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For words of length n, generated by independent geometric random variables, we study the average initial and end
heights of the first strict and weak descents in the word. Higher moments and limiting distributions are also derived.
In addition we compute the average initial and end height of the first descent for a random permutation of n letters.
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1 Introduction

Let X denote a geometrically distributed random variable, i. e. P{X = k} = pg*~! for k € N and
q = 1 — p. The combinatorics of n geometrically distributed independent random variables X3, ..., X,
has attracted recent interest, especially because of applications in computer science. We mention just two
areas, the skip list (1; 6; 12; 15) and probabilistic counting (2; 4; 5; 7).

e Skip lists are an alternative to tries and digital search trees. For each data, a geometric random
variable defines the number of pointers that it contributes to the data structure. (The data structure is
non-deterministic and is randomly constructed using a geometric random variable.) These pointers
are then connected in a specific way that makes access to the data manageable. The analysis leads
to parameters that are related to left-to-right maxima.

e Probabilistic counting uses hashing and the position of the first digit 1 when reading the binary

representation of the hashed value from right to left. This is a geometric random variable with
parameter p = q¢ = % Thus one has an urn model, with urns labelled 1,2, ..., and the relevant

parameter here is the number of non-empty urns (starting with the first urn).
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One of the first combinatorial questions investigated for words a; .. . a,, with the letters a; indepen-
dently generated according to the geometric distribution, was the number of left-to-right maxima in (13).
In (8) the study of left-to-right maxima was continued, but now the parameters studied were the mean
value and mean position of the r-th maximum.

More recently the authors (9) studied the number of descents in a string of n geometrically distributed
independent random letters. For example in w = 225114431 we have 2 strict and 6 weak descents
(equality is included in the weak case). We continue the study of descents in this article by considering
the initial and end heights and hence the size (magnitude of the first jump down) of the first descent in
such a string. In our example word w the initial and end heights of the first descent are respectively 5 and
1 (strict case) and 2 and 2 (weak case). In this paper strict descents are considered in Section 2 and weak
descents in Section 3. The limiting behaviour as ¢ — 1 is investigated in Section 4.

Many permutation statistics can be deduced from the corresponding geometric random variable statistic
by letting ¢ — 1. However, this does not apply in the case of descent heights, so we consider separately
the initial and end heights of the first descent for a random permutation of n letters in Section 5.

2 Strict descents
2.1 The end height of the first strict descent

For the end height of the first strict descent in a sample of geometrically distributed random variables we
use the following decomposition. If a random word has at least one strict descent, then it begins with a
weakly increasing sequence of values ending in some value h > 2, which is followed by a letter smaller
than h (the first descent). Thereafter the letters of the word can be an arbitrary sequence of geometrically
distributed random variables. Alternatively, a random word has no strict descent at all, in which case it is
a weakly increasing word. This gives the following decomposition for the set of all words:

{all words}=U),>, ({weakly increasing word ending with h}{letter< h}{any word})

U{weakly increasing word}.

We now consider a probability generating function F'(z,u), where z labels the number of random
variables, and v marks the end height of the first strict descent. Consider the case of words with at least
one strict descent. Firstly, the generating function for weakly increasing words with values at most A is

given by the product H =1 1pr+1z Then the end letter h of this increasing word has generating function
h—1

pq"~z. The subsequent value (first descent) is marked by u and has any value from 1 to h — 1, with

generatmg function ZZ 1 pq’ Lu?z. The arbitrary word that follows the first descent then has generating

. . 1
function Tz Finally, words with no descent have generating function [ | 21 T =T

This leads to
1
_ -1
o) = X [ o™= (S s) s+ T e
h>2j= 1 jz1
— h 1puz2(1_qh_1uh_1) 1 2]
B ZH qg 1z 1—qu +H1,qu—1z' 2.1
h>2J 1 j=>1



The first descent in geometric samples and permutations 217
Remark. By definition F'(z,1) = i, however, in order to deduce this from the above expression for
F(z,u) we require the following proposition whose proof we relegate to the Appendix 6:
Proposition 1
1 1 1
2h
S pag H%:—(H%—l)—q. 22)
h>1 pyz 2 i>1 1 =pg’=

We will also make use of Proposition 1 in order to simplify some of our expressions for the mean values
of parameters.
For the mean end height of the first descent we must compute %F (2,1). Now

h

0 1
—F(z,1) L= he" T + (h=1)") | ——— 2.3
5.k (= 1_Z2q ¢"t )Q)Hl_qu_lz 2.3)
h>2 j=1
Since the dominant pole is at z = 1 we have by singularity analysis (3),
9 h
e h—1(1 _ h+1
"] 5, F(z1 ~> " 1= (h+1)" + hg Hl
h>1 Jj=1
h
fz pd" = pa™ + (0 = Dhpe™) [T +—
95> J:1 —Pe
=0T 1]
h>1 qu
by using (2.2) and one of Euler’s partition identities:
x" 1
== 2.4
2 (@n  (@)n

n>0

For notational convenience here and below, we make use of the g-series notation (z),, := (1 — z)(1 —
zq) ... (1 — z¢g"1). Thus we have shown

Theorem 1 The expected end height of the first strict descent is asymptotically as n — o0,

- Z hpg®" ) (2.5)
h>1 On
2.1.1 Higher moments and limiting distributions
From (2.1), the r-th moment about the origin of the end height for » > 1 is just
p22? k kth—1 - 1
1_ZZZ((I<;+1)q —(k+h)"q )Hl_quflz. (2.6)

h>2 k>0 j=1
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Since the dominant pole is at z = 1, singularity analysis implies that this is asymptotic to the constant

h

1
s 2 r k r _k+h—1
h>2 k>0 j=1
For the distribution, if F'(2,u) =}, 5, pn(u)2" then again by singularity analysis around z = 1
h lpu(l__thluhfl)
Pa(u) = phu) == H qj - T @.7)

h>2j= 1
So the end descent height has a discrete limiting distribution.

2.2 The initial height and size of the first strict descent

We now consider a probability generating function F'(z,u), where z labels the number of random vari-
ables, and u marks the initial height of the first strict descent.

Let us use the following decomposition again

{all words}=U),> ({weakly increasing word ending with h}{letter< h}{any word})
U{weakly increasing word}.

This leads to

h h—1
_ 1 h _h—1 i—1 1 1
F(z,u) = Hil—quflzp q Z(ZPQ 2)1—z+H1—qu*1z
h>2j=1 i=1 j>1
22 h 1 1
h h—1 h—1

= - 1- —_ —_ 2.8
e SUCCTIPE) | Py (Y

h>2 j=1 i>1

For the mean initial height of the first descent we must compute %F (2,1). Now

0 z
Since the dominant pole is at z = 1 we have
P h
e~ {3 e 11
:thqh 1 thQO 1 }quhi_lzpqzh 1
= (Pa)n = pq)h 4= won afzt (09

= thqh 1 thq )h +1

h>1 h>1
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(a) Mean initial height (b) End height (c) Size of the first strict descent

Fig. 1: Mean initial height, end height and size of the first strict descent as a function of q.

by using (2.2) and Euler’s partition identity (2.4).
Therefore we have shown

Theorem 2 The expected initial height of the ﬁrst strict descent is asymptotically asn — oo,

> hpg" Tt —— = hpg® ﬁ + 1. (2.10)

h>1 R>1

The mean size of the first descent is obtained by subtracting the mean end height from the mean initial
height of the first descent. From Theorems 1 and 2 we obtain

Theorem 3 The expected size of the first strict descent is asymptotically asn — oo,

DN — —@. @2.11)
h>1 pq p

Figure 1 illustrates the dependence on g of the mean initial height 1(a), end height 1(b) and size of the
first strict descent 1(c). As ¢ — 0, the initial height, end height and size tend, respectively to 2, 1 and 1.
These parameters then grow as ¢ increases. The growth as ¢ — 1 will be quantified in Section 4.

2.2.1 Higher moments and limiting distributions
The r-th moment about the origin of the initial height is just

h

pZQ r h—1 h—1 1

z =1y
h>2 j=1 )

Since the dominant pole is at z = 1, singularity analysis implies that this is asymptotic to the constant

h

pia) =23 (b 17 (1 - ) [

_ '
455 j:ll g

For the distribution, if F(z,u) = > ., pn(u)2z" then again by singularity analysis around z = 1

h

1
pu(u) = pi(u) =Y pu"¢" (1 —¢" ) [[ ——= (2.13)

_ Jg—1
h>2 Jj=1 1 Pq

So the initial descent height also has a discrete limiting distribution.
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3 Weak descents
3.1 The end height of the first weak descent

We now consider a probability generating function F'(z,u), where z labels the number of random vari-
ables, and u marks the end height of the first weak descent.

We use the following decomposition

{all words}= J),>, ({strictly increasing word ending with h}{letter< h}{any word})

U{strictly increasing word}.

This leads to
h—1 h .
F(zu)=> ][0 +qu*IZ)pqh’12<quHu%> — +[[+pd )
h>1j=1 i=1 j=1
h—1
1 | 2(1 — ghul .
=7 ZH(l +pq]_1z)pqh_1M+H(l +pgd712). 3.1

T F 1 jm1 —qu i1

Once again to verify that F(z,u) gives %Z when v = 1 requires an identity (also proved in the

1
Appendix 6):

Proposition 2
h—1

3 gt H (1+ pgiz) = — (H (1+pgz) — 1) ~1 (3.2)

h>0 >0

For the mean end height of the first weak descent we must compute %F (2,1). Now

0 22 —
7F 1 — h 1 1_ 1 h h+1 1 J—1 .
o P (1) 14}; (1= (h+1)g" + h 1:1 +pg’'2) (33)

Since the dominant pole is at z = 1 we have

[Z"] ~ Y (1= (h+1)g" + hg" ) H (1+pg’™)
h>1 j=1
= (" =) H1+pq (q—1) th%lH (1+pg’)
h>0 j=0 h>1
h—1
=+ (g— 1Y _(h+ 1)@ ]+ pd),
h>0 j=0

by using (3.2). Hence
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Theorem 4 The expected end height of the first weak descent is asymptotically as n — 00,

,_Zh+1 P (=p)n. 3.4

h>0

3.1.1 Higher moments and limiting distributions
The r-th moment about the origin of the weak end height for » > 1 is

P’z 3D (R 1)7¢F = (k+ b+ 1) 1:[ 14 pg?~'2). (3.5)

1-—
? h>1 k>0

Since the dominant pole is at z = 1, singularity analysis implies that this is asymptotic to the constant
vi(g) =p* Y > ((k+1)"¢" = (k+h+1)"g"*" H1+pq9 !
h>1k>0 i=1

For the distribution, if F'(2,u) = 3, 5, pn(u)2" then again by singularity analysis around z = 1

1— h, h
pn(u) — po(u ZH 1_|_qu 1 ’L 1M. (3.6)

h>1 j=1 1=qu
So the weak end descent height has a discrete limiting distribution.

3.2 The initial height and size of the first weak descent

We now consider a probability generating function F'(z, u), where z labels the number of random vari-
ables, and » marks the initial height of the first weak descent.

We use again the decomposition

{all words}= Up>1 ({strictly increasing word ending with h}{letter< h}{any word})

U{strictly increasing word}.

This leads to

ZH 1+ pg12)p (i ) +H 1+ pg’~'z)

h>1 j=1 j>1
h—1
Pl (=) [T+ g ) + [[ (O + 0 2). 3.7)
h>1 j=1 j>1
Now
2F(z 1) = Z Z hpg" 1 (1 — ¢") 1:[ L+ pg’~12). (3.8)
ou 1—2 e '
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(a) Mean initial height (b) End height (c) Size of the first weak descent
Fig. 2: Mean initial height, end height and size of the first weak descent as a function of q.

Since the dominant pole is at z = 1 we have

h—1
TP (1) ~ Y+ Dpg (1 - ¢4 [T+ pa)
h>0 j=0
=> (h+pg"(=p)n — Y _(h+ 1)pg®" ™ (—=p)n.
h>0 h>0

Hence
Theorem 5 The expected initial height of the first weak descent is asymptotically as n — oo,
> (4 Dpg" (=p)n = > (h+ Dpg®  (=p)-
h>0 h>0
From Theorems 4 and 5 we obtain
Theorem 6 The expected size of the first weak descent is asymptotically as n — oo,
1
> (b +1)pg"(=p)n — -

h>0 p

(3.9)

(3.10)

Figure 2 illustrates the dependence on g of the mean initial height 2(a), end height 2(b) and size of the

first weak descent 2(c).
3.2.1 Higher moments and limiting distributions
The r-th moment about the origin of the initial weak height is

h—1

2
pz r — ] —
o M =) [T+ )
h>1 j=1

and singularity analysis implies that this is asymptotic to the constant

h—1

(@) = g D" =g [J+pe™h).

h>1 Jj=1

@3.11)
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For the distribution, if F'(z,u) = Y ., pn(u)z" then again by singularity analysis around z = 1

—1
Pn(u) = p¥ (u) =Y pu'¢" (1 —gq )H( +pg’ ). (3.12)

h>1

So once again the initial weak descent height has a discrete limiting distribution.

4 The behaviour for ¢ — 1

The figures indicate that the quantities in Theorems 1, 2 and 3, as well as in Theorems 4, 5 and 6 tend to
infinity as ¢ — 1. We will quantify this observation in this section.
We will make use of Heine’s formula

5 @ubat™ _ (b ““"Z mm )m, @.1)

m>0 (@m(c)m (€)oo m>0

We start our study with a sum that arises in Theorems 2 and 3,

Ry:= hpg"™! =‘§d%2(2q)h :

= (Pa)n = (pan

z=1

Now we apply Heine’s formula (4.1), with ¢t = zq,a = 0, b = ¢, and ¢ = pq:

L Py h 1
flo:= ,;0( ? (p@)n
(@)oo (P)m(2@)m m

T 00w T @

A further application of Heine’s formula, with ¢ = ¢, a = zq, b = p, and ¢ = 0 turns this into

Ry = (q)oo zq 0 Z m

(pQ)oo(ZQ) oo m>0 m Zq

m

_q p
S l-zq 4 Z * (26%)m

=02 G

7n>1
Thus
d p" PN
Rl = —_—— =
dz mzz:l (ZQ)m =1 m>1 (Q)m ; 1—-¢
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At this stage, we can perform the limit for ¢ — 1 and find

m

lim R, - l-q =) — —~ Z Z =2.165382215. .. .

m>1 =1 m>1

The next computation of a sum that arises in Theorems 1 and 2, is similar:

Rs3 = h
3hz>:1pq ph Z

h>0

We apply Heine’s formula, with ¢ = 2¢%,a=0,b=¢q,and c = pq:

Ry = Z(qu)h !

= (Pg)n

T ez = (O

A further application of Heine’s formula, witht = ¢, a = 2¢%, b = p, and ¢ = 0 turns this into

. (Q)oo Zq oo pm
fla = (Pq) 50 (26%) 50 )oo Z

m>0
o z -
1—2¢> == (2¢°)
m>1
Thus
d pm pm m+1 i
Ry = — =
dz 'rn221 (ZqQ)m 2=1 mzzl (q2)m ; 1— qL
We can perform the limit for ¢ — 1 and find
. m+1 H’HL
i -1 =0) = - o SDIE SRSt
1 m> m>2 m>1 ’

From this we infer e. g., that the quantity in Theorem 2 behaves for ¢ — 1 as

ththp Zp -t —&—lwg

1 "1 (P)n 1—¢q

Next, we consider a sum arising in Theorems 5 and 6,

Ry =Y (h+1)pg"(—p)r = d%pz > )" (=p)n

=1 ’
h>0 h>0 #
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We use Heine’s formula; t = 2zq,a = —p,b=¢q,c = 0:
Rg = Z(ZQ)h(*P)h
h>0
pqz
m>() pq

We use Heine’s formula again; t = ¢, a = zq, b = 0, ¢ = —pgqz. For this, (¢/b),,b™ has to be interpreted
as (b—c)(b—c)...(b— cqg™ 1), after which b can be replaced by zero;

(9)oo pqz % ( m
o = ngo (@ (—Pg2)m
NONC O (=145 (=pgz)™ (@) m
(Zq)oo (_pqz)oo(q)oo m>0 (q)m(qu)m

q pqz
“ g2 Z
_ 1 3 %) (p2)m
bz m>1 (ZQ)m

Hence

Rs = dzzq
m>1

Thus

lim Ry - (1—4q) Z: —i = 2165382215,

Finally, a similar calculation for a sum found in Theorems 4 and 5:

Ry =" (h+1)pg* ' (—p)n = d%pqz > (2¢*) (—=p)n

h>0 h>0
We use Heine’s formula; t = 2¢%, a = —p,b=¢q,c = 0:
Rs:=Y (2¢°)"(—p)n
h>0
_ (@)oo (—Pg2?)s (4")m_ m
(26%) 0 (@)m(—paz?)m

m>0
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We use Heine’s formula again; t = ¢, a = 2¢%, b = 0, ¢ = —pgqz*:
fa = @eecP0)o0 (o) (=1)"q%) (=pg*2)" (@)
(Zqz)oo (_quQ)oc(Q)oo >0 (Q)m(zqg)m
q
= PR Z
m>0

n

72617 (pgz)"

pqz
Hence
d ¢(3) (pgz)™ q(gl)(pQ)m[ R }
Rpy= L N PR NS TP, .
dzﬂg1 (2¢*)m  |.—1 WZZI (@%)m ; 1—¢t
Thus

: Hm+1 -1 Hm
fmRr (-0 = 3 EEr = D et L
m>1 m

5 The height of the first descent in permutations
5.1 Initial height of first descent in permutations

Various permutation statistics, such as the number of descents (9) can be deduced from the corresponding
geometic random variable statistic by letting ¢ — 1. However, as ¢ — 1, the values of the geometric
sample do not correspond to those of the set {1,2,...,n}, so one cannot deduce the initial height of the
first descent in a permutation of the set {1,2,...,n} from the corresponding geometic random variable
statistic. We therefore consider this question separately.

Suppose that this initial descent height is k. If this occurs in position j + 1 then we have k& — 1 choices
for the element that follows k in the permutation and (k ;2) choices for the elements that form the strictly
increasing sequence of j — 1 values that preceed k. There are (n — j — 2)! arrangements of the remaining
elements to complete the permutation. Hence the total number of permutations with initial descent height
k is

kzz ko (’“‘. )(n—y—2) 5.1)

=0

<.

As all permutations of n-letters other than {1,2,...,n} have a descent, if we sum (5.1) over k we
obtain the identity

i(kEQ)(an)!ml. (5.2)
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A direct proof is as follows

=0
_n_z(n—]—Q! " (k—1)!
= k;“ (k—2—)!

n—2 n k‘—l
_]go(n—]—z)l(Jerk;z (j+1>
=;<n—y—2>!<j+1>( ,)

[ 1

:n'j:o [(J’Jrl)' (j+2)'} =l

Theorem 7 We have

} ~(e—2)(n+1),

n

h(n ol
(!):(n+1)[20ﬂ—2+(n+1)!

asn — oo, where e — 2 = (0.7182818284 . . ..

227

(5.3)
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Proof: We have

P po
- ;'; (n—§!—2)! ,2;2 (k—l;'—ﬁ
:;:z;;(n—j—w(j+l)(j+2 Zn; (ﬂz)
e
o
:(n—i—l);w
:(n+1)j_:[(+11) UEQ)!JF(]-E@J
(n+1)[:_:}!2+(n+1)!]w(n+1)(62)'

Remark. We note that i (n) satisfies the recurrence

h(1) =0, h(n) = (n+ 1)h(n — 1) + n(n — 1) for n > 2. In addition one easily sees that(n + 1)!(e —
2) — h(n) = n + 0, where 0 < 4,, < &7 < 1. This gives the formula h(n) = |(e — 2)(n + 1)! — n] for
n>1.

The h(n) sequence
0,2,14, 82,512, 3614, 28954, 260642, 2606492, 28671502, 344058134, 4472755874, . ..
is not in Sloane (16).

5.2 End height of first descent in permutations

As in the previous section, one cannot deduce the end height of the first descent in a permutation of the
set {1,2,...,n} from the corresponding geometic random variable statistic, as ¢ — 1.

Suppose that this end descent height is m and the initial descent height is & > m. If k£ occurs in
position 5 + 1 then we have n — m choices for the value of k£ and (k ;2) choices for the elements that
form the strictly increasing sequence of j — 1 values that preceed k. There are (n — j — 2)! arrangements
of the remaining elements to complete the permutation. Hence the total number of permutations with end
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descent height m is

En: g(k;2>(n—j—2)!. (5.4)

k=m+1 j=0
As all permutations of n-letters other than {1,2,...,n} have a descent, if we sum (5.4) over m we
obtain the identity
— < k—2
Z Z Z( >n—]—2)':n'—1 (5.5)
=m+1 j=0
A direct proof is
n—1

=1k=m+1 j=0
n k—1k-2
= Z(k__2>(n—j—2)'
k=2m=1 j=0 J
n k—2 E—
= (k—1)2< . )(n—j—Q)'—A
k=2 7=0 J

n—1 n k—2
%::%Zm > Z(kﬂ)(n—j—z)!. (5.6)

Theorem 8 We have

% = };(TZ) ~(e/2=1)(n+1), (5.7)

asn — oo, where e/2 — 1 = 0.3591409142. . ..

Proof: We have
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From Theorems 7 and 8 the mean size of the first descent is also asymptotic to (¢/2 — 1)(n + 1) as
n — oo.

The g(n) sequence for n > 1is
0,1,7,41,256,1807,14477,130321, 1303246, 14335751, 172029067, 2236377937, . . .

is A080047 in Sloane (16). It is described there as the operation count to create all permutations of
n distinct elements using Algorithm L (lexicographic permutation generation) from Knuth (11, chapter
7.2.1.2). The term g(n — 1) for n > 2 gives the number of times [ has to be repeatedly decreased in step
L3. Knuth (10) also studies the lengths of the runs in permutations.

Sloane also has the recurrence g(1) = 0, g(n) = (n+ 1)g(n — 1) + n(n — 1)/2 for n > 2 and the
formula g(n) = |(e/2 — 1)(n+ 1)! —n/2| forn > 1.
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6 Appendix

Proof of Proposition 1:

We will make use of Heine’s formula (4.1). We wish to evaluate

h
X = szqzhn; :pz<
j=1

P~ 1 —pgz

Set

€= (q)oo Z (pz)m(QQ)m q"

(P42) 50 (¢%) oo

= (@n

_ 1 Z (P2)m (@) m+1 q"

(pqz)oo m>0 (q)m
= ; z mo_ q ~ 2m
= G mzzo(p " = e ngo(p Ieis ©.1)

Now compute the first sum, again with Heine’s formula: ¢ = ¢, a = ¢, b = pz, ¢ = 0: (and then Euler’s
partition identity (2.4))

= (@oo 25 (@m(@®)m
(pz>00 1 m
o pz <mz>:0(Q)m(pZ) 1)
_(pz>oo 1 .
=T <<pz>oo 1)
1 (P2) oo

= (6.2)
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Now compute the second sum, again with Heine’s formula: ¢ = q2, a=q,b=pz,c=0: (and then (2.4))

Z(pz)mqm— Joo! OOZ Z()q? pz2)™

m>0 m>0

i} @

_ 1=q™  m

_(pz)oomzzo Dora (p2)

_ (W«)oo (pz) 4(p2)oo W

~ (p2)? Z (@m  (pgz)? Z

- pz Z PZ pz (pz q(pz) oo qu "L AP | (PP

2)? )m pz)?2 P2z (pgz)? pqz) p*z

1 (pz)oo (1 —pz) 4(pz)o (6.3)

T (22 (1) (pa2)? ' (pgz)?

Then using (6.1) together with (6.2) and (6.3),

X =pz& —pz
_ 1 q I (p2)es q(1—p2) | q(p2)es
- [(qu)oo (1 - (pz)oo)  (p92) oo (ﬁ BT PR )} -
_ [1_ fpe 4L a(opr)  opr (1—p2)] e
(Pg2) o (Pgz) e P2 Pz Pz(pgz) pz
1 1
T . 2
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Proof of Proposition 2:
Compute

A= pzg*" ' (—pz)n = pzB,
n>0

B := Z " (=p2)n.

n>0

with

Apply Heine’s formula with t = ¢?, a = ¢, b = —pz, ¢ = 0:

_ (12) (@) @)m m
B e 2 @l "
m—+1

1—¢q
= (—P?)o ————(—p2)™
MZZO (Q)m-‘rQ
(—p2) oo 1 m 4(=P2)o 1 m
= —pz)™ — —pqz
p222 m222 (Q)m( ) p2q222 m>2 (Q)m( )
(—P2)oo { 1 } (—=P2)oo { 1 }
= —14z| - —1+44¢qz
p*2?  [(—p2) p2q2? [ (—pgz)s 1
pqz? pgz?  pqz
And finally
o 1
B =pgzA = (=p2) - -1
z 4



