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VARIATIONS OF THE ELEPHANT RANDOM WALK

ALLAN GUT,* Uppsala University
ULRICH STADTMULLER & ** Ulm University

Abstract

In the classical simple random walk the steps are independent, that is, the walker has no
memory. In contrast, in the elephant random walk, which was introduced by Schiitz and
Trimper [19] in 2004, the next step always depends on the whole path so far. Our main
aim is to prove analogous results when the elephant has only a restricted memory, for
example remembering only the most remote step(s), the most recent step(s), or both. We
also extend the models to cover more general step sizes.
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1. Introduction

In the classical simple random walk the steps are equal to plus or minus one and independent
P(X=1)=1—P(X = —1): the walker has no memory. This random walk is, in particular,
Markovian. Motivated by applications, but interesting in its own right, is the case when the
walker has some memory. The extreme case is, of course, when the walker has a complete
memory, that is, when the ‘next step’ depends on the whole process so far. This so-called
elephant random walk (ERW) was introduced by Schiitz and Trimper [19] in 2004, the name
inspired by the fact that elephants have a very long memory. The first more mathematically
rigorous work on elephant random walks are, to the best of our knowledge, the papers by
Bercu [2] and Coletti ef al. [4], which contain a number of limit theorems. A main point is that
the process is subject to a kind of phase transition, which divides the problem into a diffusive
regime, a critical regime, and a superdiffusive regime, with somewhat different asymptotics.

Our main interest is the situation in which the elephant has only a limited memory, remem-
bering only some distant past, only a recent past, or a mixture of both. We were motivated by
simulations studying the case in which a given fraction of the distant/recent past is remembered
[6, 18, 20] but where no theoretical results are provided. This is a first step towards a better
understanding of situations with a memory increasing in time, and for finding the breaking
point for the phase transitions. This is interesting, for example, in connection with the concept
of memory lapse [9].
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806 A. GUT AND U. STADTMULLER

We begin by studying the cases when the walker only remembers the first (two) step(s) or
only the most recent steps. In particular, the latter case involves rather cumbersome computa-
tions and we therefore invite the reader(s) to try to push our results further. One such source is
Ben-Ari et al. [1], where one application of their more general model is the case when the ele-
phant remembers the L most recent steps. The paper by Englinder and Volkov [8] is devoted
to a variation in that the next step is not generated by flipping a coin, but rather by turning
it over or not. They have a somewhat different focus; in particular, they allow for different
p-values in each step. In addition, there is a large literature dealing with so-called correlated
random walks, though with different aims. Let us mention Chen and Renshaw [3], for example,
who investigated a walk in dimension d and the probability of returns. Menshikov and Volkov
[17] considered continuous-time processes generalizing the ERW and questions of transience
and recurrence, and Comets et al. [5] studied a kind of self-avoiding walk in R4, See also the
literature cited therein for further references.

The cases with limited memory behave very differently mathematically; in particular, there
are no phase transitions in these cases.

A second point concerns the extension of (some of) Bercu’s results in [2] from the simple
random walk to more general sums.

We begin by defining the various models in Section 2. After some preliminaries in Section
3, some results for general ERWs are obtained in Section 4. Sections 5 and 6 are devoted to the
distant past and Sections 7 and 8 to the recent past, respectively. These ‘one-sided’ memories
are then followed up in Sections 9 and 10, where we consider mixed cases, that is, when the
memory contains some early steps as well as a recent one, after which we briefly discuss
some extensions. We close with a section containing some questions and remarks. For easier
reading we collect some of the more lengthy (elementary and tedious) computations in the
Appendix.

2. Background

The elephant random walk is defined as a simple random walk, where, however, the steps
are not i.i.d. but dependent, as follows. The first step X; equals 1 with probability r € [0, 1]
and is equal to —1 with probability 1 — r. After n steps, that is, at position S, = Y ;_, X, one

defines
+Xk  with probability p € [0, 1],
Xn+l =
—Xk  with probability 1 — p,
where K has a uniform distribution on the integers 1, 2, ..., n. With the o-algebras G, =

o{X1, X>, ..., X,}, this means (formula (2.2) of [2]) that

Sn
E(Xnt1 Ign)=(2P—1)'7, 2.1)

after which, setting a, =I'(n) - T'(2p)/ I'(n 4+ 2p — 1), it turns out that {M, = a,S,, n> 1}isa
martingale; see [2, Section 2].

Our main aim is to extend these results to the case when the elephant has a restricted mem-
ory, for example remembering only the most remote step(s) and/or the most recent one(s).
A result in Section 4 allows us to conclude that our results also remain true (suitably modified)
when the steps of the ERWs follow a general distribution on the integers.
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First in line is the case when the elephant only remembers the distant past, the most extreme
one being when the memory is reduced to the first step only, that is,

+X; with probability p € [0, 1],
Xnt1=
—X1 with probability 1 — p.

Somewhat more sophisticated is the case when the memory covers the first two steps, for which

+Xg  with probability p € [0, 1],
Xn+l =
—Xg with probability 1 — p,

where P(K=1)=P(K=2)=1/2.
Technically more complicated is the case when the elephant only remembers the recent past.
Here we focus on the very recent past, which is the last step, that is,

+X, with probability p € [0, 1],
Xnt1=
—X,, with probability 1 — p.

This case is also called a correlated random walk (CRW).

We begin, throughout, by assuming that X; = 1, and specialize our findings in this setting
(for simplicity) to the case r =p. We denote our partial sums by 7,, n> 1, when the first
variable(s) is/are fixed, and let S,, be reserved for the case when they are random.

In order to move from 7}, to S, we also need to discuss the behavior of the walk when the
initial value equals —1. However, in that case the evolution of the walk is the same except
for the fact that the trend of the walk is reversed, that is, the corresponding walk equals the
mirrored image in the time axis. This implies that the mean after n steps equals —IE(7},), but
the identical dynamics implies that the variance remains the same (var( — Y) = var(Y) for a
random variable Y). In fact the second moments of the walk remain the same. The same goes
for higher-order moments: odd moments equal the negative of those when X; =1, and even
moments remain the same. In Sections 6 and 10 we depart from the assumption that X1 and X»
are fixed, and then the additional case X + X> = 0 has to be taken care of.

Finally, in order to avoid special effects we assume throughout that 0 < p < 1; note that
p = 1 corresponds to X,, = X for all n.

3. Some auxiliary material
For easier access to the arguments below we present some auxiliary results from probability

and analysis.

3.1. Disturbed limit distributions

The following (well-known) result (which is a special case of the Cramér—Slutsky theorem)
will be used in order to go from a special case to a more general one.

Proposition 3.1. Let {U,,, n> 1} be a sequence of random variables and suppose that V is
independent of all of them. If U, 4 U as n — oo, then U,V 4 UV as n — oo.
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Proof. Using characteristic functions and bounded convergence we have, as n — oo,
pu,v() =E exp{itU, V}
= E(E(exp{itU,V} | V)
=Koy, V) > Egu(tV)
=E(E(exp{irtUV} | V))
= E exp{itUV})
= guv(1).

An application of the continuity theorem for characteristic functions finishes the proof. O

3.2. Conditioning in case of a restricted memory

Let {S,, n> 1} be an ERW, and let ), C {1, 2, . .., n} be the memory of the elephant from
the first n steps, that is, 9%, contains the steps from the past (up to step n) on which the elephant
bases the next step. Further, set F,, = o {Xy, k€ M,}, n>1, and let G, = o {X1, X2, ..., Xpn},
n> 1, stand for the o-algebra generated by the complete past up to step n. We already know
from (2.1) above that E(X,,+1 | G,) = (2p — 1)S,,/n. Our aim is to establish analogs when the
elephant has a restricted memory, that is, expressions for E(X,+1 | /). Then we have

1 1
EXup1 | F)=p- Y —Xi+(1=p)- Y —X;
Xn+1 1 Fn)=p = 0] + ({1 —p) = Ifmnl( )
Zieim Xi
=Qp—1) =0 3.1
P |0,

that is, the conditional mean equals the average of the possible choices multiplied by the
expected value of the sign, in analogy with (2.1).

If, for example, 901, = {n} the elephant only considers the most recent step, and if 91, =
{1, n} only the first and the most recent steps; these are two cases that will be investigated
below. In these cases (3.1) states that

X1+ X,
EXpr1 | Fi)=2p—1DX, and EXuy1|Fn)=2p—1) ! T

respectively.

The next problem is when we condition on steps that are not contained in some 9i,.
The elephant therefore cannot choose among them in a subsequent step. Technically, let
M C{l,2,...,n}bean arbitrary set of indices such that 9t N 91,, = @. Then

S ieom, X
EXpt1 | o {90, UMY =E(X, 11 | F) = (2p — 1)%. (3.2)
n
It follows, in particular, that
Ziefm Xi
EX =2p—-1)—"—,
( n+1 |gn) ( 4 ) |9ﬁn|
and that Z ¥
E(SuXnt1 | Gn) =SB Xus1 | G) = Su(2p — 1)%. (3.3)
n
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Exploiting the smoothing lemma (see e.g. [10, Lemma 10.1.1]), according to which E(S, X1 |
Gn) = E(E(S, X+1 | Gn)), and the fact that Xﬁ 41 = 1, both of which will be useful several times
for the computation of second moments, yields

E(Sp 1) =ESn + Xns1)?
= (S2) + 2 E(SuXns1) + E(XZ, )

= E(S?) + % ]E(Sn > X,~> +1. (3.4)
n €M,

3.3. Some notation
We use the standard §,(x) to denote the distribution function with a jump of height one at

C . . . . d
aand N, ;2 for the normal distribution with mean 4 and variance 2. The arrows > and ->
denote convergence in probability and convergence in distribution, respectively. Constants ¢
and C are always numerical constants that may change between appearances.

4. General elephant random walks

Let {En, n > 1} be an ERW, and suppose that R is a random variable with distribution func-

tion F that is independent of the walk. If Sy /an 2% Z as n — oo for some normalizing positive
sequence a, — 00 as n — oo, and some random variable Z, it follows from Proposition 3.1
that RS,, /an 2% RZ as n — oo. An immediate consequence of this fact is that we can extend
Theorems 3.1, 3.4, and (the first half of) Theorem 3.7 of [2] to cover more general step sizes.
Namely, consider the ERW for which X, = 1 = 1, and let the random variables 35”, n > 2, be con-
structed as in Section 2 with this special X as starting point. Furthermore, let R be a random
variable, independent of {X, { 1, n>1}, and consider X;, =R - Xn, n>1,and hence S, =R - Sn

The following theorem (which reduces to the cited Theorems 3.1, 3.3, and 3.7 of [2],
respectively, if R is a coin-tossing random variable) holds for S, = RS,,.

Theorem 4.1.
(a) ForO<p <3/4,
S}’L a.s.
— >0 asn— oo.
n
(b) Forp=3/4,
Sn

a.s.
=0 asn— oo.

J/nlogn
(c) For3/4<p <1,
e “CRL asn— 0,
n,—
where L is a non-degenerate random variable.

As for convergence in distribution, we have to distinguish more carefully between the three
cases.

Theorem 4.2. For 0 < p < 3/4, we obtain

d
S 4 / Nowt /(- /1) dFr(®) + PR =0) - 8000 -) as 11— 00,
R\ {0}

https://doi.org/10.1017/jpr.2021.3 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2021.3

810 A. GUT AND U. STADTMULLER

Moreover, ifIE(Rz) < 00, then

2
E(\S/"ﬁ)—w and E((j%>>_)(f(—R4l)7) as n— oQ.

Proof. As R and §,, are independent, we find that

]P’(% <) =IE<IP(RS—\/"_ <x ‘ R>>
:/RPQ% §x> dFR(1)

Ky 0y
- Pl = > dFg(t) + / IP(—" < ) dF
/<oo,0> <ﬁ >x/t) w0 0.00) \W7 =/t ) dFk®

+ PR =0) - 5[0,00)(x)

- ( O)(l_NO,l/(3—4p)(x/t))dFR(t)+/(O )No,l/(3—4p)(X/t)dFR(t)

+ PR =0) - 50,00)(x),

by dominated convergence, which yields the desired result.
The second part is immediate, since R is independent of everything else. ]

Remark 4.1~. If R = +1 with probabilities  and (1 — r), respectively, the limit distributions of
Su/+/n and S, //n are the same, and we rediscover Theorem 3.3 of [2].

Remark 4.2. For the critical case, p = 3/4, one similarly obtains, using [2, Theorem 3.6], that

S
J/nlogn

The supercritical case, 3/4 < p < 1, has a different evolution and no analogous result exists.

—>/ N()]( /1) dFr(t) + P(R=0) - §[0,00)(-) asn— oo.

5. Remembering only the distant past 1: 91, = {1}

This is the easiest case. We begin by assuming that the elephant only remembers the first
step, i.e. that F,, = o {X1}, and that X; = 1 (recall that partial sums are denoted by the letter 7).
The following steps are then either +1 or —1 independently of each other. This means that we
are faced with a simple random walk with drift 2p — 1, except for the fact that the first step is
always equal to one. It follows immediately that

E(Thr)=1+n2p—1) and var(T,y1)=4p(l —pn.
Hence we obtain the following result.

Proposition 5.1. The strong law of large numbers, the central limit theorem, and the law of the
iterated logarithm all hold for {T,,, n > 1} with the corresponding normalizations.

If, on the other hand, the first step equals —1, the analogous random walk has drift —(2p —
1), and E(T+1) = —1—n(2p —1). The variance remains the same (recall the discussion
towards the end of Section 2), and the classical laws hold again.
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Assuming that X; is a coin-tossing random variable, we are confronted with two random
walks, one for each of the two portions of the probability space. In fact, if we imagine the
situation that r =P(X; = +1) is close to zero or one, it is rather apparent how the very first
step determines along which branch the process will evolve. If p =1/2, the two ‘branches’
determined by the first step collapse (asymptotically) into one, and we are ultimately faced
with a simple symmetric random walk. Combining the two branches, the following theorem
emerges.

Theorem 5.1. Let S, = Y ;_, Xi. Then

S, 4 2p—1 with probability p,
(a) oA asn— oo,
n —(2p — 1) with probability 1 — p,

S S
(b) E(—”) —-Q2p—1? and Var(—”) —4p(1 —p)2p—1)? asn— oco.
n n
Proof. (a) If X1 = =+1, we know from the above that E(T,) =+(1 + (n— 1)(2p — 1)) and

that var(7,) = 4p(1 — p)(n — 1). This tells us that 7;,/n LA +(2p — 1) as n — oo. The conclu-
sion follows.
(b) Immediate (bounded convergence). [l

Remark 5.1.

(i) Part (b) tells us that the asymptotic variance is of order n?. This is due to the fact that
the two branches force the elephant to walk in opposite directions.

(i) An interpretation of the limit in (a) is that the random walk at hand, on average, behaves,
asymptotically, like a coin-tossing random variable with values at the points =(2p — 1).

(iii)) An alternative way of phrasing the conclusion of the theorem is that
Fs,/n(x) = p-8_2p—1)(x) + (1 —p)-d2p—1(x) asn—> oo.

However, if we use a random normalization we obtain the following result.

Theorem 5.2. Let S, =Y ;_, Xi. Then

Sy, —n2p — DXy _d)
Véanp(l —p)
Sy —n@2p— DX as.

b) —————— 30 asn — o0,
n

(a)

No1 asn — oo,

=1(—=-1) a.s.

. . Sp —n(2p — DX,
(¢) limsup (lim inf)
n—soo 100’ /8np(l —p)loglogn

Proof. (a) We use the fact that if 9T,, = X; then S, = X T},, in order to get

Sy —n2p — DXy _x T,—n2p—1)
JinpUd—p O amp(-p)

together with Theorem 4.2 and its Remark 4.1.
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Alternatively, one may condition on the value of X;. This procedure will be exploited in the
proof of Theorem 6.2 in the next section.

(b,c) Define Q) ={we Q: Xi(w)=1} and Q2 = Q. After renormalization, the original
probability measure will be a probability measure on €21. Based on this measure on 21, we
obtain an SLLN and an LIL for S,, — n(2p — 1)X}, and similarly on €2;. Combining them yields
the desired result. O

Remark 5.2. If X; is a general random variable with distribution F having no mass at zero,
then
Sp—n2p—1X1 a

(e.¢]
= No.a(-/lt) dF(r)  as n— oo.
Véanp(l —p) /_oo
A special case is, once again, p = 1/2.

Corollary 5.1. If p = 1/2, then

Sn a.s.

S S
o, =2 4 No.1 asn—>oo and limsup (lim inf) 1 Z1(=1.

Jn n—oo  n—>o0’ /2nloglogn

6. Remembering the distant past 2: 91, = {1, 2}

Suppose that the elephant only remembers the first two steps, i.e. /1 =0 {X1} and F, =
o {X1, X2} forn > 2. This case is slightly more involved, since we are faced with three branches.
Extending the arguments from the previous section, it follows that the walk evolves as an
ordinary simple random walk beginning at the third step.

Suppose first that X1 = X = 1. Then, for n > 2,

E(Xn+l) = IE(I['E(Xn+l | ]:n))
= EEXn+1 | X1, X2))

I+1
=E(2p—-1) —
<( p—1-— >

=2p—1,

and hence
E(Th+1)=24+m—-1)2p—1)=n2p—1)+3—2p.
Since randomness is involved only from the third step and onwards,
var(Ty 1) =4p(1 —p)(n—1), n=3.

By continuing as before, we obtain, after proper centering, limit theorems for these initial X-
values, and similarly for the other branches. One can also ascertain that the variance is not
linear if we assume random beginnings, except for the case p = 1/2, when, as in the previous
section, the branches collapse into one and we are faced with a simple symmetric random walk,
that is, the three main limit theorems (SLLN, CLT, LIL) hold (as in Corollary 5.1).

The following analog of Theorem 5.1 holds in the general case (as one might expect).
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Theorem 6.1. Let S, =Y ;| Xi. Then

2p—1 with probability p?,
S
(a) s —d> 0 with probability 1 — p, asn— 0o,
n

—(2p — 1) with probability p(1 — p),

b) E(S—>—> pCp— 17 and var<ﬁ)—>l’(1 — P2 — 124 + 1),
n n

Proof. (a) If X1 =X, = %1, we know from the above that E(T,,) = +(n(2p — 1)+ 3 —2p),
and that var(T,,) =4p(1 — p)(n — 2). Moreover, [E(T,) = 0 whenever X| and X, have different
signs. The variance remains the same (with p = 1/2). This, together with the fact that

P(Xi =X, =1)=p7,
PX;=Xo=-1)=(1-pp,

P(X1 #X2) =p(1 —p)+ (1 —p)* =1 —p,

helps us to finish the proof of the first part. Part (b) follows. O
Remark 6.1.

(1) Inanalogy with Remark 5.1 we have the interpretation that the elephant, asymptotically,
on average, performs a random walk on the points =(2p — 1) and 0.

(ii)) Mimicking Remark 5.1, we may rewrite the conclusion of the theorem as
Fs,/n(x) = p(1 = p) - 8_2p—1y(x) + (1 — p) - 8(x) + p* - $2p—1(x) as n— oc.

Once again random normalization produces further limit results.

Theorem 6.2. Let S, = Y ;| Xr. Then

Sp—n@2p—1) (X1 +X2)/2 4

(a) NG —p-Noapa—p+1—=p)-No1 asn— oo,
S, —n2p—1D X +X2)/2
(b) n = np ) X1 +X)/ %0 as n— 0o,
n
. . 2SSy —n2p— 1) (X) +X2)/2
¢) lim sup(lim inf =0 —0
(© n»oop(”ﬁoo) 2nloglogn 12 12) as
where
4p(1 —p) forwel{we 2: X|(w)- - X2(w) =1},
O12=

1 otherwise.
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Proof. (a) Conditioning on the value of (X; + X2)/2, we obtain

IP(S" —n(2p _\;,);(Xl +X2)/2 - x)

:IP’( n(2p \/’);( 1+X2)/ §x|X1=X2=1>'p2
+P<Sn—n(2p—1)(X1+X2)/2§x|X1:X2=—1>'P(1_P)
Jn
+]P)<Sn—n(2p—1)(X1+X2)/ZSX|X1+X2=O)-(1—P)
Jn
Tn_ 2 _1 —Tn+ 2 _1
:P(#§x>.p2+P<$§X>'P(1_p)

T,
Pl —<x|X1+X,=0)-(1 —
+ <ﬁ_x| 1+ X0 )( D)

— (% +p(1 = p)) - Noap(1—p(x) + (1 = p) - N1 (x)
=p - Noapa—p@) + (1 —p)-No1(x) asn— oo.

Parts (b) and (c¢) follow along the lines of the proof of Theorem 5.1. 0

We close this section by mentioning that analogous results can be obtained if the elephant
only remembers the first m random variables for some m € N. The following natural extension
of the above results emerges by generalizing the above proofs.

Theorem 6.3. For g =P(S,,=m —2k), rr,=((m—k)p+ k(1 —p))/m, and pr = (m — 2k)
2p — 1)/m, where 0 <k <m and m € N,

m

Z qidp, asn— oo,
k=0

N
- >

and

Sy —n2p — DSp/m 4 ~—
" m/ —>qu./\/'0,4”(1_&) asn— oo.

ﬁ k=0

7. Remembering only the recent past 1: 01, = {n}

This situation is more complex, because, even though one remembers only recent steps,
the path depends on the whole history so far (some remarks will be given in Section 11.3).
We begin by assuming that the elephant only remembers the very last step. From Section 2 we
recall that this model is also called a correlated random walk (CRW). The setting is reminiscent
of [8], where one turns over a coin instead of tossing it. The main focus there, however, is on
different p-values at each step and, for example, how this may affect phase transitions and
behavior at critical values.

We begin, as always, by assuming that X; = 1. Then E(X;) =1, and

EXu1 | F) =EXus1 [ X)=@2p—1)-X, and EXpup1) = 2p — DEX,)
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for all n > 2. By iterating this, it follows, for n > 0, that

EX,11)=2p— D'"EX)=2p— 1), (7.1)
and that .
B 1—-2p—1)"
BT =~

For the second moment we have, by (3.4) and (3.2),
E(T2 1G) =T +2T,2p — DX, +1 and  E(T2, ) =E(T2) +22p — DE(T,X,) + 1.
For the middle term we obtain by (3.2),
E(TuXn) = EX;) + E(Th 1 Xy | Go1) =14 2p — D E(T0 1 X0 1),

which, after iteration, yields

n—1
1—@2p—1y
E(T,X,) =1+ p— = - 7
(TuXy) éfp) T

Now we can calculate the second moment:

1-Cp-1 o, P Cp—1yt
(T2, ) =F(T?)+202p— 1) ————— + 1 =E(T — .
By telescoping, we obtain
E(T2, )= % +0(1) asn— oo,
which implies the following formula for the asymptotic variance:
var(Tps1) = 1ﬂ +O(1) asn— oo. (1.2)
-p

Noticing that S,, = X1 T}, and that X1 = %1, a glance at (7.1) and (7.2) shows that 7, /n LS 0 and
that S,,/n L 0asn— 00, suggesting the following result.

Theorem 7.1. For X = =+1,

Ty, a Sn d
T — Nopji—py and T — Nop/i—py asn— oo.

Proof. The sequence {X,, n> 1} is a stationary recurrent Markov chain with finite state
space which, hence, is uniformly ergodic. The asymptotic normality of T}, therefore follows
from a CLT for Markov chains; see e.g. Corollary 5 of [14] (see also [13, Theorem 19.1]). The
limit result for S,, then follows as in Theorem 4.2. O

The Markov property also provides a strong law.

Theorem 7.2. We have

Sn a.s.
— >0 asn— oo
n

Proof. The stationary distribution of the ergodic Markov chain {X,,, n> 1} is (1/2, 1/2),
which has expectation zero. An application of Theorem 6.1 of [7] yields the conclusion.  [J
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8. Remembering only the recent past 2: 01, ={n — 1, n}

In this section we assume that the elephant remembers the two most recent steps. We have,
as always, X1 =1, E(X> | F1) = 2p — X1,

X1 +Xo 14+ X,
EQXG | F)=Cp - )= —=@2p—D——,
and, forn > 3,
Xn—1+ X
E(Xpt1 | F) = EXt1 | Xn—1, Xn) = (2p — 1)%.

Computing the moments, one obtains the following result. For the proof we refer to the
Appendix, Section A.2.

Lemma 8.1. As n — oo,
E(X») — 0,
2p — 1) (2 1
EGS,) — (Zp—-D(2p+ )’
41 —p)
(Sn) 2p-DG5-=2p)
var| —= | > 14+ ———— =03
Jn 21— p)3—2p)
The expectation of X;, tends to zero geometrically fast.

Remark 8.1. For p = 1/2 the process reduces, as usual, to a simple symmetric random walk.

For the following limit theorems we lean on the Markov property (and invite the reader to
try the moment method).

Theorem 8.1. We have

S S
280 and 4
n o)

d
—>MNo1 asn— oo.

Proof. The sequence {X,,, n> 1} now forms a Markov chain of order two. Theorem 6.1 of
[7] yields the strong law, and the results in [11, Section 3] or [12], combined with Corollary 5
of [14], yield the asymptotic normality with the moments as calculated above. (]

Remark 8.2. If we suppose that the elephant remembers a fixed but finite number, say £,
of the most recent steps, the sequence of steps forms a Markov chain of order k, and we
obtain by (basically) the same arguments as above that S,,/+/n will be asymptotically normal
(a Markov chain of order k can be considered as a k-dimensional Markov chain; now use [12],
for example).

9. Remembering the distant as well as the recent past 1: t, = {1, n}

Imagine a(n old) person who remembers their early childhood and events from the last few
days but nothing in between. The most elementary model would be that of the heading.

Following the approach of earlier variants, we begin by assuming that X; = 1. Then, for
n>2,

EX2) =EEX2 | X1)) =E(2p - DX1)=2p—1,
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and

EXn+1) = EEX+1 | Fn))
= EEXp+1 1 X1, Xn))

:(2p—1)E<X1+Xn)
:(2p—1)1E(1+2X")
2p

—1
= =5 (1 +E(X,)).

Exploiting Proposition A.1(i) we obtain, for n > 1,

2p—1>n_1.4(1—p)

2p—1
E<Xn>=3”_2p+( . e

and hence that

-1 4(1—p) <~ (2p—1
E(Tn):1+(2p—1)+(n—2)3p_2p+ 3(_2?2(192 )
k=1

2w—1  8(1—p)
3-2p  (3-2p)

4+0o(1) asn— oo. 9.1

Next we note that E(le) =1 and, by (3.4), that, forn > 1,
E(TZ, ) =E(T2) + 2p — DE(T,) + 2p = DE(T,X,) + 1.
In order to establish a difference equation for the second moment we first have to compute the

mixed moment. For the computational details we refer to Appendix A.3 and obtain (formula
(A.3)),

2y @r=17% @p—1 , o .
E(T;) = G272 +<1+(3 2)3(4;9 40p+35)> n+ o(n).

Joining the expressions for the first two moments, finally, tells us that the variance is linear

in n:
_p @ ( Cp=1) o )
var(T,) =n G2 +n- |14+ ——= G2 (4p= — 40p + 35)
-1, 801-p\°
- <n 3 2 + (3_2p)2> + o(n)
=n- (rT o(n) asn— o0,
where @ D
2 P — 2
op=1+ 7(3 o) (4p~ —24p + 19). (9.2)
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Given the expressions for mean and variance, a weak law is immediate:

Tn p 2[7—1
— =

n 3—2p

as n— oQ.

In analogy with our earlier results, this suggests that 7}, is asymptotically normal. That this
is indeed the case follows from the fact that {X,,, n > 1} is, once again, a uniformly ergodic
Markov chain, since the only random piece from the past is the previous step. We may thus
apply Corollary 5 of [14] (see also [13, Theorem 19.1]) to conclude that 7;, — E(T},) is asymp-
totically normal with mean zero and variance 07241, with 072~ as defined in (9.2), which, in view
of (9.1), establishes that

T, — -1,

ﬁ 4 No.1 asn— oo. (9.3)
An appeal to the discussion at the end of Section 2 concerning the relation between the two
branches (the means have opposite signs and the variances are the same) now allows us to
conclude that

E(Sy) =pE(Ty) + (1 —p)E(— T,) = 2p — D E(Ty),
E(S7) =E(T}),
var(S,) = E(T) — (2p — 1)*(E(Tw))%,
which tells us that, as n — o0,
Su) . @p—1)7 S 2 @p—1y
E(;) — ﬁ and Var<;) — Og —4p(1 —p)m

Furthermore, in analogy to Theorem 5.1, we arrive at the following asymptotic distributional
behavior of S,.

Theorem 9.1. We have

2p—-1 . .
with probability p,
Sp d 3— Zp
——>S5= as n — oo.
n p—-1 .
— with probability 1 — p,
3—-2p

Moreover, E(S,,/n)" — E(S") for all r > 0, since |S,/n| <1 for all n.

Remark 9.1. Comparing this with Theorem 5.1, we see that the jump points are closer together
here. This can be explained by the fact that the current random variables are less dependent
than those in Section 5.

Finally, by combining (9.3) with the analog for the case X; = —1, asymptotic normality
follows with a random centering.

Theorem 9.2. We have
2p—DX
Sn — 272;7 tnoy
— ./\/'0,1 asn— Q.
UTﬁ
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Proof. We first note that it follows from the discussion following (9.3) that the CLT there
remains true when X; = —1, with 4 replacing the — in the numerator. We may thus argue as in
the proof of Theorem 5.1, via the fact that

2p— X 2p—1
s, — Gp=bX, ';_2;7 Ly « T, — —(3112,;)”
O'Tﬁ - Grﬁ
Alternatively, condition on the value of Xj and proceed as in the proof of Theorem 6.2. O

10. Remembering the recent as well as the distant past 2: 9t,, = {1, 2, n}

Following the approach of earlier variants, we begin by assuming that X; = X, = 1. Then
EX1)=EX;)=1,EX3)=(2p—1) and, for n > 3,

2p—1
E(Xy41) = EEXpt1 | F)) = EEXps1 | X1, Xo. X)) = 2

(24 E(Xn)).

Exploiting Proposition A.1(i) yields

2p—1
) =5 +(

2p—1)n—1<1 2p—1)_2p—1+3(1—p)(2p—1)n—2
3 2—-p/) 2—-p 2—p 3 '
and hence

n

2p—1  3(-p) 2p — 1\k=2
E(T)=1+1+Qp—1)+(n—3)- + >
2-p 2-p k:4< 3 )

2p—1 30 —p)(T7—2p)
2-p 22— p)?

+o(l) asn— oo. (10.1)

As for second moments, E(77) = 1, E(T5) =4, E(T5) =E(1 + 1 + X3)* =4 + 4E(X3) + 1 =
4442p—1)4+1=28p+ 1, and, generally,

E(Ty ) = E(T) + 2 B(TuXos1) + 1. (10.2)
Concerning the mixed moments and other details we refer to Appendix A.4, from which we
obtain 5
@p-D @G- 5
R(T2)=n? - +n-( (5% — 32p+26)> +o(n).
" (2 —p)? 2-p)?

The variance, finally, turns out as

2p-1)
2—-p)

Following the path of the previous section, we now immediately obtain a weak law:

(5=5p—p?). (10.3)

var(T,)=n-o7 +o(n), where oz =1+

Tn p Zp—l
Elnd

n 2—p

as n— OQ.

It remains to consider the general case with arbitrary X; and X». There is a slight change
here from the previous section. Namely, we first have the case when X; = X, = —1, for which
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the arguments from the previous section carry over without change, that is, the mean equals
E( — T,) and the second moment equals IE(T,%). However, now we also have a mixed case
which behaves somewhat differently.

Namely, consider the case when the first two summands are not equal: X1 + X> =0, X1 X, =
—1. Then

Xi+X
2

E(X3) = E(E(X3 | X1, Xz))=E((2P -1 ) =(2p - 1DE0)=0,

and, for n > 3,

E(Xn+l) = IE(I['E(Xn+l | ]:n))
=EEXn+1 | X1, X2, X))

2p—1
=3 0+ EXy,)
2p—1
= L B,
=...=CE(X3) =0,
from which we conclude that, for n > 2,
B(T,) = 0.

For the calculation of the second moment we refer again to Appendix A.4 and find that
1
E(T2)=n- Zﬂ +o(n) = var(T?) asn— oc.
-p

The weak law now runs slightly differently, in that

Tn P
— —>0 asn— oo.
n
We note in passing that the mean is linear in  and that the second moment is of order n> when
the first two summands are equal, whereas the mean is zero and the second moment is linear
in n when they are not. However, the variance is linear in n in all cases.
As for central limit theorems, the main arguments are the same as in Section 9, in that
2p—1
O’Tﬁ

for the cases X1 = X, = —1 and X = X, = 1, respectively, and

T, d
—L S5 N1 asn— 00
n. P '
2—p

d
—>MNo1 asn— o0

when the first two summands are unequal.
Switching to moments of S,,, using TJ‘ , T, ,and T,? for the three cases, we obtain

E(S,) =p* E(T;) + (1 — p) - E(TY) + p(1 — p) E(T,, ) = p2p — D E(T,)),
E(S2) = p> E(T,NH) + (1 — p) - E(T)?) + p(1 — p) E(T;)?).
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Collecting the various pieces tell us that, as n — oo,

E<Sn> p2p— 1) (Sn) p(1—p)2p — 1)*(4p* + 1)
—)—>———— and var| — | — .
n 2—p n 2—-p)?

Finally, by modifying our earlier results of this kind, one ends up as follows.

Theorem 10.1. We have

217 —1 . Lys 2
—_— with probability p-,
2-p
Sy d . .
——=>85=10 with probability 1 — p, asn— oo.
n
2p—1

with probability p(1 — p),

Moreover, E(S,/n)" — E(S") for all r > 0, since |S,/n| < 1 for all n.

We finally wish to combine the three different beginnings of the process in order to arrive
at a limit theorem for the S-process. This works (in theory) the same way as in Section 9.
However, there is a problem with the variance. Namely, in Theorem 9.2 both cases had the
same variance, whereas the variance when X; and X, are equal is not the same as when they
are different. Nevertheless, here is the result.

Theorem 10.2. We have

5, — oo,

Jn

with o% as given in (10.3).

d
=P Nooz + (1 =p) - Noapyye—p asn— oo,

Proof. The conclusion follows by conditioning on the value of (X| + X»)/2, and proceeding
as in the proof of Theorem 6.2. O
11. Miscellania
We close by mentioning some further specific models and by describing some problems and
challenges for further research.

11.1. More on restricted memories

(i) The next logical step would be to check the case 9, = {1, n — 1, n}. By modifying the
computations in Appendix A.2, setting a = (2p — 1)/3 and d = 3a?, we find that

Mnt1 =EXpuy1)
=EEXn+1 | X1, Xn—1, Xn))

2p—1
:TE(XI +Xn-1+Xy)

=a(2p—1)+ pp—1+ pn)
=a(pun—1+ 1n) +d,
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after which Proposition A.1(iv) and a glance at the computations in Appendix A.2 tell

us that 5
2p — 1
B = 227D 40" asn— oo,
5—4p
where g = max{|A1], |[A2|} < 1, with A;,i =1, 2, defined in Appendix A.2. It follows that
2p —1)%
E(Sn)NnM asn — oo.
5—4p
If M, ={1,2,n— 1, n}, then, with a = (2p — 1)/4 and d = 2p(2p — 1)?/4,
2p —1)?
E(Sn)fvnw as n — oo.
3—-2p

In fact, theoretically it is possible to obtain results of the above kind for any fixed number
of early and/or late memory steps.

(ii) The case when the number of memory steps depends on n, e.g. logn or /i, is more
subtle.

(iii) Another model is when the elephant remembers everything except the first step; more
generally, the elephant remembers all but the first k steps for some k € N. Set py =
PXi+1=1), Vp=Xpp1+ -+ Xy, and H,, =0 {Xs41,..., Xy}, and let n>k+ 1.

Then v
EXni1 | Ha) = (2p = 1)——=

where y,, = (n — 1 — k4 2py)/(n — k). With

n—1
~ ~—1
an= 1 7

v=k+1

and ]E(Vn_l,_I | Hn) == fnvna

one can, as in [2], show that a, V}, is a martingale. From the same paper it follows that,
provided 0 < py < 3/4,

Vi
vn—k

d
— No.1/@4—3p,) asn— oo,

which implies that
i 4 No as n— 0o
Jn 1/(4=3pp) .
The quantity py depends on the construction used for the k steps X, . .., Xg+1.

Other cases one might think of is when the memory covers everything except

the last j steps,

the first k steps and the last j steps,
o the first o log n steps and/or the last 8 log n steps for some «, § > 0,

the first, say, a4/ steps and/or the last 84/n steps for some o, 8 > 0,

o the first o log n steps and/or the last 8 log n steps for some «, 8 > 0,

e and so on, aiming at more general (final) results.
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11.2. Phase transition

The results of Bercu [2] show that for the full memory one has a phase transition at p = 3 /4.
There is no such thing in our results. An interesting question would be to find the breaking
point. There exist some papers on this topic using simulations (see e.g. [20], [6], and [18], and
further papers cited therein), but we are not aware of any theoretical results concerning this
matter.

11.3. Remembering the first versus the last step

There is a fundamental difference in behavior in these extreme cases; it is not just a matter
of recalling some earlier step. Namely, it is a matter of comparing

+X1 with probability p,
Xn+1 =
—X1 with probability 1 — p,
with
+X,, with probability p,
Xn+1 =
—X,, with probability 1 — p.

In order to see the difference more clearly, let us imagine that p is close to one.

In the first case every new step most likely equals the first one, that is, a typical path will
then consist of an overwhelming number of steps equal to the first one, interfoliated by an
occasional —X7. In the second case every new step most likely equals the most recent one,
that is, a typical path will consist of an overwhelming number of steps equal to the first one,
followed by an overwhelming number of steps equal to —Xj, and so on, that is, alternating
long stretches of the same kind.

Moreover, since, in the first case, every new step is a function of just the first one, the
independence structure does not come as a surprise, whereas in the second case the next step
depends on the previous one, which in turn depends on its previous one, and so on, which
implies that the next step in fact depends on the whole past.

11.4. Final remarks

(i) We have seen that the more the elephant remembers, the more cumbersome are
the computations. However, once again, in theory it would be possible to compute
higher-order moments and thus, for example, use the moment method to prove limit
theorems.

(i) By using the device in the first paragraph of Section 4, one can extend all limit theorems
for ERWs to the case with general steps.

(iii)) There is nothing particularly one-dimensional about our arguments. With a sensible
definition in higher dimensions it would be possible to investigate analogous problems.

Appendix A

In this appendix we collect some details on difference equations and the more technical
calculations.
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A.1. Difference equations

In the proofs we use several difference equations. For convenience and easy reference we
will summarize some well-known facts about linear difference equations that are used on and
off (consult [15], for example).

Proposition A.1.
(i) Consider the first-order equation
Xn+1=ax, + by for n > 1, with x; = x7 as initial value.
Then

n—2
Xp = an_le + Z a’bp_1_y.
v=0

If, in addition, |a| < 1 and b, = bn” with y > —1, then

bn—1 yabp—1
= - n(l —a)2(1 +0o(1)) asn— oo.

Xn

(ii) If, in particular, |a| < 1 and xp4+1 = ax, + b, then

b
1—a

Xn =

n—1{_x b b
ta (xl - ):—(1+0(1)) as n— co.
1—a 1—a

(iii) Next is the homogeneous second-order equation
Xnpl = A Xy + bxp_1 for n>2, with xi, x; given.
Then, with A2 = (a £ M)/Z provided a* +4b #0,
X = 1M+ eadl, with ¢, ¢; chosen such that X! = x} fori=1, 2.
(iv) As for the inhomogeneous second-order equation
Xn1 =a Xy +bxy—1 +dy for n>2, with xy, x5 given,

we have xy, =xf’, ~+ yn, where y, is some solution of the inhomogeneous equation, where
the constants c1, ¢y in xﬁ are chosen properly. If d, =d and a + b # 1, we may choose
yn=d/(1 —a—D).

A.2. Proof of Lemma 8.1
Seta=p—1/2e(—1/2, 1/2). Then
E(X;)=2a and EX7)=EX;|X|)=2aEX)) =4q°.
For n > 2 we have
Mnt1 =EXpt1) = EEX11 | Fu) =E(2p — 1) Xu—1+ Xn)/2) = a (tn—1 + tn)-
With Ay, =(a =+ va?+4a)/2 (note that |A 2| < 1), this difference equation, with the two
starting values 2a and 4a2, has, for n > 1, the solution
a(3a+~/a? + 4"))»;171 _ a(3a—+/a* + 4a))\n71 .

wn =EXy) =
" " va*+4a ! Va2 +4a :

https://doi.org/10.1017/jpr.2021.3 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2021.3

Variations of the elephant random walk 825

For p < 1/2 we have v/a2 + 4a = iy/|a® + 4al, but the solution is still real. Next,

EGS,) Z a(3a + va® + 4a) 1— At
= Mk:
" P vat+4a  1—(a+a*+4a)/2

a(3a — ~/a? + 4a) 1 =25
Vi tda 1 —(a—Ja@+taa)2
2a(3a+ v a? + 4a) 2a(3a — v/a? + 4a)
@130 —a—J@ 130 V@ taa2—at Va1 4a)

_ 2aa+1) p*—1/4
1 =2a  1-p

as n — OQ.

The second moment is more tedious. We begin with
E(Spy1 | Fu) =S+ (2p = DSy (Kot +Xa) + 1

and obtain
Virt =E(Sa, 1) =vn 4+ 2p — DESuXy + SuXa—1) + 1. (A1)

As for the mixed moments,
E(S:Xn | Fno1) = aSy—1Xn—1 + a(Sp—2Xn—2 + Xp_1Xy—2) + 1.

By the usual trick we find that

2p—1
EXp Xy 1) =a+d+- - +a" EXaX)) > —— = 22
l—a 3-2p

’

and with ¢, = E(S,X},) that

442 n
&n = a1 + ) + 1+ 77— + 0",
from which it follows that
p*—2p+7/4
h— ———————— asn— oo,
(I-p)3—2p)

the stationary solution.
Next,

a
E(SnXn—1) =ES—1Xp—1) + EX, X,—1) =1 + m + O(an)-

Finally, recalling (A.1), we arrive at
2p*—dp+7/2 2p—1
d=pB-=2p) 3-2p
and thus, via telescoping, we obtain

b (1 (2p— 1G5 -2p)
" 2(1—p)3—2p)

Vn+1=Vn+(2p—1)( )—i—l—i—o(l) as n — 0o,

) as n — oQ.
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A.3. Calculation of second moments in Section 9
We first note that E(le) =1, and, by (3.4), that, forn > 1,

E(TZ ) =E(T2) + 2p — DET,) + 2p — DET,X,) + 1. (A.2)
At this point we have to pause and compute the mixed moments. We first note that E(71X1) =1,
and that

EX>X1) =EX; E(X2 | X1) =EX2p — DX1)=2p — 1,
so that

E(TXo | Fn) =EX1 X2+ 1)=2p—1+1=2p.
For n > 2 we exploit (3.3), (9.1), and the fact that X,zl =1, to obtain

2p—1 2p—1
E(Tn+1Xn+1) = )

: E(Tnxn) + IE(Tn) + 1

2w—1 81 —p)
3-2p (3-2p)?

_2p—1.E(TX)+<2p—1>2.n 42p — 1)(1 —p)
T2 23 - 2p) (3—2p)?

2p—1 2p—1
= BT+ (n

+o(1)) +1

+ 14 o(1).

Another application of Proposition A.1(i) then tells us that

—1)2 _ B B
E(Tnxn)z{<m(n—l)-l—w_’_l)/(l_zp 1)

23— 2p) (3—2p)2 2
2p—1 (2p—1)7 2p—1\?
-3 -2(3_2p)-(n—1)/n(1— 5 )}-(1+0(1))

_Cp—1? 80 4p—2p?
- (3-2p)? (3-2p)

+ o(1).

Hence, using (A.2), we obtain

2p —1 1—
]E(T,%+1)=E(Tn)2+(2p_1)<n P 4 8( p))

3-2p  3-2p)?

(2p—1) 8(1+p—2p%)
+(2p—1)<(3_2p)2~n (3—2p)3 >+1+0(1)

B ,  202p—1) . 322p— 1)1 —p)
=E(T))" + G2 n G2y + 1+ o(1),

after which, via telescoping, we obtain

Qp—172 , @p—1)7

- e ot (1432 -Dd =P
BT~ G g = V(14 F ) o
2p — 1) 2p—1
=E3p— 2p;2'”2 (Hﬁ@p 2_40p+35))'n+0(n)' "
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A.4. Calculation of second moments in Section 10
The point of departure in this case is (10.2), that is,

E(TZ, ) = E(T2) + 2 E(TyXnt1) + 1. (A4)
For the mixed moments we use (3.3):
2 2p—1 2 1 2p—1
E(T, X111 Gn) = 52 = DTy Fom Xy = S2p = DT+ T T X+
We thus find, using (10.1), that forn >3
IE(TanJrl)
2p—1 2p—1 22p—1) 2p—1 31 —p)(7—2p)
= E(T,-1X, . 1
(Th—1Xy) + 3 + 3 (n 2 2(2—p)2 +o( ))
2p—1 2(2p — 1)? Cp—-DA—=p)(T-2p) 2p—1
= E(T,-1X, . 1).
3 (Th—1Xy) + 3(2—P)2 n (2—[7)2 + 3 +o(1)
Invoking Proposition A.1(i) then tells us that
E(Tan-H)
202p — 1)? 2p — (1 —p)(7 -2 2p—1 2p—1
_ (%@ )2.n+(p X p)2( p) 2P /1_p
32-p) 2-p) 3 3
2p—1 202p— 1) 2p—1\2
— . . D(1-— (1 1
e ey : (1+o(1)

@2p—1)? 32p—1)
= -n
(2—-p)? 2-p)?
which, inserted into (A.4), yields
202p — 1)? 32p — D(p* —9p +8)

-(p* = 9p+8)+o(1),

E(T?, ) =E(T? : 1+o0(1
and, after summation,
E(T;)
» 2p—1)? 2p—1) ( 3<2p—1)<p2—9p+8>)
=n"- —n- +m—=1)- {1+ + o(n)
(2 —-p)? (2—p)? 2-p)
» 2p—1)? ( Cp-1
=n‘-—4n-|1+ -(5p° —32p +26) | + o(n).
(2—p)? 2—p)
Finally we turn our attention to the second moment for the case when X - X, = —1, where,

again, the mixed moment is first in focus. Now E(71X1) = 1, E(T2X») = E(X1 X2 + X%) =—1+
1 =0, and E(T3X3) = E(ToX3 + X3)2 =04+ 1=1.

For n > 3 we follow the usual pattern. Due to the fact that the mean is zero, an application
of (3.3) now yields

IE(Tan+ 1 ) =

2p — 1 2p — 1 2p — 1
P mrx)="L — E(T-1X0) + P —
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which, together with Proposition A.1(i), tells us that

. @2p-1)3 _ 2p-—1
]E(TanJr])_m—i-o(l)_iz(z_p) +o(l) asn— oo. (A.5)

Moving into second moments, E(le) =1, IE(T22) =0, and IE(T32) = IE(X%) =1.
For n > 3 we insert our findings in (A.5) into (A.4):

E(TZ, ) = E(T2) + 2 E(T, Xp11) + 1

5, 2p—1
=I(T,) +ﬂ+1+0(1)

1
:E(T3)+ % +o(l) asn— o0,

so that, via telescoping,
1
E(T2)=n- Zﬂ +o(n) = var(T?) asn— oc.
-p
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