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Abstract We consider a multi-person stopping game with players’ priorities and
multiple stopping. Players observe sequential offers at random or fixed times. Each
accepted offer results in a reward. Each player can obtain fixed number of rewards.
If more than one player wants to accept an offer, then the player with the highest
priority among them obtains it. The aim of each player is to maximize the expected
total reward. For the game defined this way, we construct a Nash equilibrium. The
construction is based on the solution of an optimal multiple stopping problem. We
show the connections between expected rewards and stopping times of the players in
Nash equilibrium in the game and the optimal expected rewards and optimal stopping
times in the multiple stopping problem. A Pareto optimum of the game is given.
It is also proved that the presented Nash equilibrium is a sub-game perfect Nash
equilibrium. Moreover, the Nash equilibrium payoffs are unique. We also present new
results related to multiple stopping problem.
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1 Introduction

Multi-person stopping games with players’ priorities have been investigated by many
authors. The reason for it is diversity of applications of considered models which fit
very well the problems present in economic theory and operations research (see, e.g.,
Heller 2012). This paper has two main contributions with respect to this domain of
research. The first contribution is a consideration of a game where players can stop
more than once, i.e., Player i can stop n; > 1 times (in the literature, it is usually
assumed that each player can stop once, but such assumption is not always realistic).
The second contribution is providing a construction of Nash equilibrium for this game
based on a solution of a multiple stopping problem. Moreover, the Nash equilibrium
is a sub-game perfect Nash equilibrium and at the same time it is a Pareto-optimum
of the game. We also prove that Nash equilibrium payoffs are unique.

To motivate the study of games with mentioned properties, consider the following
two examples. In the first example, m shops sell commodities of the same type and all
the shops are situated in a shopping center. The ith shop has n; commodities for sale.
The shops are ordered according to their distance to the main entrance of the shopping
center; the ordering is referred to as priority, so that 1 refers to the shop which is the
closest to the entrance and m to the shop which is the farthest from the entrance. The
market brings about a sequence of buying offers. A potential buyer always goes to
the closest shop first and presents his offer. If the offer is accepted, the transaction is
realized; if the offer is not accepted, the buyer goes to the second-closest shop etc.
The aim of each shop is to maximize the expected total reward (profit).

Let us consider another example—one that will model assigning tasks in a com-
puter cluster. Clusters execute computations in a distributed way, because of that, the
computations take only a fraction of the time that would be used if they were executed
on a single computer. They are a standard tool for advanced scientific calculations as
well as for processing large amounts of data in enterprises. Assume that we have a
cluster that consists of m computers. We want to build a computer system that assigns
tasks to computers in the cluster. Each task is associated with an estimation of com-
puting power needed to execute this task. Furthermore, each computer in the cluster
has a certain computing power (this corresponds to its priority among the computers).
The goal of the system is to assign the task to appropriate computer in the cluster or to
decide that the task will be executed locally (i.e., on a computer that does not belong
to the cluster; in our model we say that such task is “rejected””). We assume that each
computer in the cluster can execute a limited number of tasks (because using them is
time-consuming and costly). Therefore we need to find an optimal strategy on which
the system will be based. The strategy (and consequently the system) should allow
to maximize the expected amount of executed computation on each of computers
separately in the cluster.

The mentioned examples motivated us to consider multi-person stopping games
characterized by players’ priorities and multiple stopping. A special case of the consid-
ered game has been presented in Ferenstein and Krasnosielska (2009), Krasnosielska
(2011), and Krasnosielska-Kobos and Ferenstein (2013). In mentioned papers, in oppo-
site to this paper, authors considered a game with the same rewards’ structure as in
the Elfving problem [see Elfving (1967) and Siegmund (1967)], under the assump-
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tion that each player has only one commodity for sale. More precisely, they assumed
that the offers are independent identically distributed random variables observed at
jump times of a Poisson process and the reward is equal to the value of a discounted
offer. Moreover, in mentioned papers, in opposite to this paper, authors search for
Nash equilibrium in a specific set of strategies, i.e. strategies where if players haven’t
sold their commodities until a certain point in time, then they have to accept the first
available offer after this time. The mentioned point in time is the optimal stopping
time of selling last commodity in multiple selling problem in which the number of
commodities is equal to the sum of all commodities of all players. Various games with
rewards observed at jump times of a Poisson process with at most one stop for each
player were considered in Dixon (1993) and Saario and Sakaguchi (1992), among
others. Two-person game with finite horizon where players observe a Markov process
and one of the players can accept two offers was investigated in Szajowski (2002).
A game with continuous time where players have possibility to stop more than once
was presented in Laraki and Solan (2005). An extensive bibliography on games can
be found in Ekstrom and Peskir (2008), Nowak and Szajowski (1999), Peskir (2008),
Ramsey and Szajowski (2008) and Solan and Vieille (2003).

General theorems on existence and form of solution of a multiple stopping problem
were presented in Stadje (1985), Nikolaev (1999) and Kosters (2004). A multiple
stopping problem with random horizon was analyzed in Krasnosielska-Kobos (2015).
A multiple stopping problem based on the Elfving problem was presented in Stadje
(1987) and a version without discounting in Sakaguchi (1972).

The paper is arranged as follows. Section 2 presents the multiple stopping problem.
The game is formulated in Sect. 3 along with a construction of Nash equilibrium and
its properties. Examples are analyzed in Sect. 4.

The idea of using the solution of a multiple stopping problem to construct a Nash
equilibrium is based on Krasnosielska (201 1) and Krasnosielska-Kobos and Ferenstein
(2013).

2 Multiple stopping problem

In this section we will present a multiple stopping problem formulated and solved in
Stadje (1985) with modifications proposed in Kosters (2004). Next we will introduce
new results concerning multiple stopping problems (Proposition 1, Lemmas 1 and 2
and Theorem 3).

Let (2, F, P) be a probability space and {F j}j‘io be a nondecreasing sequence of
the o-algebra 7. Moreover, let G ; be F;-measurable and integrable random variable,
Jj € N. We define an n-stopping time with respect to {F j}?io to be a sequence
(t1, ..., ty) of n stopping times with respect to {fj}?ozo suchthaty < --- < t,; < +o00.
Let My (n) be a set of all n-stopping times (f1, ..., t,) with respect to {F; ?O:o such
that?; > kand E(Gy, +- - -+ G;,) exists. Our aim is to find an optimal n-stopping time
for {G; j?":], that is, an n-stopping time (rll’n, cees rln’n) € M (n) that maximizes
E(Gy +---+ Gy among all (¢, ..., t,) € Mj(n), and the optimal expected total
reward E(Grll,,1 + .-+ GT]n.n).
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56 A. Krasnosielska-Kobos

The presented problem can be interpreted as follows. n commodities are sold, where
the offers are received sequentially and must be refused or accepted immediately on
arrival. Acceptance of the jth offer results in the reward G ;. The aim of the seller is
to maximize the expected sum of n rewards.

Let S,i be the optimal conditional expected total reward obtained from selling i
commodities when the sale of these commodities begins at the time of observation of
the kth offer, this means

S]i: esssup  E(Gy+---+ G, | Fr), kel
(1, ) €M (i)

Moreover, let y,f , k € Np, where Ny = N U {0}, be the optimal conditional expected
reward from selling the additional commodity if we have i instead of i — 1 commodities
for sale at the time of the kth offer. This means

vi=ESL, | Fo — ESITY | Fo, M

where S,? +1 = 0. Note that y,ﬁ is a threshold below which it is not profitable to sell the
first commodity among i commodities for sale at the time of observation of the kth
offer. For k € N define

z"(k):inf{jzk:szy;?},

and 7/ (+00) = +00.Let 7", k € N U {+00}, be the time of selling the i th commodity
from n commodities for sale when the process of selling starts at the time of observation
of the kth offer, i.e.

in Tn(k)v i = 17
= . T 2
T [r"(”)(r,g by, dief2,... n). @

Note that 1:,?" is the first time after the time of selling i — Ith commodity among n
commodities for sale when the reward is not smaller than the threshold an ~0=D Thig

means, at the stopping time t,i’" the obtained reward is not smaller than the optimal
conditional expected reward from selling the additional commodity if we have n —i +1
instead of n — i commodities for sale.

In the rest of this paper, we assume that the following assumption holds.

Assumption 1

@) E(supE( sup (GII+---+G,J,;)|-7‘—I<))<OO-

k nyp<---<np
(i) (rkl’n, ..., 7"") is finite with probability one for all k € N.
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The first condition above ensures the existence of all considered expectations. Other
such conditions are presented in Nikolaev (1999) and Kosters (2004).
In Theorem 2 below the solution of the multiple stopping problem is given.

Theorem 2 (Stadje 1985; Kosters 2004) (rll’n, ..., 7" is an optimal n-stopping
time in M (n) for the sequence {G )32 ,. Moreover

E(Grll,n NI GT;"") = E(Vol N
and
E (Grk‘*” +--+ Grkmn | fk) =Sy, keN.

In Stadje (1987), it is proved that in optimal stopping problem with Poisson stream
of i.i.d. offers, the functions y ]’ are non-increasing with respect to i. In Proposition 1,
we will show that this property holds not only in the mentioned case. This property
can be interpreted as follows. The larger the number of commodities a seller is left
with, the more he is inclined to sell it for a lower price.

Proposition 1 For each j € Ny and given n we have yjl > ... > y;l.

Proof 1t is enough to show that SJZ.H < 25}1.+l and Slill + 8571 < 2S§»+1 fori =

j+1
2,...,n — 1. First equation is obvious. To prove the second one, define f} ==
21 ~21 _ i—1,i—1 1,i4+1 i+1,i+1
T such that {‘L’]+1,..., 1+1} = {‘L’]+1 s T Tk s it }
1 ~3 ~2i—1 ~4
Tizp < Tiyp < = < ‘L’]_H and T'l < Ty < -0 < t/+1 Notethat
~1 ~3 ~2i .
(tj+1,tj+1,... )and (r e +1,...,rj+1) are two i-stopping times. Hence
i+1 i—1
1 1—1
Sl+ —E(ZG/:H—I"FZG hi— l|f ])
]+1 J-‘r] L jt+
l l
= E(ZGfgh—l + ZGth | fj+1) < 25;4_1
J+1 j+l1
h=1 h=1
O
It is convenient to allow for some of 71, ..., #, to take the value co with positive

probability. Therefore, the following notation will be used. Let #{ T #, mean that
@] <t on{t] <oo}and? = t on {t; = oco}. We define an extended n-stopping
time with respect to {F; ‘}°° o to be a sequence (t1, ..., ty) of n extended stopping
times with respect to {F; }°° gsuchthatt; C 5 C --- C t,. Note that an extended
stopping time 7 is a stopping time if 1 < 0o. Let My (n) be the set of all extended
n-stopping times (#1, ..., t;) such that ty > k and E(G;, + - - - + G;,) exists. Define
Goo = limsup;_, o, G,
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58 A. Krasnosielska-Kobos

Sy = esssup E(Gy+---+Gy | Fr), keN,
(t1seenstn) EM ()
S =limsup S},  S% =limsupS}.
k— o0 k— o0

The lemma below is a generalization of Lemma 4.10 from Chow et al. (1971) to
the case of multiple stopping.

Lemma 1 S’go =8 =n Gu.

Proof Forn = 1 the proof follows from Chow et al. (1971, Lemma 4.10 and Theorem
4.7). Assume that the lemma holds for j = 1, ...,n — 1. We will show that it holds
for j = n. Note that

G+ S{1 <S¢ <8¢ <nS{ =nS|,
where the last equality follows from Chow et al. (1971, Theorem 4.7). We get the
assertion from induction assumption. O
Theorem 3 Foralln € N and k € N we have

St =S, 3)

sup  EGy+-+G,) = sup  EGy+--+G,). 4
(11 semrty) EM (1) (t1,stn) €M ()

Proof The theorem is true for n = 1 (see Chow et al. 1971, Thm 4.7). _Assume that
the theorem is true for n — 1. We will prove it for n. Let (¢, ..., t,) € Mg (n). From
the fact that 77, 41 is a o-field, Lemma 1, and the induction assumption, we get
E(Gy +-+ Gy, | Fr) = E(Gyy | Fi) + E(E(Gy, + -+ Gy, | Fry10) | Fio)

< EGy + 80 1 F) = EGy + 8370 | Fi)

< esssup E(G; + s Fo

— g t+1
re M (1)

= esssup E(G; + S;:ll | Fr)
te My (1)

= esssup E (Gi+ G uut 4+ Gt | Fi) < 87,
tEMk(]) t+1 t+1

where we used Theorem 4.7 from Chow et al. (1971) and Theorem 2. Since the above
inequality is true for all (¢1, ..., t;,) € My(n), we get S} < S}. The inverse inequality
is obvious, hence we get (3). The proof of (4) is similar to the one above. O

Note that from (4), we get that (rll’l, ..., 7/"") is optimal in M (n). Moreover,
replacing all sets of extended stopping times by sets of stopping times in the proof of
Theorem 3, we get

S¢ = esssup E (G; + S;:ll | Fk) 5)
te My (1)
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and

sup  E(Gy+-+Gy)= sup E(Gt+St”+_]1). ©)
(1150 tn) €M (1) te My (1)

These two equalities were mentioned and used in Stadje (1985) and discussed in
Kosters (2004) (in both papers without proof). From (5) and (6), we get that to solve the
n-stopping problem we can solve n one-stopping problems with a modified structure
of rewards.

The lemma below is a generalization of the result of Krasnosielska-Kobos and
Ferenstein (2013, Lemma 9) to the case of extended stopping times. The following
notation will be needed. Let #; = #, mean that t{ = t, = oo on {t; = 00, = 00}
and t; # rpon {t] < coorfp < 00}.

Lemma 2 For each n, k € N we have

sup EGy+---+Gy) = sup E(Gy + -+ Gy
(11 t) EM () 1yt €M (1)
it A
and
3,2’ = esssup E(Gy +---+ Gy, | F).
oot €M (1)
ti=t; i ]

Proof Note that Mg(n) S {(t1,.... 1)) : t1,....ts € Mg(1),t; = tj,i # j}. Let
f,...,ta € Mp(l) be any extended stopping times such that ; = ¢; for i # j.
Define ) = min_{tl, e, tn}, i+ = min{tj . t(,'),j € {1, RN I’L}} Then,
Wy, -+ ty) € Mi(n). u|
3 The game

In this section, we will formulate the game and a Nash equilibrium. We will also present
its properties. The game is a generalization of the one presented in Krasnosielska
(2011) and Krasnosielska-Kobos and Ferenstein (2013).

Suppose that there are m > 1 ordered players. Player 1 has the highest priority
and Player m has the lowest one. Players observe sequential rewards {G,}. Player i is
allowed to obtain n; rewards. The decision about acceptance or rejection of the reward
must be made at the time of its appearance. Player i who has just decided to select G,
gets this reward if and only if he has obtained at most n; — 1 rewards so far and there
is no player with higher priority who has also decided to take this reward. As soon as
Player i gets n; rewards, he quits the game. All the players follow this scenario. The
priorities of other players remain the same. Each player observes decisions of other
players.
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60 A. Krasnosielska-Kobos

3.1 Model of the game

Let us formulate the game formally. We make the same assumptions and use the same
notations as in Sect. 2. Moreover, let D be the set of sequences of 0—1-valued {F,}-
adapted random variables. Let " = {y ’i}nEN € D be a strategy of Player i in
the m-person game. If Ve - 1, then, at the time of observation of the nth offer, the
decision of Player i is: I accept the reward G,,. Otherwise, his decision is: I reject the
reward G,,.

Let us explain why we can assume that "¢ e D for each i. Decisions of Player
1 do not depend on decisions of other players because of his priority. Therefore,
his decision concerning acceptance of the reward G, is a Borel function of F,-
measurable random variables, so his decision is also a 0—1-valued F,,-measurable
random variable. This random variable is denoted by w,',"’l. Hence, ™! e D.
Player 2 makes the decision based on observations belonging to J,, and sequence
of decisions of Player 1 until this time because of players’ priorities. Hence, the
decision of Player 2 concerning acceptance of the reward G, is a 0—1-valued func-
tion of F,-measurable random variables and sequence {wlm ’l}le, where the random

variables 1/f{"’1, RV T are JFn-measurable. Hence, the decision of Player 2 con-
cerning acceptance of the reward G, is a 0—1-valued F,,-measurable random variable
which is denoted by ' 2, Therefore, "> € D. Analogically, we have that the
decision v, of Player i concerning acceptance of the reward G,, is 0—1-valued F,-
measurable random variable. Therefore, the decisions of players are sequences form
D. The relation between players’ decisions in Nash equilibrium will be illustrated in
Example 1.

We say that /™" is the profile of the m-person game if ¥ = (Y"1, ..., ¢"™™),
where " € D fori < m. Let a,',,’l(l/fm) be the time of selling the /th commodity by
Player i in the m-person game with the strategy profile 1" . Note that on {o,f;l_l W <
oo} we have that o,’,;l (™) is the first time after the time of selling the / — 1th commodity
by Player i in the m-person game such that Player i wants to sell the commodity at this
time and there is no player with higher priority who also wants to sell his commodity at
this time. Formally, we define o,;gl(wm), iefl,...,m},l €{l,...,n;}, recursively

as follows: 05" (™) = 0, on {0 "L (y™) < o0}

inf {n > ol Ty sy = 1},
oo if no such n exists,

opl(y™) = [

ol (g — | inf {n > ol Ty = 1oy £, <i— 1,0 < nj}
" oo if no such n exists.
@)
On {oh ' (¥™) = oo} we set a);* (™) = oo fork = [, ..., n;. Note that if i1 # is
or Iy # b, then ' (W) # a7 (W™) on (o1 (Y™) < 00 or o (Y™ < o0}
Under the strategy profile ¢, the total reward of Player i, i € {1,...,m]}, is
Gitigmy o+ G in ™ and the expected total reward is
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. my __ . e i
Vi,i(Y™) = E (G(r,',;l(l//’") Tt Gan’;”’wm)) ' ®

If Player i stops k < n; times throughout the entire game, then from (7), we have
O',iil(lﬂm) =ooforl =k+1,...,n;. Note that the expected reward of Player i does
not change whether he sells a commodity at co or not.
Denote D™ = D x --- x D. Let us recall, that the strategy profile ¢ is a Nash
—

m
equilibrium in D" if ¢ € D™ and it is not profitable for any of the players to change
only his own strategy, assuming that all players know the equilibrium strategies of
other players. In other words, ¢ is a Nash equilibrium if for any profile v € D™

Vi i (@) = Vi i (@™~ ™) for i=1,...,m,

where ((wm)—i 1’bm,i) — ((pm,l o (pm,i—l 1pm,i (pm,i—H . gDm,m)_
We want to find a Nash equilibrium in the set D™ for the m-person game formulated
above.

Discussion The problem can also be formulated as follows. Player 1 has to solve
i ) . . . 1,nq ni,ni
multiple stopping problem and stop at optimal stopping times 7,""', ..., | pre-
sented in Sect. 2. Player 2 also faces a standard multiple stopping problem but
with modified reward structure, i.e., his reward G? is equal to G except for stop-

ping times rll’"‘, ..., 7, """ in which G? is equal to H;, where for example, H; =

E(min{Gj,...,Gjin,} | Fj) — 1. Analogically, reward G; of Player 3 is equal to
G; except when Player 2 stops (equivalently G; is equal to G ; except when Player 1

or Player 2 stop). In stopping times of Player 2, we have G? = Hj, etc. In other words,

Player 2 will stop at the stopping times that belong to the set {rll’Nz, e, rlN 22y and

don’t belong to the set of stopping times of Player 1. This is ensured by the modifica-
tion of the reward structure: i.e. it is not profitable to accept reward H; because there
are at least N, better offers to come. Consequently, the rewards accepted by Player
1 are ignored by players with lower priorities. Analogically, Player 3 will stop at the
stopping times that belong to the set {rll N, th 3:N3} and don’t belong to the set
of stopping times of Players 1 and 2. The idea of using modified structure rewards
similar to the one above will be used in the proof of Theorem 7.

3.2 Construction of Nash equilibrium

Let us present the construction of a Nash equilibrium. Denote N9 = 0 and N; =
ny+---+n;forl <m.Fork e NU{+oo}andi € {1, ..., Ny}, define

of =1'(k), ©)
. r%) if o=k > Tl (),

[ , . 10
T eI e i) = 7 (b, (19

1
1

where ai+°° = +00. Note that on {r/ (k) = oo}, we have aik = 00.
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62 A. Krasnosielska-Kobos

Note that from Proposition 1 for each k, we get 7% (k) < --- < 71 (k). Hence, al.k

are well-defined. Moreover, similarly as in Krasnosielska (2011), and Krasnosielska-
Kobos and Ferenstein (2013), from Assumption 1(ii), it can be shown that for each
k € Nand i < N, oik is the stopping time with respect to {F j}?‘;o such that

k NN

of <1 < o0o. Similarly, we have that al.k # aj’.‘ fori # j,andfor/,k e N

[le,...,alk]={rkl’l,...,r,i’l}. (1

Note that oll is an optimal stopping time in a single stopping problem, 021 is an
optimal stopping time in two-stopping problem different than 011. Thus we have that
021 € {tll’z, r12 ’2} and 021 # rll‘l. Analogically, 031 is an optimal stopping time in
three-stopping problem different than o5 and o7, etc. So o} € {111’3, 1_12 3 r13 3} and
1 L1 12 22 1,2 .22 )
oy ity =10 ) _
Forl =1,...,m,define ' = (Y"1, ..., "), where ¢/f = {t/f,l;’}g';l and

=1 (oh 0 =k) Lo, = k). (12)

where [[(A) is the indicator function of the event A. From definition of okl we get
that {1/7,1,"} is a sequence of 0—1-valued {F;}-adapted random variables and 1/}1 i e D.
Note that the profile ! is a natural candidate for a Nash equilibrium. According to the
strategy profile above, Player i in the /-person game will make the same decisions as
Player i in the i-person game (under the assumption that the number of commodities
that Player j, j = 1, ..., i, has for sale is equal in both games), that is, 1}“ = 1}""'.

Proposition 2 Forl € {1,...,m},i € {1,...,1}, we have

i,1,71 : 1 1

0, (w):mln{aN[_l+1,...,aNi},

ik, 71 : 1 | ik—1,71 .

o! (¢)=mm{oNH+j Loy > ot 1< §ni}, 2<k<n;.

Proof Immediate from (12) and (7) and properties of stopping times o7, . O

Note that s o
{a;’ Wh..o (1//1)} = {o,‘vl_ilﬂ, . ..,o}v,.}. (13)
Hence for i < [ we have ali’j(l/A/l) = aii’j(lﬁ"), that is, Player i in the /-person game

will sell his jth commodity at the time of selling the jth commodity by Player i in the
i-person game. Consequently,

Vi = Vi (). (14)

Note that in accordance with (14), the expected total reward of Player i in the /-person
game with the strategy profile ¢/ is equal to the expected total reward of Player i in
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the i-person game with the strategy profile &" (under the assumption that the number
of commodities that Player j, j = 1,...,1, has for sale is equal in both games).
Moreover, according to (7), the decision of Player i does not influence the decisions of
players with higher priority. Therefore, the existence of Nash equilibrium is intuitively
clear.

Lemma 3 Forl € {1,..., m}, we have
N

l
> viih = sup > E(Gy). (15)
j=1

(115t EMI(ND =

Proof Using (8), (13), (11) and Theorem 2 we get (15). O
Theorem 4 The profile Y™ is a Nash equilibrium in D™.

Proof Considerations similar to those in Krasnosielska-Kobos and Ferenstein (2013,
Theorem 4) and Lemma 2, Theorem 3, Lemma 3 and (14) give the assertion. O

3.3 Properties of the constructed Nash equilibrium

In this section, we will prove some properties of the Nash equilibrium.

Let us recall that the strategy profile ¢ € D™ is Pareto-optimal, if it is impossible
to make any player to be better off without making at least one player to be worse off.
In other words, there does not exist a profile ¢y € D" suchthatforalli € {1, ..., m}

Vm,i(‘pm) = Vm,i(ﬁom)
and at least one of these inequalities is strict.

Theorem S The profile Y™ e DM is Pareto-optimal in D™.

Proof Considerations similar to those in Krasnosielska-Kobos and Ferenstein (2013,
Theorem 5) and Theorem 3 and Lemmas 2 and 3 give the assertion. O

We will show that the constructed strategy profile 1& is a sub-game perfect Nash
equilibrium, that is, after any history, all remaining players’ strategy profile is a Nash
equilibrium in the remaining part of the game.

Let Vn’i’ ;(3"™) be the conditional expected reward for Player i in the m-person game
at the time of the kth offer, that is,

n;
Ve (W™ =>"E (Go’gij(wm) | ]:k) :
=1

Assume that we are just before the observation of the kth offer. The number of
commodities which have been sold by Player i to this time is Fj_1-measurable random
variable taking values 0, 1, ..., n;, where n; is the number of commodities for sale at
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the beginning of the game. This follows from the fact that decisions of all players made
before the observation of the kth offer are F; _-measurable random variables. Assume
that the number of commodities which have been sold by Player i before observation of
the kth offer is equal to 72;. Hence, Player i has still n; —n; commodities for sale at the
time of observation of the kth offer. Note that Player i has n; —i1; commodities for sale at
the time of observation of the kth offerif and only if o/ (™) < k and ol ymy >
k which follows from (7). Player i has finished the game before observation of the kth
offer if and only if o,lnn’ (wm) < k. Moreover, let Nl =n;+---+n;and 1:0 No — 0.

Lemma4 Forn <m, j < N, —]\7,, and h >k, k € N, we get
(e <t it reite )

= [ < = g, r,{*N"‘N" =h}. (16)

Proof The proof is by induction on j. Note that for 7 > k and j = 1 we get that the
L.H.S. of (16) is equal to

U{ NnNn_l- Nn— N"(z+1)_h}

= U [e M =i eV 1) = &,

niNn

Gk<yk Gh1<Vh] nGh>V N,,}

_ U { Nn Ny i, .L.Nn*Nn(l' + 1) 2 k’ -L-anﬁn (k) — h} S

which is equal to the R.IiI.S. of (16) for j = 1. Assume that (16) is satisfied for
j—1,je{2,..., N, — N,}. We will show that (16) holds for j. Note that the L.H.S.
of (16) is equal to

{TIN Na _ k. TN W+ 1,N, > o, g Na=Na=j+1 ( 1N+] 1,N, ) h}
= [ < g It s g i (NN ) )
which is equal to the R.H.S. of (16). O

Theorem 6 The profile 1@’” is a sub-game perfect Nash equilibrium.

Proof Assume that we are just about to observe of the kth offer and up to this time

| < m players have remained in the game, say players numbered i1, ..., {;, and
they have sold 7, ..., n; commodities respectively, where 0 < n;;, < n;; — 1,
je{l,....1}. DeﬁneI_{zl,...,il}and
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A= e am <k amzkfn N fedm <.

JjeT Je(l,...mN\T

We want to prove that forn € {1, ..., [}
LAVS . (™) = H(A)v:;,i,,((wif’"rf", Py,

where the profile ¥ € D™ and {1//m l} {1//'" n ;]1 fori e {1,...,m}.

Note that before the kth observation, Players i, ..., i, sold together N, ;, commodi-
ties from N;,. Hence, from Proposition 2 and (11) we have

A= Aﬂ{ Ny ’”<k,rlNl"+1N’”>k}

Therefore, from Proposition 2 and (11), and next from (16) and Theorem 2 we get for
n<lIl

Niy Niy,

n
1A) >V ") = H(A)(ZG D EG i, | F)
Jj=1 j=Ni,+1
%, ~
= ]I(A)(Z Grlj,Nin + S]ivin_Nin)
j=1
N, N, —Ni,

= ]I(A)(ZGTJ-,N,»” + esssup Z E(G,j I}"k))
i=1 ! oy, N, eMp()  j=1
ti=tj,i#]
n
> 1(A) D Voo i (@) 7, g,
j=1

where we used Theorem 3, Lemma 2, (1 1), (13), (7), and (8). Hence from observation
that Vk ((wm) fn | qfyMoiny = mG i (1//'") for j <n — 1 we get

LAV (F™) = LAV o (") ™). (17)

Since (17) holds for any /, iy, ..., i; and 71;,, ..., ii;,, we get the assertion. O
In Theorem 7, we will show that the Nash equilibrium payoff is unique.

Theorem 7 Let a profile "™ € D™ be a Nash equilibrium, then
Vi j@™) = Vi j (0™, j €1, ..., m). (18)

Proof Using Lemma 2, Theorem 3, (8) and (15) we get V,, 1(¢™) < Vin.1 (1/}’"). Note
that
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Vi 1(@™) = Vi 1 (@™ 71 ™) = Vi 1 (9™,

which results in V,, 1 (¢™) = V,,Ll(l@m). Assume that (18) is satisfied for j =
1,...,7 — 1. We will show that (18) is satisfied for j = i. Note that

N; i

S Vi@ = s E(DG) =D Vaa (™,
=1

({1t )EMIN) =1 I=1

where we used Lemma 2, Theorem 3 and (15). Hence, from the induction assumption,
we get Vin,i(9") < Vini (P).

To finish the proof, we need to show that the inverse inequality holds. Let C be the
set of all extended stopping times of Players 1, ..., i — 1 in the m-person game with the
profile 9. Define H,, = E(min{G,, ..., Guin;} | ]:n)—l.Leta(’)" = 0. Moreover, for
I=1,...,n;1etG, = G,I(n ¢ CU{of, ..., 0 D+H,I(n € CU{a, ... .07},
n>1,G.L =limsup,_ . G = G,

o = inf[n >1: éﬁl = esssup E(éﬁ | ]—",,)] .

reMy(1)
Note that 0%, 1 € {1, ..., n;}, is the optimal extended stopping time for the sequence
{GL} and o7 € M, (1). Define y"' = I({o} = k}U---U {0 = k}). Note that
{wfl’i} € D.Since P(o;* € CU{af, ..., 0"}, 0 < 00) = 0forl > 1, the reward

of Player i in the game with strategy (™)™, ¥"™') is equal to Gl* + -+ Gﬁ’; .
1

n;

Hence using the fact that M (n;) C Ml (n;) we get

~my—i i ~1 AN
Vi i (@™ 71, ™) > sup E@G, )+ + sup E(Gle_
tN;_+1€MI(D) - tn; eMi(1)
tN,-,1+1¢C tNl.(;éCU{Gl* ..... G:,-—l}
= sup E(Gtzv,-_1+1) + -+ sup E(G,Ni)
tN;_j+1€MI(D) ty; €M (1)
IN;_+1¢C ty; CU{of ..., U,Tl.,l}
N; N;
> sup E Z th) > sup E z th).
IN;_j+15enstN; €M (1) J=Ni_1+1 IN;_y+1sestN; €M (D) Jj=Ni—1+1
tN;_+1€C, ..., n#tj, 1#j
Iy, £CULOT 0} IN; 1ot £C

Hence, from induction assumption, (15) and the result of Krasnosielska-Kobos and
Ferenstein (2013, Lemma 9) we have
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i i—1
D Vg @M = D Vi j @ A+ Vi (@M ™

Jj=1 Jj=1
Ni—1 Ni
> sup E( Z th) + sup E Z G,l)
11, IN; eMi(1) =1 I eMi(1) [=N;_;+1
it i#j Lt i
IN;_j+1sestN; £C IN;_j+1s-sIN; £C
N;i N;j i
= s E(3G)= s E(3Gi) =3 V(7.
I, eMi(1) =1 1.ty eMi(1) =1 j=1
tit i#j Li#j,i#]

IN;_ | +1s-sIN; C

where we used the result of Krasnosielska-Kobos and Ferenstein (2013, Lemma 9).
Hence, from induction assumption, we get V,, ; (¢") > V. (¥™). O

4 Examples

In this section we will present a multiple stopping problem formulated and solved in
Sakaguchi (1972) and Stadje (1987). Next, we will show how each player behaves in
accordance with the Nash equilibrium, that is, how exactly the strategy formulated in
Sect. 3 works.

Assume that Y7, Y3, ... are nonnegative independent random variables with a dis-
tribution function F(x) = 1 — exp(x) for x > 0. The random variables Y1, Y>, ...
are sequentially observed at jump times 0 < 73 < 7> < --- of a homogeneous
Poisson process with intensity 1 and 7y = 0. Moreover, assume that the sequences
{Yi}2, and {T}}72 | are independent. We assume that G; = Y;I(7; < [0, 10)) and
Fe=01, ..., Y, T1,...,T), k € N, Fo = {0, 2}. The solution of this multiple
stopping problem is given in theorems below.

Theorem 8 (Sakaguchi 1972; Stadje 1987) Random variables y,f, i e{l, ..., n},
k € No, given in (1) are functions of one random variable Ty, say v (T}), i.e., for each
i efl,...,n}, k € No, we have y; = y'(Ty), where

. i 10 — k i—1 10 — k
y(x) = ln(z %)—ln(z %)
! = !

k=0

Theorem 9 (Stadje 1987) (rll’n, e, t]"’”), where I]i’” is given in (2) is an optimal
n-stopping time in M (n) for the sequence {Gy};2 . Moreover,

n
10¢
sup E G+ +Gm) = m(z 7) (19)
(l,....,.t")eM(n) k=0
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Table 1 Simulation of value of the offers and times of their appearance. “T”” means True and “F” means
False

k Ty Ve y'@ 2@ Y@ Gyl GrzviT) GrzvA(Tr)
1 023 0.16 238 1.69 1.3 F F F
2 2.67 144 212 1.44 1.05 F T T
3 324 006 205 1.37 0.99 F F F
4 3.99 296 1.95 1.27 0.89 T T T
5 5.83 1.73 1.64 0.99 0.63 T T T
6 5.89 0.05 1.63 0.98 0.62 F F F
7 6.36  0.06 1.53 0.89 0.54 F F F
8 6.65 2.63 1.47 0.83 0.49 T T T
9 7.02 23 1.38 0.75 0.42 T T T
10 833 034 0098 0.42 0.17 F F T
11 8.84 097 0.77 0.27 0.09 T T T
12 9.35 148 0.5 0.12 0.02 T T T
13 9.56 052 0.36 0.07 0.01 T T T
14 9.82 3.08 0.17 0.01 0 T T T
15 10.7 - 0 0 0 T T T
Note that from (14) and Lemma 3 we have
Vi ™) = y Nt 0) + - 4 Vi (0). (20)

Assume that we have three commodities for sale, i.e., n = 3. Then

Lo o6l o (683
y10) = In(11), y(O)_ln(H), y(O)_ln(@). Q1)

Therefore, from (19) we have that the optimal expected reward from selling three
commodities is approximately 5.43.

Now we will show how the strategy in the Nash equilibrium works. The simulation
of value of the offers and times of their appearance are presented in Table 1.

In the situation presented in Table 1, we have (1) =4, 72(1) =2and 73(1) = 2.
Moreover, T11’2 = r2(1) = 2 and r12’2 = rl(rz(l) +1D =13 =4 Analogically,
from (2) we have 111’3 = 2, r]2’3 = 4 and r13’3 = 5. To compute 031, note that
t!'(@3(1) + 1) = 4and 2(z3(1) + 1) = 4. Hence, from (9) and (10) we have 0| = 4,
o) = rll’z =2ando] = 113’3 =5.

Example 1 Consider a three-person game in which each player has one commodity
for sale. From (20) and (21) we get V3.1 () = In(11), V32(¢*) = In(61/11), and
V3,3(1ﬁ3) = In(683/183). However, from Proposition 2 we have 031’1(1&3) = all =4,
032’1 (1}3) = 021 =2 and 033’1(1ﬁ3) = 031 = 5. Thus, Player 1 will sell his commodity
at the stopping time 031 ’1(1@3) = 4, i.e., at the time 74 = 3.99 and get the reward
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G4 = 2.96. Player 2 will sell his commodity at the stopping time 032’1(1/}3) =2 ie.,
at the time 7> = 2.67 and get the reward G, = 1.44. Player 3 will sell his commodity
at the stopping time 033’1(1&3) = 5, i.e., at the time 75 = 5.83 and get the reward
Gs =1.73.

Note that the ith player’s time of game’s end can be different from the optimal
time of selling of the ith commodity (for example 031’1(1}3) = 4, since 1'11’3 = 2).
However, his expected reward is equal to the optimal expected reward which can be
obtained from selling the ith commodity, if we have i instead of i — 1 commodities for
sale.

Note that from the beginning of the game to the end of the game by one of the
players, Players 1, 2, and 3 make the decisions using the threshold functions y!, y2,
y3, respectively [see (9) and (10)]. In our example, Player 2 finishes the game first
at stopping time t2(1) = 2. After this time, Player 1 keeps on making decisions
using threshold function y! (because of priority). However, situation of Player 3
is changed. From now until the end of the game of Player 1 (i.e., to the stopping
time 031’1 (1&3) =1l(1) = 4), Player 3 will uses the threshold function y? (because
033’1(1,@’”) = 031 and from (10) on {t2(1) = t3(1) = 2} we have 031 = 023). In the
example, Player 1 stops next, so after this time Player 3 will make the decisions using
the threshold function y! (because on {r%(1) = v3(1) = 2,7!3) = t2(3) = 4}

we have 633 o1 (@@”’) = 015 = 71(5)). Note that during the whole game Player i uses

the strategy Y3 i = 1,2, 3. However, the strategy of Players 2 and 3 depends on
the decisions of players with higher priorities. Therefore, their threshold functions
can change during the game (in the example, Player 3 changes the threshold function
depending on decisions made by other players).

Example 2 Consider a two-person game. In the game, Player 1 has one commodity
for sale and Player 2 has two commodities for sale. Hence, from (20) and (21) we have
Va.1(¥2) = In(11), V22(2) = In(683/33). However, from Proposition 2 we have
021,1(1&2) = 011 =4, 022’1(1,52) = min{021, 031} = 2 and 022’2(&2) = 631 = 5. Player
1 will sell his commodity at the time 74 = 3.99 and get the reward G4 = 2.96. Player
2 will sell his commodities at times 75 = 2.67 and 75 = 5.83 and get the total reward
Gy + G5 =3.17.

The numerous examples of multiple stopping problems in which functions !
have been obtained can be found in Sakaguchi (1972), Stadje (1985, 1987) (see also
Krasnosielska-Kobos and Ferenstein 2013) and Krasnosielska-Kobos (2015).
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