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ABSTRACT. We consider several variations of a two-person game between a “buyer” and a
“seller”, whose major component is a random walk of the buyer on an interval of integers.
We assume a gambler’s ruin scenario, where in contrast to the classical version the walker
(buyer) has the option of consuming “cookies”, which when used, increase the probability of
moving in the desired direction for the next step. The cookies are supplied to the buyer by
the the second player (seller). We determine the equilibrium price policy for the seller and
the equilibrium “cookie store” location. An initial motivation for this question is provided
by the popular model of ”cookie” or ”excited” random walks.

1. INTRODUCTION

Consider the following modification of the classical one-dimensional gambler’s ruin problem
[8, 9], where the walker has the option of consuming a ”cookie” which, when used, changes
transition probabilities for the next step in a desired way. The cookies are supplied to the
walker (called “buyer” in what follows) by a “seller”. The buyer starts at point a € N located
between 0 and b € N, b > 2, and performs a nearest-neighbor random walk on the integer
lattice Z. If the buyer gets to point b before 0 she is rewarded with » > 0 dollars while if
she gets to 0 before b she wins 0 dollars. Meanwhile, the seller sets up a shop somewhere
on integer sites within the interval (0,b). The seller sells a certain amount of cookies at a
fixed price, and each cookie gives the buyer an instant probability boost in the direction of
b. The walker thus always moves one step to the right with a fixed probability p € (0,1)
from regular sites and with a larger probability p 4+ ¢ € [p, 1] from the store locations, if she
consumes a cookie there. The buyer seeks to maximize her expected utility function, and she
can either accept the help of the “cookie service” for the offered price or reject it. Informally
speaking, the goal of this paper is to determine the equilibrium price for a cookie as well as
the optimal (from the perspective of the seller) placement for the store.

From the probability theory point of view, the problems that we investigate can be de-
scribed collectively as an attempt to measure the gain of the walker from exploiting a re-
inforcing mechanism represented by “cookies”; see for instance (13) below. It is natural
to study this type of problem within a game-theoretic framework, where exact features of
the reinforcing mechanism are determined through the interaction between the walker and
a supplier. This is in contrast to the usual excited or cookie random walk [2, 15] (see [13] for
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an up-to-date review and references), where the walker, as a price-taker in a large market,
has no effect on determining the parameters of the cookie environment.

More specifically, we will study subgame perfect equilibria for several variants of a two-
person Stackelberg game [10], i.e. a game where the seller takes an action first while the
buyer observes the move of the seller and then acts. An action of the leader (seller) consists
of setting the price for a cookie and choosing the store location, and a strategy of the follower
(buyer) constitutes of specifying a set of seller’s actions in response to which she would be
willing to consume a cookie upon each visit to the store. The variations of the game that
we study in the paper differ by the form of the payoff function that is assigned to the buyer.
For instance, in the basic form, considered in Section 3 the buyer seeks to maximize her
expected earnings, while in Section 5 the buyer is risk-averse and thus also takes the extent
of the risk involved in her decisions into consideration. Throughout this paper that the
buyer makes a simple a-priori commitment to either purchase a cookie each time when the
opportunity is present or to “ignore” the store permanently, rather than devises a strategy
contingent on the realization of the random walk path. It can be shown that this assumption
is actually not restrictive for a risk-neutral buyer in the basic game considered in Sections 2
and 3 while, say a risk-averse buyer considered in Section 5 might benefit from employing a
policy conditional on the number of cookies currently available at the store. Intuitively, the
attractiveness of the investment in cookies decreases for a risk-averse buyer as the amount
of available cookies is decreasing and hence the risk involved in the investment is increasing
in the course of the game. We remark that the optimization problem which the seller faces
is somewhat similar to that of a monopoly whose market is a spatially non-homogeneous
Hotelling beach [1, 11] with demand curve varying randomly across the population.

The game can serve as a simplified model to explore the relationship between economic
agents in a risky environment, for instance a firm in an innovative and competitive segment
of a hi-tech industry and an experienced consulting company. The firm (buyer) seeks to
reduce uncertainty and increase the expected profit by investing in the consulting service at
a “bottleneck” point of its production line, while the consultant (seller) wants to optimize
the configuration and the price of its service package.

We next define the underlying (buyer’s) random walk. Fix any p € (0,1) and let ¢ = 1—p.
Fix the store placement n € N and the cookie strength ¢ € [0, q]. Let X} and my, the location
of the walker and the number of cookies available at the store at time k£ € NU{0}, respectively.
Formally, the pairs (X, my)r>o form a Markov chain on Z x (N u {0, oo}) with transition
kernel given by

Pr(Xpr1 = Jympr = m| Xy = i,my, = 1) =
p+1{i=n,l>0} ce if j:Z+1,m:l— 1
=< q—1g—pisoy-e if j=i—-1m=1-1
otherwise.

Here we use the standard convention that oo — 1 = oo and denote by 14 be the indicator
function of the event A. That is, 14 is either 1 or 0 according to whether A occurred or not.

The parameters mg,p, and ¢ (as well as the parameters a,b, and r introduced later in
this section) are considered as given exogenous variables. Let P,,, denote the probability
measure on the path of the random walk associated with the buyer starting with probability
one at Xy = a, while the cookie store is placed at n. Let E,, be the expectation operator
associated with the probability measure P, ,,. We will denote by P, and E,, respectively, the
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distribution and the expectation associated with the corresponding usual random walk, i.e.
the one with ¢ = 0.
Choose any b € N, b > n, and let

(1) T =min{Ty, T}  with T, =inf{k: X, = j}, j € Z.

Assume that X, € (0,b) with probability one and that 0 and b are absorbing points for the
buyer’s random walk, that is P(X7,x = X7 for k > 0) = 1. If the buyer visits b before 0 she
is rewarded with r > 0 dollars, otherwise she receives 0 dollars. The strategies of the seller
are represented by the pairs (¢,n), where ¢ denotes the price for a cookie which remains
fixed during the game (cf. Remark 3.1 below). The strategies of the buyer are represented
by the mappings of the pairs (¢, n) into the set {P,,, P,}, where P, ,, means the decision to
use the cookies whereas P, means the decision to ignore the cookie store and proceed as a
usual random walk.

The usual cookie random walk model allows cookies to be located at each site of the integer
lattice. Our assumption that all the cookies are placed in the same location makes the buyer’s
random walk into a nearly Markovian process, and thus ensures a more easily treatable model.
In particular, the exit probabilities P,, (7, < Tp) can be explicitly computed. Random
walks defined by, in a sense small, local perturbations of P,, have been considered by many
authors. In the context of excited random walks see for instance [7, 12]. It turns out that
even though our underlying random walk does not exhibit as interesting a deviation from the
corresponding regular random walk as the excited random walks do (compare for instance
Theorem 3.5 and Remark 7.4-(a) below), the perturbation by a single cookie store produces
many interesting quantitative effects, and its influence is not negligible even when b is taken
to infinity. For instance, according to Theorem 3.5 either a supply of cookies mg or a reward
r of the same order as b allow the seller to maintain expected revenue when b goes to infinity,
ceteris paribus. The structure of the equilibrium cost is quite curious, and is discussed in
detail in Remark 3.1.

The rest of the paper is organized as follows. In Sections 2 and 3 we study the basic
version of the game which is described above. In Section 4 we consider a walker with initial
position uniformly distributed over the interval [1,b — 1]. To further explore which factors
are dominant in designing the equilibrium strategies of the players, we then consider buyers
with utility functions different from the expected value of their earnings. In Section 5 we
consider a risk-averse buyer whereas in Section 6 we study the game where the buyer is
concerned not only with the expected reward but also with the expected time it takes to
achieve the reward. For comparison, we then consider in Section 7 a variant of the game
with the 1-excited random walk, that is when exactly one cookie is placed everywhere on Z.
Finally, some concluding remarks are given in Section 8.

2. BASIC GAME: PRELIMINARIES

In this section and the next section, we consider the following scenario. Fix any integer
b > 2. There is one buyer, starting the random walk at a fixed integer point Xy = a between
0 and b. There is one seller, who is seeking to maximize her expected revenue by choosing
store’s location n and the price of a cookie c¢. There is no production cost for the seller. The
seller has m cookies to sell to the buyer, either m € N or m = co. The seller charges the
same price for each cookie. The walker has an option to ignore (not to buy) cookies if the
price is not attractive. If the buyer chooses to use the cookie she moves on Z according to



4 KUEJAI JUNGJATURAPIT ET. AL.

P,.n, otherwise her motion is according to F,. The walker seeks to maximize her expected
earnings.

Thus possible actions of the seller are represented by the collection of feasible pairs (¢, n),
while possible strategies of the buyer are represented by the set of functions

B(c,n) :[0,00) x {1,...,0— 1} = {Pq,, P.}.

The walker chooses to consume or not to consume the cookies which are supplied by the
seller at site n for the marginal price ¢, according to whether B(c,n) = P,, or not. We next
give a formal definition of the game. Let €, := {2,...,b — 1} be the set of feasible store’s
locations. Recall 7 from (1) and define

T
(2) M = Z ]-{Xi:n} and Thym = min{nny m}
=0

That is 7,,, is the total number of “successful visits” to the store (i.e., visits when the
cookies are still available) by the random walk before the absorption at either 0 or b.

Definition 2.1 (Game I',,,).

o I, o is a two-person Stackelberg game (the first player takes an action, the second player
observes the action and then moves). The (random) payoffs of the players depends on the
realization of the underlying random walk (action of Nature). In order to determine their
strategies, the players consider the corresponding expected payoffs.

o The strategy set of the first player (seller) is S := [0, 00) X . Fach pair (¢,n) € S specifies
the cookie’s price ¢ > 0 and the store’s location n € €y, chosen by the seller.

e The seller moves first and communicates her action to the second player (buyer). Then the
second player (buyer) determines her strategy, and starts the random walk.

e Nature determines realization of the random walk.

o The strategies of the buyer are functions B : [0,00) X Qy — {Pqn, Pu}. The buyer will either
consume a cookie priced ¢ € [0,00) upon each her visit to a store located at n € € or will
refrain from ever making a purchase, according to whether B(c,n) = P, or B(c,n) = P,,
respectively.

e For given cookie price ¢ > 0, store location n € (0,b), the response strateqy B of the buyer,
and the realization of buyer’s random walk, player’s payoffs are defined as follows:

Uen,B =1 Li1y <10} — € Num * 1{B(e;n)=Pu.n} (buyer)

and

Ven,B *= € Nhym - L{B(c;n)=Pa,n} (seller).

Notice that the payoffs are random and depend on the realization of the underlying random
walk. We next specify the game solution concept invoking expected utilities which is used
throughout the paper. Denote by B the collection of all functions from S to {P,,, P,}. For
any pair of strategies S = (¢,n) € S and B € B denote by Us g and Vg p, respectively, the
expected payoffs of the buyer and the seller who play according to the strategy profile (S, B).
That is,

)

U o Ea,n(uc,n,B) if B(Ca n) ]P)a,na
SB = Eo(ten.B) if B(c,n) =P,
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and

Vs =

)

Ea,n(vc,n,B) =C- Ea,n(nn,m) if B(C, n) - ]P)a,ny
Eo(Venp) =0 if B(c,n) =P,

In the next sections we will consider several variants of the above game with different payoff
functions for the seller. For the basic game I',, , we have

Uer — 7 Pon(Th < To) — ¢ Eopn(Mnm) if B(e,n) =Py,
SBTN v P(Ty < Ty) if B(c,n)= P,

)

Definition 2.2 ([10]). A subgame perfect equilibrium of I'y, . is defined as a profile of strate-
gies (S*,B*) € S x B such that

(3) Ugep > Usp- VYV SE€ES,
and
(4) VS,B* ZVS,B vSeS, BeB.

More generally, (3) and (4) define a subgame perfect equilibrium for any Stackelberg (the
leader moves first, the follower observes her action and then moves) two-person game with
arbitrary payoffs (U, V') and strategy sets (S, B). Throughout the paper we use “equilibrium”
as a synonymous to the “subgame perfect equilibrium”. The following remark is in order.

Remark 2.3. The assumption that neither the seller can change the price during the course
of the game, nor can the buyer reconsider her decision upon an arrival to the store might
seem to be restrictive. However, it turns out that in fact this assumption does not put a real
constraint on the strategies of the players. This is discussed in Remark 3.1 below, and is due
to the fact that the equilibrium price for a cookie is actually independent of m, as long as
m > 0.

For given cookie price ¢ > 0 and store location n € (0,b) let U.(a,n) denote the expected
payoff of the buyer who uses the cookies. That is,

Uc(a'7 TL) = Ea,n(uc,n,ﬂ"a,n) =T: IEDa,n (Tb < TO) —C- Ea,n(nn,m)-
The corresponding expected revenue of the seller is denoted by V,.(a,n). That is,
(5) ‘/c(aa 7’L) = Ea,n(“c,n,]}”a,n) =cC- Ea,n(ﬁn,m)

Thus, for fixed a and n, the seller will set the maximal possible price for each cookie. The
maximal price ¢*(a,n) that the buyer would be willing to pay for a cookie is determined
from the equation

(6) Uc*(a’n)(a, n) =7r- Pa(Tb < TO),

where the right-hand side is the expected payoff of the buyer without cookie reinforcement.
It will turn out that this equation has a unique solution for any feasible pair (a,n). The
optimal location of the store n* = n*(a) is then given as the solution of the optimization
problem

(7) Vertany(a,n") = max Vi (g ) (@, n).

ned,
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We will show below (see Lemma 3.2) that n*(a) = a is the unique solution to (7). The price
is determined from equation (6), which can be alternatively written as

rePon(Ty < Tp) — 1 Po(Ty < T)
Ea,n(nn,m)

The core result of this section is the following observation.

(8) c*(a,n) =

Theorem 2.4. For a fized store location n, the maximal price ¢*(a,n) that the buyer would
be willing to pay for a cookie in a game ', , is independent of the value of a.

Proof. Given a store location n € (0,b), the maximal price ¢*(a,n) is determined from (6).
If n > a, we have Ue(qn)(a,n) = Po(T,, < Tp) - Upr(a.n) (1, n). Thus, using the strong Markov
property, identity (6) yields

Pa(Tn < Tg) : UC*(am)(n,n) = Tpa(Tb < T()) = TPa(Tn < TO)Pn(Tb < To),
which implies
9) Uer(am)(n,n) = rPy(Ty, < Tp).

If n < a, we have Ue(qny(a,n) = Py(T, < Tp) - Use(an)(n, 1) + rPy (T < T,,). Hence, using
again the strong Markov property, identity (6) yields

P(T, <Ty) - Usr(amy(n,n) + rPo(Ty, < T,,) = rPu(Th, < Tp)
=rP,(T, <Ty,)P,(T, < To) + rP,(T, < T,),

which also leads to (9) in the case n < a. This completes the proof of the theorem, since
equation (9) for ¢*(a,n) is independent of the value of a. O

Let p =% and recall T, from (1). For any integer n € [0, a] we have [8, p. 274]:

b__ a
pb pn if p#q

P.(T, <T,) = fg__ap
if p=gq.

b—n

We conclude this section with the computation of E, ,,(1,,,). Let J,, (respectively, K,) denote
the probability of returning (not returning) to n after consuming a cookie at n:

(10) K, = 1—J,=R,+ Ly,
where R, := (p+¢)Po1(Ty < T1,) and L,, :== (¢ — ) P—1(To < Tp,).

We have

m—1 1—Jm
1]‘ Ean:]P)an Tn< 'Enn7 Enn: 1_<]n .Ji_l Jm_lz n .
(1) Bap = Pan(Tu < T) -Enppy - Eno = ( >[§i:1jzn Fml =

Throughout the paper, we use the convention that if m = oo then J” = mJ™ = 0 for any
constant J € (0,1) in our calculations.
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3. Basic GAME: MAIN RESULTS

Our main results in this section are collected in Theorem 3.3 which includes explicit results
for the values of the equilibrium price and store location in I'), ,. Theorem 3.4 extends the
results to the infinite interval (—oo, 0] when p < 1.

In Theorem 3.5, for the case p = ¢, we find a natural scaling of the parameters » and m
when b goes to infinity. In particular, this theorem shows that an increase in cookie supply
proportional to the change in the value of b allows the seller to maintain her revenue. In
other words, the effect of a single store with an adequate cookie supply on the underlying
random walk cannot be neglected, even asymptotically.

Finally, Theorem 3.6 establishes monotonicity of the seller’s equilibrium revenue as a
function of the parameter . The latter result is interesting because even though the higher
quality (i.e., higher strength of the cookie, €) means higher price for a cookie, it also means
that the buyer is expected to finish the game sooner and hence implies the drop in the
expected amount of cookies sold.

We will frequently make use of the “decomposition according to the first step” arguments
for the underlying Markov chain (Xj, my)r>o, in particular exploiting the following equality:

with z € {0,b} and n = 1,...,b — 1. The recurrence relationship (12) can be equivalently
stated as the martingale-type identity E(Zy11|Xy) = Zy for Zy = Px, (T = T.). We will
denote ¢*(a,n*(a)) (which will turn out to be ¢*(a,a), see Lemma 3.2 below) by ¢*(a) and
refer to this value as the equilibrium price of the cookie in I', ,. Thus, according to (8),

. r- Pa,n*(a)(Tb < To) A Pa(Tb < To)

]Ea,n* (a) (nn* (a) ,m)

(13) c*(a)

We next compute the equilibrium price ¢*(a). We will first calculate U.(n,n) for general
¢>0and n € (0,b). To simplify notation we will abbreviate U.(n,n) to U.(n) and V.(n,n)

to V.(n). Recall (10). We have:
m—1

(14) U, n) = [(r — ke)R, Ji ™" — keLy, Jf ]
k=1

4 Jmt [T[(p + )Pt (Ty < To) + (¢ — &) Poca (Ty, < Tp)] — mc] .

It follows from (12), that
_ Ryr(1—Jr (m—1)Jm —mJmt +1 _—
+ I [Po(Ty < To) + e(Poya (T < Ty) — P (Ty, < To))].
Therefore, using (6) and the following identity (recall that K, =1 — J,):
(m—1)J;”—frmf,§”—1+1Jr 1=Jr

Jm—l _
K, M K,

we obtain

c(n)(L—J")  Ror(l—Jp)

Ky, Ky,
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I [PalTy < To) + (Pt (Th < To) = Paca(Ty < Tp))] = rPu(Ty < To).
Thus ¢*(n) can be expressed as

() — ) o)

1—Jm 7
where
ci(n) =r[R, — K, - Po(Ty, < Tp)]
co(n) = rJm 1 {Kn [Pn(Tb < Tp) + €(Pn+1(Tb <Tp) — Poa(T} < TO))} - R"}
=g [reKn [Pori(Ty < Tp) = Pua(Ty < To)] — cl(n)] :
We have:

an)=rp+e)P,1(Ty, <T),)

—r[(p+e) P (Ty < T,) + (g — €) Pui (To < T,)] - Pu(Th, < T)
=r(p+e)Pusi(Ty < T,) - Po(Ty < Tp) —7(q — &) Por(Ty < Tp,) - Po(Ty, < Tp)
=1 [pPo1(Ty < T,) - Po(Ty < Ty) — qPo1(To < Tp,) - Po(Ty, < Tp)]

+er[Poii(Ty < Ty) - Po(Ty < Tp) + Pt (To < T) - Po(T, < Tp)]
= c11(n) + cra(n),

where the last equality serves as the definition of ¢;1(n) and ¢ 2(n). Using the Markov
property and (12), we obtain

cii(n) =r[p(l = Pos1(T, < Ty)) - Po(To < Tp)) — q(1 = Pooa (T, < Tp)) - Pu(Ty, < Tp)]
[p(Pu(Ty < Ty) — Posi(To < Tp)) — q(Pu(Ty, < To) — Poor (T, < Tp)) ]
rlp(Pu(To < Tp)) = Pori(To < 1)) — ¢(Paci(To < Th) — Po(To < Tp))] =0,

=T

and
cro(n) =er[(1 = Popa (T <)) - Po(To < Tp) + (1 = Pt (T, < Top)) - Po(Ty < Tp)]
=er[l — P (T, < T)Po(To < Tp) — Pt (Ty, < Tp)]
er [Pnfl(TO <Ty) = Poa(To < Tb)] =er [pn+1(Tb <Tp) = Pa(Ty < To)}-

Further,
ca(n) = J) M re Ky [Posi (T < To) — Pt (T < Tp)] — cr(n)
=—J"re(1 = K,) - [Posa(Ty < To) — Poci(Ty < Tp)|
= —JTTTéT : |:Pn+1(Tb < To) — Pnfl(Tb < To)]
Thus
N c1(n) + co(n
(15) ¢*(n) = ap) to) [Poii(Ty < To) — Poi(Tyy < Ty)],

1—Jm
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which yields

rep™(p~t — ,
1 o pl(p_pbp) i p£g
(16) cm =14, |

- if p=gq.

Remark 3.1. Remarkably, c¢*(n) is independent of m. Furthermore, (15) implies that, given
the store location n, the equilibrium price c¢*(n) is the unique positive constant ¢ which makes
My =r-Px (T, < Tp) — C-Z;n:ig{k’m} 1(x,=n} into a martingale under P, , with respect to the
natural filtration Fj, = a((Xi,yi) 1 < k) of the Markov chain formed by the pairs (X, yx)-
Notice that Px, (T, < Ty), k > 0, is a martingale with respect to its natural filtration under
P,, but not under P, ,,.

The independence of ¢*(n) of m is an implication of the Markov property and our assump-
tion that the buyer is risk neutral, and thus is concerned only with the expected value of her
earnings. Using the Markov property, equation (8) can be rewritten as

r- Pn,n(Tb < To) A Pn(Tb < To)
En,n(ﬁn,m)

The difference P, (T, < To) —r- Po(Ty < Tp) can be decomposed into the sum of the expected
gain from using 1 cookie until either returning to the store or finishing the game. Notice
that between two successive visits to the store, the buyer’s motion is described by the measure
P,. Given the possibility to reconsider her decision to use cookies upon the next return to
the store, the buyer would evaluate her expected earnings again according to (6). Therefore,
using the Markov property, the buyer’s gain from using one cookie is, up to the multiplicative
factor r,

(p + 8>Pn+1(Tb < Tn) + |:(p + €)Pn+1(Tn < Tb) + (q - 8>Pnfl(Tn < To)] Pn(Tb < To)
—pPoii (T, < T,,) + [pPosr (T < Ty) + qPor (T, < T0)| Po(T, < Tp)
= €Pn+1(Tb < Tn) + €[Pn+1(Tn < Tb) — Pnfl(Tn < To)] Pn(Tb < To)
=[P (T, < To) — P (Ty < To)],
in agreement with (15).

As we already mentioned in Remark 2.5, the fact that ¢*(n) is independent of m implies
that the buyer would not change her decision regarding the use of cookies during the course
of the game. This implies that the equilibrium price policy for the seller is to maintain a
fixed cookie price throughout the game even if the buyer were allowed to change it according

to the number of the cookies left in stock. The fact that the price c*(a) is a multiple of the
boost € is not surprising, though it is not trivial a priori and interesting.

c*(n) =

We are now in a position to find the seller’s expected revenue with the store located at n.
For an arbitrary ¢ > 0, write, using (11):

c(1—Jm)
1—J,
Recall the convention J)* = mJ]" = 0 for m = co. We have:

(17> VC(n) =c- En,n(nn,m) =

Lemma 3.2. For a fixed starting point of the buyer a, the unique subgame perfect location
of the cookie store is at n*(a) = a.
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Proof. The strong Markov property and Theorem 2.4 imply that
(18) ‘/;*(a,n) (Cl, TL) = PCL(TTL < T) ) VvC"(")(”)’
where T is defined in (1). For real x € (0,b) define

(p—i—a)(l—ﬁ) +(q—5)<1—§) it p—g
(p+8)<%> +(q—8)<%> if p#q.

For real numbers = € (0,b) define

J(x) =

(11— J™(2)
- if x> dp=1
P o if z>aandp
1 1—-Jm
. J" (@) if rt<aandp=1
_Jb—x 1-J(x)

A DV B if 2>aandp#1
1 1—J(:C8 r=aanep
p* 1—Jm™x) .

. if v <aandp#1.
(PP —pt 1= J(2)

Then J, = J(n), where J,, is given by (10). It follows from (16), (17), and (18) that f,,,(z)
differs form V,«(;)(a, x) only by a positive constant multiplicative factor on both the intervals
[1,a] and [a, n]. Considering the sign of the derivative f, () and using the fact that

(11__;;((;5)) = J'(z) kf% kJE (),

it is easy to verify that if the lemma is true for m = oo, it is true for any m € N. It is then
routine to check, using the first derivative test, that f, (x) (and hence Vi« (a, )) attains
its maximum when x = a for any p > 0. The proof of the lemma is completed. 0

Note that in the extreme case e = 1 — p, any location n < a will have the same effect from
perspective of the buyer. Thus in that case, the seller is only concerned with optimizing
the chances of the buyer to ever visit the store. We summarize our results for the subgame
perfect equilibrium strategy (c*(a), n*(a)) of the seller and her corresponding revenue in the
following statement.

Theorem 3.3. Consider a game I'y, . Then
(a) For a fized starting point of the buyer a, the unique subgame perfect equilibrium location
of the store is at n* = a.
(b) The subgame perfect equilibrium cost ¢*(a) is given by (16) with n = a, and thus

rep*(p™t —p) .
. ———— it pFq
c*(a) = 257"1 P

In particular, ¢*(a) is independent of the value of m.
(¢) The expected revenue of the seller at equilibrium is given by
(o)1 = J3")

V*(CL) = Vc*(a)(a) = 1— J
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The following picture provides a graphical representation of the equilibrium strategy of the
buyer in the first quadrant of the plane (¢, n), where each point corresponds to an available
strategy of the seller. In all three cases illustrated below, b = r = 10 and ¢ = 0.2.

Cost Cost Cost
08
15¢ 151
06} Refuses Cookie
100 Refuses Cookie 101 Refuses Cookie
04
051 . o5l
02} Buys Cookie
Buys Cookie Buys Cookie
5 10 15 P 5 10 15 2o " 5 10 15 2 "
(a) p>1 (B) p=1 (c)p<1

FIGURE 1. Sketch of the graph of ¢*(n) and buyer’s equilibrium policy

Assuming ¢ > p, one can consider a version of the game on the interval (—oo, 0] with a
reward r > 0 given to the walker when (and if) she arrives at 0. The equilibrium strategies
for the game on (—o00, 0) can be formally obtained from the corresponding results for a finite
interval by replacing a with a 4+ b and taking limit as b — oo. We state this as follows. Let

Jzinf = (p + g)PaJrl(Ta < TO) + (q - €>Pa71(Ta < Tfoo)
a+1
p —

Pt —1

p—1
1—p*

= (p+e) +(g—e)p =1+elp—p ) —(p+e)

We have:

Theorem 3.4. Consider the variant of I',, , where the buyer’s random walk is taking place
on the infinite interval (—oo, 0], the site 0 is the unique absorbing point for the random walk,
p > 1, the buyer is rewarded with $r > 0 when (and if) she reaches 0, and the buyer’s starting
point is a fized constant a € (—00,0).
Then
(a) The equilibrium location of the store is at nj,; = a.

(b) For a given price for a cookie c, provided that the buyer will use the cookies, the expected
1- (g™

1—Jgint
(c) The equilibrium cost ¢, ;(a) is given by c;, (a) = rep®(p — p~'). In particular, c},(a) is
independent of the value of m.

revenue of the seller is given by V" (a) = c -

The explicit formulas provided by Theorem 3.3 allow one also to study how the main
characteristics of the buyer-seller game depend on the parameters b and e. In the next
theorem we find natural scalings for the parameters m and r when p = ¢ and b goes to
infinity. The scaling factors turn out to be of order b, indicating that the effect of the cookie
store on the simple random walk is considerably large. For x € R, let [z] denote the integer
part of z, that is [z] = max{n € N:n < z}.

Theorem 3.5.
(a) For any a € N and m € NU{oo}, if limy 0o b~ - 7(b) = a for some constant a € (0, 00),
we have limy,_,, c*(a) = 2ea.
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(b) For any x > 0, if r > 0 and limy oo b~' - m(b) = B for some constant 3 € (0,00), we

pate iy o,V (br]) = 221 - 7% “uhere Ky = (522 4 12).

We next investigate the equilibrium revenue of the seller V*(a) as a function of the pa-
rameter £. On one hand, the seller provides cookies creating a positive reinforcement to the
random walk to terminate at b. On the other hand, in order to increase consumption of cook-
ies, she is interested in keeping the walker in the game as long as possible. The following
result shows that in the trade-off between the equilibrium price ¢*(a) (increasing function of
e) and the expected number of visits to the store (decreasing function of €), the former is
the dominant factor for establishing the equilibrium policy of the seller.

Theorem 3.6. V*(a) is an increasing function of the parameter e.

Proof. Observe that for any p > 0, ¢*(a) has the form ¢*(a) = Ce where C' > 0 does not
depend on . Therefore, by Theorem 3.3

(19) oV*(a) CQA-JI) N 9J, Ce(l— mJ" 4+ (m —1)J™)
oe 11—, Oe (1—J,)? :

According to (10),

aJ, J,—1
=P (I, <T,) — P,_1(1T, <Tp) > )
o2 = Pun(Ta < Ti) = Paa(Tu < Ty) > 22
Furthermore,
I—-mJ" '+ (m-1J" 9 [(1-J" o
“ L= | = kJ; " > 0.
(1—J,)? &Ja(l—Ja) kzz; ¢

Therefore, replacing % with % in (19), we obtain

oV*i(a) COA-Jm™) C1—mJ 4+ (m—1)J") i
J— p— m > .
9 > 1 7 T/ CmJ]" >0

This completes the proof of the theorem. O

4. POPULATION OF BUYERS. RANDOMIZED ENTRY POINT FOR THE BUYER.

In this section we aim to find the equilibrium policy (¢, n) for a single seller dealing with
a population of walkers. Notice that according to Theorem 2.4, once the store is placed,
the equilibrium price for a cookie is independent of the buyer’s entry point and therefore is
determined by the store placement only.

Assume that the buyers are independent of each other, and the starting position of each
buyer is distributed uniformly on {1,...,b—1}. Further, assume that the path of the random
walk associated with the buyer with X, = a is distributed according to P, ,, with m = oo. It
then follows from (2) that the problem is basically equivalent to its analogue with a single
buyer whose initial position is uniformly distributed over the integers within (0,b). In what
follows we will therefore consider a slightly more general scenario, formally allowing m < oo.

Definition 4.1. The game T, yni¢ is the same as 'y, 4, except that the buyer starts her
random walk at a random integer point Xo, uniformly distributed over (0,b).
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Let V*"/(n) denote the expected revenue of a seller whose store is located at site n. For
n € [1,b — 1] we have

, 1 Ve(n
uni f — _ ¢ P(T
Ve (n) b_lgvc(am) p—1 2 Pl <)
ch(n) n—1 b—1
=+ {1 +Y PT, < Tp) + P,(T, < Ty)
a=1 a=n-+1
For p = q we obtain
n—1 b—1 e e A
1 P,(T, < T P,(T,<T) = =
PP R PERP N R
- n—1 b-—1b—(n—1)n n-—1 b+n—1

= +bh— = Iy S

2 2(b— n) 2 2

b
2 )
where we use the usual convention that > "z, = 0 for any sequence z, if n > m.
Using the same convention, for p # ¢ we obtain

n—1 b—1 n—1 b—1
o _1 b __ a
LY Pl <To)+ 30 Pl<T) =3 0g + 3 o
a=1 a=n+1 a=1 p a=n p P
n__1 b_ . n
1Tl -1 p-n) 5T p*(b—n)

We summarize the above calculation in the following lemma. Recall V.(n) from Section 3.

Lemma 4.2. Consider a game ', . Then
(a) If p = q, we have

, Ve(n)b
unif — c
(b) If p # q, we have
: Ve(n) n_ o, pb—n)
unif — . o

Let V;;;(n) denote the maximal expected revenue in I',, i of the store located at n €

(0,b). That is V5 ,¢(n) = ch(l;];(n), where ¢*(n) is defined in (13). Recall J,, from (10).
Combining Lemma 4.2 with (17) and part (a) of Theorem 3.3, we obtain
Corollary 4.3. Consider a game ', \nir. Then
(a) If p = q, we have
. er(l—=J7)

(b) If p # q, we have
C ) = rep"(p~! = p) 1—Jr n__ pb-n)

unif (1 1— b G-V —Jn) | =1 pp—pr |
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Corollary 4.4. Let a real number t € [0,1] be fired and let (ny)pen be any sequence of
integers such that limy_,oony/b =t. Then

. 1—t if p>1
lig Lemis () 1/2 ; ] 1
_— = 7 —_=
bse V*(np) /P
t if p<l1,

where both V. (ny) and V*(ny) are computed for arbitrary but always the same values of m

and r, which may or may not depend on b.

We turn now to the study of the equilibrium location of the cookie store under Assump-
tion 4.1. For p = ¢ we have

I = (p+5)<1—ﬁ)+(q—€)(l—%) =1- (é)j;Jrq;g)

For a real number x € (0,0) let f(z) = (%Jqu—a)_ Then lim, o f(z) = lim,; f(z) = +00

and f(x) is minimal over (0,b) when f’(z) = 0, that is when (bpjf)z = %, This yields
(p—q+2e)x? + 2bx(q — ) — b*(q¢ — €) = 0. The unique root of this equation which belongs

to the interval (0,b) is given by
—2b(q —€) +2by/(¢ —€)* + (p — g +2¢)(q —¢)

zo(e) =
ol¢) 2(p—q+ 2¢)
—(1-2 V1—4e?
(20) S Gt Dl =
4e
For the equilibrium location of the store nj,,, we have |n; .. — zo(e)| < 1. Notice that

lim._,o zo(e) = b/2, x¢(1/2) = 0, and
, 1—vVI—4e? 1 1 1
4e V1—4e2 141 —4e2 /1 —4e2
We next examine the optimal location of the store for the case p # ¢ and m = oo. Let
A= (p+e)(l—p)and B = (¢ —¢)(1 —p'). Then it is routine to check, using the first

derivative test, that |njy,;, — zo(€)| < 1, where xo(e) € (0,0) is the unique solution of the
following equation:

(21) zlnp- (A+ Bp®) + [A+ Bp® — Bbp®Inp| = p“(A + B).
It is not hard to check that lim. g xo(e) = pl;p_bl — ﬁ > 0, lim._,, zo(e) = 0, and z5(e) < 0.

The value of z((¢) that solves (21) gives us insight as to which point will maximize the
seller’s expected revenue. We summarize the above calculations as follows.

Lemma 4.5. Consider a game U, wnir- If p # q, assume in addition that m = oo. Then
M5y — @o(€)] < 1 where for p = q, xo(e) is given by (20), while for p # q, xo(e) is
determined as the unique positive solution to (21).

Corollary 4.6. Under the conditions of Lemma 4.5, xo(¢) is a decreasing function of the
parameter €. Furthermore, lim._,, xo(¢) = 0 and for a fived p > 0 we have

(1) lim._,oxo(e) = b/2 for p =q.

. b
(2) lim._0xo(e) = % — ﬁ > 0 for p # q and m = oo.
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Corollary 4.7. Under the conditions of Lemma 4.5, for fixed p, r, and € > 0 we have

(1) The quotient x¢(€)/b is a decreasing, constant, or increasing function of b according
to whether p is less, equal, or greater than one.
(2) If p>1 (and m = 0, then limy_,oony,,;; =b—1.

(3) If p < 1 (and m = o0), then limy_,o 2o(e) = Z. where T, is the unique positive
solution to the equation A(1+ zlnp) = p"(A+ B).

Corollary 4.6 implies that the range for the equilibrium store placement computed for
all possible values of ¢ and fixed b,r, and p, is the whole interval (0, ny,x) for some integer
Nmax € (0,b). This is in stark contrast with the basic model, where the buyer’s initial position
is the major factor influencing the seller’s decision regarding the optimal store placement.
This can be heuristically explained recalling that the optimal store location is determined in
the trade-off between the equilibrium price for a cookie and the expected number of visits
to the store. The assumption that the buyer’s entry point is spread uniformly over (0,b)
smooths out the influence of the “accessability” factor, and therefore implies that the price
optimization gets more weight than it had for a “deterministically starting” buyer.

5. RISK AVERSION

In this section we aim to compare the two-person game considered in Section 2 with a
version where the buyer is risk-averse when making decisions under uncertainty. The main
result of the section is stated in Theorem 5.2.

In this section we consider the following variation of the basic game.

Definition 5.1. The game Iy, 1o is the same as same as Iy, , except that the buyer’s goal is
to mazximize her utility function given, for some fized constants A > 0 and o € (0, 1), by

(22) U“(a,n) =Eqn (:L‘ — Aax),

where & =1 - Lir=g)} — € Nnm 15 the total earnings of the buyer during the game (possibly
negative). Here, as before, ¢ is the price taken by a seller for a cookie, m is the number of
cookies available at the store, and 1, ., is introduced in (2).

The individual utility function in the form (22) is a particularly popular choice in economics
literature, used for modeling risk-averse behavior. See for instance [3, 4] for its axiomatic
characterization. The utility function of the seller in this section is the same as the one in
Section 3, namely the expected payment of the buyer to the seller, E, (¢ - 7,.,). That is, in
contrast to the buyer, the seller is risk-neutral.

The equilibrium price for a cookie ¢, (a,n) can be determined as a solution for unknown
variable ¢ to the equation

(23) Ul(a,n) = (r— Aa") - P(Ty, < To) — A- Pu(Ty < Ty),
which is the counterpart of (6) for a risk-averse buyer. Notice, that according to (22),
Ul*(a,n) is a decreasing function of the parameter ¢ with lim. o, U/%(a,n) = —oo. Further-

more, Uj%(a,n) = (r — Aa") - P, ,,(T, < Tp) — A-P,,,(Ty < Tp), and hence
Uit(a,n) — (r — Aa") - P(T, < Ty) — A- P,(Ty < Ty)
= [Pon(Ty < To) — Pu(Ty, < Tp)] - [r+ A(1 — )] > 0.

Therefore, (23) has a unique positive solution. The main result of this section is stated in
the following theorem. Recall ¢*(n) from (13).
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Theorem 5.2. Consider a game Iy, ra. Then ¢, (a,n) < c*(n).

Proof. Let Ry = r1yp,—7}. According to (23), ¢;,(a,n) is the unique solution for ¢ to the
equation

Ey(z — Aa®) = Equ[(R7 — hom) — AT~ ],

To avoid using two different expectation functionals, namely E, and E, ,, in the same equa-
tion, we can enlarge the probability space, where the random walk (X,,),>0 is defined, to
include a random walk Y = (Y},),>0 which is independent of (X,,),>0, starts at Yy = a with
probability one, ignores cookies, and is distributed according to P,. We will assume that
the second walker is also rewarded $r if she reaches b. Let y denote buyer’s earnings, that
is y =171y hits 4 before 0} Using this notation we obtain the equation for ¢, (a,n) in the
following form:

Ea,n<y - AQ{y) = ]Ea,n [(RT — C:a(a7 n) . nn,m) _ AQRT—C;a(avn)'TM,m} ‘

The latter is equivalent to

E,,(R+ — E, . |afT—cal@n)mmm _ nv
o) = Beolfr=9) 4 ool |
Ea,n(/’?n,m) ]Ea,n(nn,m)
Ean O{RT_C:u(avn)'nn,m —a¥
(24) = "(n)—A-— [ ]

Ea,n (nn,m)

Therefore, the statement of the theorem is equivalent to the claim that (recall that two
random walks under consideration are independent of each other),

Ea n [aRT_y_C:a(a’n)'Wn,m] > 1.

Hence it suffices to show that the above inequality holds. Toward this end, observe that
f(¢) == Eq, (affTv=mm) is an increasing function of the parameter c. Therefore, if it would
be the case that ¢*(n) < cf,(a,n) and E, , [af77v=a(@m)mmn] <1 we would also have

(25) Ean

)

[aRT_y_C* (n)'nn,m} S 1

It follows from (8) that E,,[Rr —y — ¢*(n) - Nym| = 0, and hence (25) violates Jensen’s
inequality for the convex function . The proof of the theorem is therefore completed. [J

The intuitive explanation for the above result is as follows. While the walker described
by the (Y,,)n>o0 is risk-neutral and uses the expected earnings as her utility function, the
first walker is “more skeptical” (risk-averse) and therefore she effectively values the expected
earning less than its nominal value.

It is not hard to check that the proof of Theorem 2.4 goes through and hence its conclusion
is in force for ', ra. That is, for a fixed store location n, the maximal price ¢}, (a, n) that the
buyer would be willing to pay for a cookie is independent of the value of a. This can also be
derived directly from (24). Indeed, using the fact that

Ea,n [(aRT—cia(a,n)'Wn,m _ O‘y)l{nn,mZO}} _ Ea(OéRT . 1{%“:0}) . Ea(OéRT . 1{nn’m:0}) =0
and the Markov property, we obtain from (24) the following equation independent of a :
]Ea n [aRT—Cia(aﬂ)'??wn _ ayi|

Ea,n (nn,m)

Gala,n) = ¢ (n) —A-
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ETL,?’L [aRch:a(a’n)'n’ﬂ,m — Oéyi|

= c"(n)—A-
() By U]

We can therefore simplify the notation ¢ (a, n) to ¢, (n). Since 1, , and Ry are independent
random variables under P, ,,, we obtain that ¢}, (n) is the unique solution of the equation
E, (e mmm) |, (afiT) — E, (afT)

En,n (nn,m) .
Though it seems impossible to determine the optimal location of the store from this equation
analytically, it can be useful for numerical analysis since all the expectations appearing in
the equation can be computed explicitly. We remark that, in virtue of Theorem 5.2, (26)
yields the following lower bound for ¢}, (n) :
Enyn(&fc*(n)-nn,m) By (affT) — E,(affT)

En,n(”n,m) .
The right-hand side is negative and thus the bound is trivial for A large enough. When A

approaches infinity, ¢, (n) converges to c¢s(n) > 0 which is uniquely determined from the
equation E,, (a0 mm) . K, (afT) = E,(af7).

(26) cra(n)=c*(n)—A-

ra

(27) cro(n)>c*(n)—A-

ra

6. TiIME 1S MONEY

We next consider a model where the buyer values not only the size of the reward but
also the time needed to achieve this reward. Time thus represents an opportunity cost of
participating in the cookie game. For simplicity, we do not assume that the payoftf is directly
discounted or is subject to a “bias for the present” factorization, as say in [14]. More precisely,
we impose in this section the following assumption regarding the buyer’s utility function.

Definition 6.1. The game T',, {jme is the same as I'y, o except that the buyer’s goal is to
mazimize her utility function given, for a fived constant A > 0, by

Ultme(g,n) = Ean (x — AT),

where x = 1 - Lir=q,y — C - N s the total earning of the buyer during the game (possibly
negative).

Our main result in this section is stated in Theorem 6.2, where the equilibrium price for
a cookie is determined. The equilibrium cost structure can be then in principle used for
finding the optimal store location. In general, the optimal placement does not necessarily
coincide with the starting point of the buyer. For instance if A is large enough, the buyer
might be better off by avoiding the use of the cookies (at any positive price) in hopes to
finishing the game quickly by exiting [0, 0] from the left. It can be shown that the optimal
placement depends not only on the entry point a and the relationship between the reward r
and the “implicit cost” A, but also on the number of cookies initially available at the store,
m. Since there are many possible scenarios depending on the values of all the parameters
involved, we will not pursue details here.

Let cjjn.(n) be the equilibrium price for a cookie I',, tjme When the store is placed at
n € (0,b). Similarly to (2), we define

min{m,k}

(28) nn(k) = Z l{Xz:n}'
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Notice that 7,(7T) = 17,(T — 1) = 7pm- We have

Theorem 6.2. Consider a game T',,, time. Then

rep"(p”t —p)  Ae (60T —p) L) oy
1—pb P—q 1—pb

C;kime(n) =
2
%6 — 2eA(b—2n) if p=gq.

A negative value of ¢§;,...(n) indicates that the walker will refrain from using cookies regardless
of the price, and hence the seller is better off by not opening the store at location n.

Proof.
(a) If p# g, let
Mk:Xk—k"(p—q)—26'77n(k’—1), k‘ZO,

with the agreement that 7,,(—1) = 0. Then (My)r>o is martingale with respect to the natural
filtration of the Markov chain formed by the pairs (X, mg)k>0, where my, is the number of
cookies left at the store by time k, as defined in Section 1. By the optional stopping theorem
(see for instance Theorem 7.5 in [8, Section 4.7]),

Ea,n(MO) =a= Ea,n(XT) - (p - Q) : ]Ea,n(T) — 2¢ - Ea,n(nn,m)'

Therefore

Ea,n(T) - Ea(T) = p%q : |:Ea,n(XT) - Ea(XT) —2e- ]Ea,n(nn,m):| :

The equilibrium price is defined from

7 Ean(X7) = Cline(a,1) - Ean(thgn) = A+ Ean(T) = 7 - BalX7) = A~ Bo(T).
That is
1
Chime(@;n) = Bt [% (Ban(X7) = Bo(X7)) = A+ (Ean(T) — Ea(T))}
and hence
* r 2€A
Cinea.) = g | (5 = =22 ) - (Ban(Xr) = EulXP) + 22 Ba)
T A n(X7) — ) 2eA ( Ab ) . 2e A
=(-- =(1- : + .
(b p—q> Ean(nnm) T4 r(p—q) “(n) pP—q

(b) If p=gq, let
My =X} —k—4e-n-n,mk—1), k> 0.

As before we convene that 7, ,,(—1) = 0. Then (Mjy)g>o is martingale with respect to the
natural filtration of the Markov chain (X, my)r>o. Hence

a’ = Ea,n(X’QI’) - Ea,n(T> —4de-n- Ea,nmn,m)a
and thus
Ea,n(T) - Ea(T) = [Ea,n(X’?’) - Ea(X72’) —4e-n- Ea,n(nn,m)] .
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The equilibrium price is defined from the identity

5 Ban(X7) = Cline(n) - Eoa(u) = AEan(T) = 5 - Eu(X7) = AEL(T).
That is
Cineln) = m 5 (BanCr) = Eu(X7)) = A (Banl(T) = E(T))|
and hence
Clme(N) = Fa m) [(r = AV*) - (Pon(X7) — Pu(X7)) + 4enh - Eon(00m)]
= (1 — A—bQ) (n) 4 4enA,
as required. O

7. CHAIN OF STORES ASSOCIATED WITH THE 1-EXCITED RANDOM WALK

One is prompted to study the buyer-seller game described in Section 2 for more com-
plex initial configurations of cookies (store placements). In particular, it is interesting to
compare the effect of the “cookie store perturbation” on the underlying random walk in
different models. In what follows we focus on finding the equilibrium price for a cookie when
Xo = 1 and exactly one cookie is placed at each integer site within the interval (0,b). The
corresponding random walk (Xj)r>o is usually referred to as the I-excited random walk on
Z (see, for instance, [2, 5]). Our main results in this section are stated in Theorems 7.1 and
7.2, see also two remarks concluding the section.

Let Py be the probability that the 1-excited random walk starting at Xy = 1 will reach
site k > 0 before hitting 0. Our results in this section rely on an explicit formula for P, and
its asymptotic analysis. These quantities are fundamental for the random walk theory. They
have been discussed in [2], based on different type of argument than ours.

Let UY¢(b) (here we abbreviates “weakly excited”) denote the expected earnings of the
buyer when the price for a cookie is ¢ > 0 and she is using the cookies. We will denote by
¢t .(b) the subgame perfect equilibrium price for a cookie for a buyer performing the 1-excited
random walk on [0, b] with absorbing boundaries, starting at Xy = 1. Since Py — Pg,1 is the
probability that the random walk started at Xy = 1 will reach & but never k + 1 before the
ruin at 0, we have

@‘

Ureb)y =Py [r—clb-1)] — (Pk Pri1) - ck

1

i

Similarly to (8), we have
[Py — PI(T, < Tp)]
Py (b= 1)+ 3545 (Pe = Prwr) - k-
Theorem 7.1. If p = q, we have limy_,, bc},.(b) = 2re.
Proof. We have
(30) Pis1 =P [p+e+ (¢ —e)Per(Tira < To)],

(29) Cue(D) =
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which implies for p = ¢,

k—1 Pr- (k+2
Pry1="Pr - [p+€+(q—e) 1: ko €>,

kE+1 kE+1
Thus
k—1 =
Pr = kll_[lj—i—Q&t—%H( >, k=1,...,b,
J :

with the usual convention that [,_, az = 1 for any reals a. It follows from (29) that

r[Py— b7

C:ve(b) = b1 .
Py - (b — 1) -+ Zk:l(Pk — Pk+1) -k
Observe that
k(1 —2¢)
1 D) k= P29
(31) (Pr. — Pr+1) P
We will next show that
(32) lim n'=2*P, = ¢. > 0 for some constant ¢. > 0.
n—oo
Let f, = n'=2*P,. Then
fori  (+DYE(n+2e)  (n+1)Fn+2e o o L2
fn (n+41)nt-22 —  p-2 no n

-1
< <1+%) -(1 28)_1
n n

Therefore, f, is an increasing sequence. On the other hand, using convexity of the function
g(x) = 1/z and the inequality 1 + z < e”, z € R, we obtain

n—1 n—1
2e
fo = 0P, =n"% | | (1 +— ) <n *exp ( E 25j1>
J =

j=1

n—1
< n ®exp (25 + 25/ x_ldx) < e¥ < o00.
1

Therefore, f, converges to a finite non-zero limit when n approaches infinity. Furthermore,
according to (32), f, is a regularly varying at infinity sequence of index —(1 — 2¢) [6]. This
implies limy o0 (b2 f5) "1 S0, k2 fi(k 4+ 1)"1 = (2¢)7! [6, Theorem 6]. This observation along
with (31) imply

b —b
lim b-¢t (b)) = lim T(P"b : )
b0 b= Py (b—1) + 24— (Pr — Prsa) - &
. bT‘Pb
= lim
b—o0 Py - (b - 1) + (28)71(73(,71 — Pb) . (b - 1)1)
. bTPb r
= lim = = 2er.

b—oo Py (b— 1)+ (26) " "Py_1(b—1)(1 —2¢) 14 (2e)71(1 — 2¢)
The proof of the theorem is completed. 0



TRADING COOKIES IN A GAMBLER’S RUIN SCENARIO 21

For p # ¢, recurrence relation (30) implies

k—1 k k+1 k—1
P —1 pr—1+e(p™ —p")
P = Pk'[PHHQ—@m]:Pk T
k+1 k—1 k
P =p pr—1
= P1 .
k( T )pk“—l

Thus P; = 1 and

In this case

(33) ue(b) = Po-(b—1)+ 0 (Py — Pry1) - k-

Observe that

I e Ve pk”)) P, (p"““ —pF—e(ph! - p"“‘l))

(Pp — Pr1) = Pk(l

P ] ]
_ s plp=1) —c(p*—1)
(34) = Pk~p ( pk“—l .
It follows from (33) that ¢} (b) < % = ;5. The following theorem shows that this

bound is asymptotically tight for p < 1, regardless the value of ¢.

Theorem 7.2. ,
(a) If p > 1, we have limy_,o (Te(p%—l)) cto(b) = ¢ for some constant c. € (0, 00).
(b) If p < 1, we have limy_,, bcf, (b) = r.

Proof.
(a) Assume that p > 1. We will first show that
(35) lim P nPn = ¢, for some constant ¢. € (0,00).
n—oo \1+e(p—p~')
Notice that Ts(p%—l) > 1 because ¢ < q. Let f, = (m%_l))npn. Then
" n_ ] n+l _  n—1
fo  1+e(p—pt) prtt—1 pr—1
_ 0 . pn -1 +€(pn+l _ pn—l) B pn—i-l _ p+ 6(pn-i-2 _ pn) -1
Clte(p—p) prt—1 St = Te(prt =t —ptp7t)

To verify the inequality in the last line above write

P —p (= pt) <M =14 e(p" = p" —p+p7t)  if and only if
ep—p H<p—-1 if and only if  e(p+1) < p.
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The last inequality is true because ¢ < ¢. Thus, we have proved that f, is a decreasing
sequence. On the other hand, since p"‘l-p% > %1, we obtain

n—1 n—1n—1 ; i
B P p—1 1 Pt —p!
= (1+e<p—p—1>) Pz <1+e<p—p—1>> H(”g o1 )

Jj=1

> -1 < ! >n—1ﬁ(1+( ‘1))>p_1>0
. elp— —_— .
—p L+e(p—pt) , p=r p

Jj=1

Therefore, f, is a bounded away from zero decreasing sequence, and hence lim,,_.., f,, exists

and is strictly positive and finite. Notice that m < p, and hence

1\ !
lim Pb( ) = 00.
n—o00 p —1

Therefore, due to (34) and (35), the following limit exists and is strictly positive and finite

b —L =) P
lim ( P n ) cre(b) = lim (1+5(p o 1) "
S Sy P Py (b= 1) + S (Pe— Past) -
B rCe
2211(7% - PkJrl) -k
(b) We now turn to the case p < 1. In virtue of (33) and (34) it suffices to show that

€ (0,00).

- +1 j—1
lim P, = hm (1-— H (1 +e p17 ) = ¢, for some constant ¢. € (0, 00).

n—o0

J+1 j—1 . . .
Let f, = H <1 + %) Then f, is an increasing sequence. On the other hand,
= - P > it picl
fo = H(l—i—s — >§H<1+5—1 < exp ;€T

P
(1+p>
= exple < 00
L—p
Therefore, f, is a bounded and creasing sequence, and hence lim,, o, P, = (1 —p) lim,, o fr
exists and is strictly positive and finite. This completes the proof of the theorem. O

Remark 7.3. We notice that Theorem 7.1 and Theorem 7.2 can be alternatively stated as
follows. We will write a,, ~ b, when lim, . a,/b, = 1 for two sequences of real numbers
(an)nen and (by)nen.

(a) If p = q and r depends on b such that r(b) ~ cb for some constant ¢ € (0,00), then
limp o0 ¢, (D) = 2ce.

(b) If p > 1 and r depends on b such that r(b) ~ c(m)b for some constant ¢ € (0,00),
then lim,_, ¢ (b) = c. for some constant c. € (0, 00).

(¢) If p < 1 and r depends on b such that r(b) ~ cb for some constant ¢ € (0,00), then
limp 00 ¢, (D) = c.
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Remark 7.4. Let V5. (b) denote the expected revenue of the seller at the equilibrium. Then
VE(b) =71 [Py— b7 ~rPy as b goes to infinity. Thus the asymptotic for Py found in the
course of the proof of Theorems 7.1 and 7.2 (see also [2] for a heuristic derivation) yields
the asymptotic for V. (b). More precisely, for some strictly positive constants c., é., and ¢,

we have, as b goes to infinity,
(a) If p=q, then V. (b) ~ c.b=(1-29)

« ~ —b
(b) ]fp > 1, then Vwe(b) ~ CE(W) .
(c) If p < 1, then V! (b) ~ ¢..

8. CONCLUSION

We explored a simple game-theoretic modification of the gambler’s ruin problem. The
underlying random walk is defined through a single-point perturbation of the transition
probabilities of the regular nearest-neighbor random walk on 7Z, either recurrent or tran-
sient. The perturbation is the same as the one in the excited (cookie) random walks model,
except being localized to a single point. Informally, the deformation of the transition kernel
can be described as a store that provides an instant increase in probability in the positive
direction when the buyer visits the store. The price of a cookie is determined in the game
(negotiation) between the buyer (walker) and the seller (store’s owner). The equilibrium
price can vary, depending on the store’s location. The seller chooses the location to maxi-
mize her expected revenue. The goal of the buyer in the game is to maximize her expected
earning which is expressed in terms of a utility function. An analytical equation for the
equilibrium price, given the starting point of the walker and the store’s location, is derived
for several interesting choices of the utility function, including risk-neutral behavior model,
risk averse behavior model, and a model including an opportunity cost represented by time
spent in the game. The difference between the equilibrium price policies associated with
different utility functions is quite intuitive. The equilibrium price of the cookie has a nice
scaling property when the range of the interval approaches infinity. Thus the price is a
natural characteristics capturing the global effect of the “cookie store perturbation” on the
regular random walk. In fact, the structure of the equilibrium price is closely related to
the structure of exit probabilities (and local times) of the underlying (both, perturbed and
not perturbed) random walks. For comparison, we include similar asymptotic results for
l-excited random walk in our analysis. In principle, the spatial distribution of the equi-
librium price allows us to recover the optimal store location. The optimal store placement
coincides with the buyer’s starting point for the basic model of a risk neutral buyer, whereas
in other cases it can be determined with the help of numerical analysis. In a future work
we consider continuous-time version of the problems studied in this paper by replacing the
nearest-neighbor random walk with a drifted Brownian motion. In a paper in preparation we
enrich the game-theoretic component of the basic game by including a third player, modeling
both duopoly competition and a state regulation of the market.
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