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On the asymptotic behaviour of the number of
maximum points of a simple random walk

EUGEN PALTANEA

ABSTRACT. For a sequence (X;);>1 of independent and identically distributed random variables,
taking the values -1, 0 and 1, we define So = 0 and S, = Zle X;, for k > 1. We study the
asymptotic behaviour of the sequence of random variables (Qn),,>1, where Q,, indicates the number
of absolute maximum points of the simple random walk Sg, S1,- -+, Sn. The paper extends some
results of Dwass [2], Révész [11], Katzenbeisser and Panny [7], [8].

1. INTRODUCTION

Let (X;);>1 be a sequence of ii.d. random variables, X; € {—1,0,1} with
P{X, =1} = o, P{X; =0} = fand P{X; = —1} = 7, where o,y > 0. The paper
deals with the simple random walk S, in the sense of Cox and Miller [1], Sp = 0
and S, = Zle X; for k = 1,2,--- . We study the related random variable @),
defined by:

Qn=card{ keN: 0<k<n,S,=M,},

where M,, = max{Sy, S1,-+-,S,}, for n > 1. Obviously @,, corresponds to the
number of times where the sequence {Sy, S1,- - - , S, } reaches its maximum. We
also investigate the conditioned random variable [Q,, | S, = 0], under the as-
sumption that P{S,, = 0} > 0.

The papers [2], [11] and [7] deal with the classical case 3 = 0 and o = v =
%. The general case is considered by Katzenbeisser and Panny [8], but for an
alternative definition Q/,. The difference is due to the treatment of consecutive
maxima (comprising one or more 0-steps). Thus, (),, counts all points belonging
to a consecutive maximum, whereas for Katzenbeisser, Panny’s )/, a consecutive
maximum contributes only 1. Remark that the results for (),, are not directly
obtained from the corresponding results on @}, except for the case 3 = 0.

The main results of the present paper are given in Theorems 4.1, 4.3 and 4.4.
Thus, Theorem 4.1 deals with the probability function for P{Q,, = r, S, = k}.
Theorem 4.3 gives exact and asymptotic expressions for E(Q,|S, = 0):

E(Qn [ Sp=0)= —2ni =1 5 B (1) as n— .

B P{Sl = I}P{Sn = 0} \/@
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Theorem 4.4 deals with E(Q,,) including its asymptotic behavior:
1
E(Qn) =

max{a, v}

2. THE DISTRIBUTION OF S,

+O(n*%), as n — oo.

Let n be a positive integer. The random variable 5,, takes integer values in
the interval [—n,n] and its distribution can be formulated by means of ordinary
trinomial coefficients (see [8]).

Lemma 2.1. For an integer k, such that —n < k < n, we have:

n a C

1) P{S,=kt= 3 <abc>0‘ﬂb 7
a+b+c=n;
a—c=k

with the convention 0° = 1.

Let us denote p(z) = az + 3+ vz~ ! the generating function of X; and let

("1 { f(2) }
as be the coefficient of z* into Laurent’s development near the origin of the ratio-
nal complex function f.
From the theorem of residues we obtain:

@2 MU =g f S

27

where p > 0.
Thus, the following useful integral formula for P{S,, = k} holds (see [8]).

Lemma 2.2. For any integer k,

(2.3)  P{S, =k} =" {o"(2)} = 1 (a) : /Oﬂ(ﬁ +2,/ay cost)™ coskt dt.

™\
Let us consider the following sequence:
1 ™
(2.4) pn =P{S, =0} = —/ (6 +2\/aycos t)" dt, n € N.
T Jo

From the integral formula of p,, given by (2.4) it results that the sequence (py,)n>1
satisfies the following reccurent formula:

2n+ 3 n—+1

j— —_ 2 — “e
(25) Pn+2 = 5 n+2 DPn+1 + (404’7 ﬁ )n+ 2 Pn, N 1727
Using (2.3) for k € {1,2} we get the following statements:
1
(2.6) P{S, =1} = %(pn—i-l — Bpn);
1 [(2ayn+ B2 16}
P{S, =2} = — (T2, .
{Sn =2} 22 ( nt2 PPt

The following lemma states the asymptotic behaviour of the probability of the
event S,, = 0.
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Lemma 2.3. For 3 = 0 and n an even number we have:

d 1 1
P = 5= (3 2@ " (09) 7 (14 0(n™)), asn — oo,
where
d— 1 if >0
1 2 if B=0.

Proof. From (2.4) we obtain:

2 / n T
Dn = M/ (b+ 2acost)™ dt,
T

0

where a = ﬁJr\g@ >0and b= ﬁﬁ% > 0 such that 2a+ b = 1. Using Laplace’s
method for integrals (see [10]), we obtain:
%/0 (b+2acost)" dt = 2\;;”7 (1+ O0(n™)), n— o
where d is given above. Thus, the lemma has been proved. O
We get the following consequence.
Corollary 2.1. For a fixed k we have:
(2.7) p;+k =(B+2/a))f+0(n™Y), asn — occ.

Indeed,

pn+k_(ﬁ+2\/7) ﬂ(1+0( H) = (B+2y/a7)f+0(n™1), asn — .

n

We express now the asymptotic behaviour of S,.

Lemma 2.4. The following assertions hold:

P{S, > 0} < (B+2/a7) if a <~y
P{S, <0} < (B+2,ay )" "= if >y
P{S, >0} =P{S, <0} = 1/2+0(n*1/2)7 ifa=r

Proof. We observe that 3+2,/ay = 1— (y/a—/7)? < 1, with equality if and only
if @ = 7. Assume a < 7. Let h be the increasing function h(t) = (X )t/ . teR

Then, according to Tchebyshev’s inequality, we find P{S,, > 0} < ]E(};(g) =) But

h(0) = 1 and E(h(S,)) = E([], h(X;)) = E* (h(X1)) = (B + 2/ay )". Since

B+2y/ay <1, (B+2/ay )" — nﬁoo 0. Similarly, we get the second assertion.

Remark that the first two statements also follow from the central limit theorem.
If & = 7, from Lemma 2.2 and Lemma 2.3 we obtain:

14p, 1 .
—|—2p :§+O(n_5), n — oo.

The lemma has been proved. O

n TL—>DO

P{S, >0} = P{S, < 0} =
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3. ADMISSIBLE PATHS WITH GIVEN NUMBER OF MAXIMA
Let us denote U,, = {0} x {—1,0,1}". To each vector z = (z;)§ € U, we
i
associate the n-steps path s = o(z), s = (s;)§ € Z""!, defined by s; = Y ;.
j=0

For a path s we define:

(3.8) ms =max{s;}; Vs ={i : si=ms}; V) ={ieV, :i=00rs;—s;—1 =1}.
The elements of the set V; are the points where the path s reaches its maximum
ms. Each element of the set V" is an isolated maximum point or the first one point
of a group of consecutive maximum points.

We intend to classify the vectors = of U, after their composition and num-
ber of maximum points of the associated paths o(z). Thus, we say that z € U,
has (a,b, ¢) — composition if its structure is the following: a components 1, b + 1
components 0 and ¢ components -1. The associated path s = o(x) reaches after

n = a + b+ csteps the end value s,, = a — c.
Let us denote U, ;. the set of all vectors « with (a, b, ¢) — composition. Hence:

Un = U Ua,b,c~
a,b,ceN; a+b+c=n

Denoting N, ; . = card (U, p,c) and supposing a + b + ¢ = n, we have:

n
(3.9) Nape = ( abe ) .

For positive integers a, b, ¢,r,v, such that 1 <v <r <a+ b+ c+ 1, we denote

(3.10) Uly . =A{z € Usp,e : card (Vy(y)) =1 card( U*(x)) =}

a,b,c

and
NV = card (U”’ ) )

a,b,c a,b,c
Firstly, we refer to the case b = 0. Here we have r = v. There holds the following
well-known result (see [3], [9] or [8]).

Lemma 3.5. We have

(3.11) Uoe 70 & 1<v<1+min{a,c}

a
and in this case
1 if a=c=0
N:,’(QJ},C = No—1,0,c—v+1 &f max{a,c} =a>1
No—vt1,0,e—1 if max{a,c} =c>1.

Now, using a standard method, namely so-called Goodman-Narayana’s tech-
nique, we translate the counting result for {—1,1} paths into the corresponding
result for {—1,0, 1} paths (see [4]).

Lemma 3.6. We have

max {a,c} > 1 a=c=0
(3.12) U::P £0 < 1<v<1+min{a,c} or v=1
v<r<b+w r=>b+1.



160 Eugen Paltdnea

In this case, supposing max{a, c} > 1,

ro r—1 a+b+c—r v,V
(3.13) Nyy.= ( o1 ) ( ate—v )Na,o,c~

From the two previous lemmas and (3.9) we obtain the following statement.

Lemma 3.7. Under the conditions (3.12) we have:
1 if a=c=0

r—1 a+b+c—r )
=q >
NV = (v—l)(a—l,b+v—r,c—v+1> if maxia,c} =a =1

a,b,c
r—1 a+bt+c—r )
< v—1 > ( a—v+1,b+v—r,c—1 > if a<e.
This above result clear up the counting of the admissible paths with given
number of maxima.

4. MAIN RESULTS

Now, we translate the counting results of Lemma 3.7 into the calculus of a
probability distribution.

Theorem 4.1. Let n and r be two positive integers, with r < n + 1. Also let k € Z.
O IfP{Qn=r; S, =k} >0then
(4.14) Bl <n+1-r.
(43) Independently on above condition, there holds:
(28] {az(B + vz~ 1)l T (2)}, ifk>0
P{Q,=mr; S, =k} =
{28+ az” )l () if k<O,
where ¢ is the generating function of the distribution of X;.

Proof. (i) Using the definitions (3.10), we have:
(4.15) P{Qn=1; Sn =k} = >, Nopeatsy

1<v<r a+b+c=n;

a—c=k

Let us suppose that P{Q,, = r; S, = k} > 0. From (4.15) and Lemma 3.7 there
exists a vector (a, b, ¢, r, v) with natural components such that a+b+c=mn, a—c =
k and (3.12) holds. Hence, if max{a,c} > 1 then |k| = |a—¢| < a4+ c—min{a,c} =
n—b—min{a,c} <n+l-b—v<n+l-r.lf a=c=0then|k|=0=n+1-r.
(ii) Let us consider that (4.14) holds. Suppose k£ > 0.
If r = n+ 1then k = 0 and we have:

[2°] {az(B + 721" 71 (2)} = [2°) {az T (B +72) " (7))} =

=B +ey - () {2

a+ﬂz+yz2}:ﬂn:]}»{@n=n+l; S, = 0}.
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If 1 <r <nweapply (4.15), (4.14) and Lemma 3.7. Butv = 2v—v < 2(1+4¢) +
(b—r)=n—k—r+2and (from the assumption) n — k — r + 2 > 1. Therefore:

. — — § : T,V b
]P){Qn = 7350 = k} - § : Na,b,caaﬁ 70
1<v<min{r,n—k—r+2} a,b,ceN;
a+b+c=n; a—c=k

r—1 r—v . v—1 § n-—r st u
= (6% «
Z ( v—1 > A s, t,u By
1<v<min{r,n—k—r+2} s,t,ueN;
st+t+u=n—r;
s—u=k+v—2
min{r,n—k—r+2}

=a Y TG+ TS {(az 4 By )T

v=1
=[] {az(B8+ 727" "oz + B+727)" )
Now, replacing o with v and also k with —k we derive the result for k& < 0.

When |k| > n + 1 — r, the conclusion also holds because all terms are null.
Thus, the statements of the theorem are proved. O

From Theorem 4.1 and Lemma 2.2 we find the distribution function of the
random variable [ @,, | S,, = 0].

Corollary 4.2. Assuming P{S,, =0} > 0and 1 <r < n+ 1, we have:

] {(az + B+ 27" (B+v27 ) " Haz)}
(2] { (az+B+7yz"")" } '

Example 4.1. For the classical random walk with o = v = 1 we obtain:

20) {2277 (2 4 L)2mr
P{Q%n =T | Som = 0} = [ }[EO] {(i+ 132)771} } -

P{Q,=r|S,=0}=

<2m—r)

m—1 1 [T cos(r — 2)tcos®™ " ¢ dt
:7:7% (W ) , r=1,2,---m+1.
(2m> 2r fo cos2m t dt

m

Remark 4.1. The above combinatorial expression can be found in [2], pp. 1047.

To estimate the moments of the random variable [Q,, | S, = 0] we need some
technical results. Thus, let us start from the well-known identity:

k J
(4.16) rk:Z{I;}r_, ke N,

j=1

where o= r(r—1)---(r—j+1),and { I; } designates the Stirling’s numbers

of the second kind. Referring to the sum > 7, r*z", we shall prove a “finite
version” of a well-known identity (see [5]).
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Lemma 4.8. For the natural numbers k and n, such that k < n + 1, the following
identity holds:

= k i k gl2d 2nt2
Zrz :Z{j}<(1_Z)j+1+(1_z)j+l@j(z)>,z€(C,27é1,
r=1

Jj=1

where ©;(z) is a polynomial function of degree j.

Proof. We prove by induction that there exist some polynomial functions ©;(z)
of degree j < n + 1 such that:

j (] N4 Lnt2-ig.
Cl.(ZzT):J'+Z .@J(Z),ZE(C,Z;AL

_ 1
dzJ = (1—2z)it

From (4.16) we get:

n+1 k n+1 j k k dj n+1

k_r __ _ j r

St SR B )8 (8)

r=0 j=1 7j=1 r=0
Therefore we obtain the conclusion. O

Theorem 4.2. The random variable [Q,, | S, = 0] has the following k-moments, for
1<k<n+1:

k
E(Q41S,=0) = — [+ {Z{ s 1)j1¢”“<z>}.

Jj=1

Proof. From Corollary 4.2 and the property [2°] {f(2)} = [2°] {f(27!)} of rational
complex functions f, we find:

P{Q,=r|S, =0} = i[zo] {06(06+ﬁ2+’}/2’ " RT(Z)})

n 2B+ v2)
where R(z) := (8z +72?)(a + fz + 72?)~!. From Lemma 4.8 we obtain:
n+1
E(Qh[Sn=0)=>Y r"P(Qu=r]5,=0) =
r=1
1 & jl
J:

+ [2%] { J(ﬂ +72)" o + Bz +42°) 710, (R(2)) } ) )

But all second terms of the parenthesis of above sum are null.
Hence, the theorem is proved. O

Now, we formulate one of the main results of the paper.
Theorem 4.3. The random variable [Q,, | Sy, = 0] has the following mean and variance:

E(Qn|sn20): I[’D{Sn+1:1} :2+L+O(n_1),asn—>oo

P{Sl = 1}P{Sn = O} \/@
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Q]P{Sn+2 = 2}
V(Qn|Sn=0)= - 1
(Qnl ) P25, = 1}P(S, = 0] m(m+1)
2
+ 38/«

gy AV, 0(n 1)

ary
where m = E(Q,, | S,, = 0) (taking only even naturals n, if 3 = 0).

, AS N — 00,

Proof. We choose k = 1 in Theorem 4.2 and we obtain the exact formula of the
mean:

— 1 -1 —1\n+1 \ _ P{Sn :1}
m—TM[ZO] {z7 oz +B+yz")"F }_P{Slzlﬁl’{snzo}'

Also, from (2.6) and (2.7) we find the asymptotic behavior of the mean. In a
similar way, using (2.6), (2.7) and Theorem 4.2 (k = 2), we estimate the variance
of ther. v. [@, | S, = 0]. d

Remark 4.2. For « = v = 1/2 we find the well-known results due to Katzen-
beisser and Panny [7], pp. 308.

Finally, we give exact and asymptotic formulas for E(Q,).
Theorem 4.4. The following estimations hold:
o P{Sn+1 > O} ]P){Sn+1 < O} . P{Sn+1 = ].}

E(Qn) =
(Qn) P{S, =1} P{S, = -1} P{S; =1}
1 _1
—m—‘rO(ﬂ ), as n — 0.
Proof. We have :
n+1—|k|
E(Qn) =Y > rP{Qn=r;8, =k}
|k|<n  r=1
From Theorem 4.1 we get:
nt1—|k| L f(az+ B+, k>0
> g
S P(Qu =15 Sy =k) =
r=1 % [ {(yz + B+ az" )"}, k<.
But (cf. (2.3)) we have:
et 1— k| 7P{fp”%giz’ffl}, k>0
ST P{Qu =1 Sy =k} =
= P{Spp=h—1}  p

TP{Si =1}

By summing these relations we obtain the exact formula of the mean of the r.v.
@y The asymptotic behaviour of the mean follows from (2.6), Corollary 2.1 and
Lemma 2.4. O
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