice B = BU{m}, we have h; = h; for i > m. Moreover, using (5) and (6, we get that P (2) > hyn(22) for

every x € (0, 1] and by induction, for every i < m and every x € (0, 1], h;(z) > h;(z). Integrating this inequality
for i = 1, we get the result.

Remark 3.1 The coefficients of the polynomials f; can be computed by induction. Put
frn—i(z) = Zal(;)a:k
k=0

First, aéo) = 1. Next, if N — ¢ € A, then a(()iﬂ) =0 and for £ > 0,

) (7)
QD g

k+1 — k/’+1

On the other hand, if N — i ¢ A, then for k > 0,
(i+1) _ _ al(cZ)
R

and

i (0)
(i+1) _ Ay
%0 _§:k+1
Therefore, if N —i ¢ A,

(i+1) i aofj) |A°A[N—i+1,N—1]|
= (-
2

By recursion, this leads to , which provides an alternative proof of Theorem 1.

4 Proof of Theorem (outline)
Define by induction the sequence of polynomials (f,,) by

e fo=1

e lficA,,i>1

o Ifi¢ A, i>1
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We claim that )
dN = N'/ fN_l(:C)d:L'
0

Indeed, Theorem 1 tells us that the right-hand side is the number of permutations with length N and descent
set N — Dy . Using the symmetries of the problem, we see that this is equal to the number of permutations with
length N and descent set Dy .

Consider the bivariate generating function

o0

F(z,t) = > " fu(x)

n=0

Then we have .
0o dn
E —t" :/ tF(z,t)dx
n: 0
n=1

We want to prove that the right-hand side of this equality has the form given by Theorem 2. Let p be the
number of ascents in a period, p = p — |A|. By differentiating,

OPF(x,t)

S = (C)MF ()

Solutions of this differential equation have the general form

P
F(z,t) = Z ay(t)e?rt
k=1

where the wy are the p-th roots of 1 if u is even and the p-th roots of —1 if p is odd, and where the a; are power

series:
ak(t) = E ak,nt”
n>0
Therefore we can rewrite
1 p 6wkt —1
/ tF(z,t)dx = g E agnt" <>
0 Wi
k=1n>0
We can also re-express
nopPooq.1l
W, T
fn(gj) = I A n—1
=0 k=1
and so
n
/ P wé—&-lxl
fn+1(x) = I Ak n—1

~

(=)

k=

=

It is thus possible to compute the the coefficients ay, ,, using the fact that

e If n > 1is a descent, f,(0) =0 whence

and moreover f; | = —f,, whence
P
E : Jo_ 2 : Jj+1
A nWy, = Af nWi
k=1 k=1
e If n > 1 is an ascent, f,(0) =1 whence

L i P Qg w
n—3%k

daka=-) ) —

k=1 j=1k=1 J
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and moreover f) = f,, whence
P P
E Jj_ E Jj+1
A nWy = — A nWi
k=1 k=1

All these equations can be summarized in a matrix system with integer coefficients. We skip the details of the
resolution of this system (this is a bit long but only uses elementary linear algebra) but eventually we find

> d, 1 L ewrt — 1
;Ht - /0 (ot = > () (7)

k=11=1

where, for all k,[ € [1, p], the function
hk,l(t) = Z ak’anrltnp—i_l
n=0

has a rational expression, with integer coefficients, in terms of the wy and of the functions

L (wyt)Prt
i) = 3

This proves Theorem 2.

5 Implementation

We have implemented our algorithm in Mapldﬂ The length of the permutation is nmax. The random variables
Uln], which are drawn independently at random, represent the descent profile: U[n] = 0 or 1 according as
whether nmax — n is a descent or an ascent. The reals V[n] in the code correspond to the random variables Y;
in the algorithm.

As pointed out in the introduction, generating the variables Y; amounts to solving N equations of the form .
Of course, we can only get approximate solutions and since the Y; are computed recursively, there is a propagation
of errors. We shall not discuss this point from a theoretical point of view here. Observe, however, that these errors
do not affect the permutation we generate as long as, for each i, the difference between Y; and its approximation
is smaller than the minimal value of 2|Y; — Y| over all ¢, j € [1, nmax].

Since equations of the form are polynomial and since f] = £f;_1, we can directly implement Newton’s
method in the algorithm. We stop the iterations in Newton’s method as soon as two successive approximations of
the solution are at distance less that 1077, where p is a parameter that can be tuned. We give the time needed to
generate permutations of variable length and for various values of p. For a permutation of length 2000, we have
run the algorithm for the values p = 4 and p = 5 and we observe empirically that this yields the same permutation.

Here are some tables giving the run time of the algorithm for permutations of various lengths. In the first
table, we have also let the parameter p vary. The first line is the length of the permutation, the second line the
run time (in seconds) for p=4 and the third line the run time for p=5.

100 | 200 | 300 | 400 | 500 | 600 700 800 900 1000
0.18 | 0.93 | 2.21 | 4.46 | 6.75 | 11.36 | 16.14 | 23.36 | 31.73 | 37.93
0.19 | 0.97 | 2.52 | 4.65 | 7.36 | 12.29 | 17.70 | 24.66 | 34.59 | 41.15

In the next simulations, we have taken p=4 and we only give the integer part of the run time (in seconds).
1200 | 1400 | 1600 | 1800 | 2000 | 2200 | 2400 | 2600 | 2800 | 3000
68 90 119 174 | 213 | 269 | 351 627 | 678 | 766

3300 | 3600 | 3900 | 4200 | 4500 | 4800 | 5100 | 5400 | 5700 | 6000
840 1210 | 1410 | 1822 | 2385 | 3283 | 5395 | 5877 | 6380 | 9121

Empirically, the run time is more than quadratic. This is due to the fact that we have to perform computations
with polynomials of large degree. Also, the quantity of memory is quite large if we want to record all the
coefficients of all the polynomials. Of course, only keeping in memory the polynomial of highest degree and the

IThe code is available at http://www.math.univ-paris13.fr/~marchal/algopermut.m
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descent profile would be sufficient, since the other polynomials can be obtained by differentiation. However, this
would mean computing these polynomials twice.
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