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Scrip systems provide a non-monetary trade economy for exchange of resources. We model a scrip system as
a stochastic game and study system design issues on selection rules to match potential trade partners over
time. We show the optimality of one particular rule in terms of maximizing social welfare for a given scrip
system that guarantees players’ incentives to participate. We also investigate the optimal number of scrips
to issue under this rule. In particular, if the time discount factor is close enough to 1, or trade benefits one
partner much more than it costs the other, the maximum social welfare is always achieved no matter how
many scrips are in the system. When the benefit of trade and time discount are not sufficiently large, on
the other hand, injecting more scrips in the system hurts most participants; as a result, there is an upper
bound on the number of scrips allowed in the system, above which some players may default. We show
that this upper bound increases with the discount factor as well as the ratio between the benefit and cost
of service. Finally, we demonstrate similar properties for a different service provider selection rule that has

been analyzed in previous literature.
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1. Introduction

Scrips are coupons that are used in place of currency to exchange goods and services; typically,
they cannot be exchanged for money, and therefore their sole use is for the good or service which
they are intended for. In this paper we study scrip systems, which are markets that use scrips
rather than money to exchange goods and services. Such markets are typically implemented when
the use of governmental currency is impractical or undesirable.

One example of a scrip system is that of the Capitol Hill babysitting co-op, documented in
Sweeney and Sweeney (1977). A group of about 150 married couples with children who lived in the
Washington, D.C. area were tired of looking for and hiring babysitters to watch their children every
time they wanted to enjoy a night out, so they decided to join together to form a babysitting co-op,
managed by a scrip system. Every couple in the co-op was given an initial amount of coupons, or
scrips, to pay for babysitting service by another couple in the co-op who was willing to provide the
service. Free riding was mitigated in the system since a couple could only enjoy the service when
they had coupons, and earning coupons required providing services.

It turns out that this babysitting co-op experienced market crashes similar to many other types
of markets. Initially, they distributed too few coupons and trade rarely occurred. This was likely
because either a couple ran out of coupons to pay for service or they hoarded the few coupons for
later special situations. In order to solve this issue, the group collectively decided to give every
couple additional coupons, to the point that each couple valued one additional coupon too little,
and therefore was not willing to provide services to earn an additional coupon. This story was
popularized by Krugman (1999), who related the scrip system’s crashes to economic slumps and
monetary policies. Since crashes occurred due to having the wrong number of scrips in the system,
a natural and important question to ask is, therefore, what is the “right” number of scrips in a
system?

There are many other examples of scrip systems that have been implemented in resource exchange
environments, such as online peer-to-peer systems, to prevent free riding (see, e.g., Vishnumurthy

et al. 2003, Gupta et al. 2003, Ioannidis et al. 2003, Sirivianos et al. 2007, Peterson and Sirer 2009,



Author: Analyzing Scrip Systems
2 Article submitted to ; manuscript no. (Please, provide the manuscript number!)

Belenkiy et al. 2007, and Satoshi Nakamoto 2009). The idea is similar to that of the babysitting
co-op example, where scrips are credited to users who provide products/services (e.g., share files)
and debited when users receive them (e.g., access other’s files), so that in the long-run, the amount
of products/services participants can receive matches what they provide.

Other common uses of scrip systems include online resource allocation environments; for example,
grid computing networks (see, e.g., Brunelle et al. 2006), research testbeds (see, e.g., Chun et al.
2005, AuYoung et al. 2007 and (AuYoung et al. 2007)), distributed database systems (Stonebraker
et al. 1996), and privacy-enhancing technologies, where a volunteer network of servers are needed to
route Internet traffic in order to conceal the user’s IP address (Humbert et al. 2011). Some scholars
suggest that the academic journal refereeing process may also be managed by a scrip system!

Clearly scrip systems are important in a variety of settings, yet there has been relatively little
work done to analyze their behavior. In all of these examples, the number of scrips injected into
the system is a determinant of system performance. As seen from the babysitting co-op example,
having too few or too many scrips in the system can cause market crashes. Another important
question arises in the online applications of scrip systems — how should the service provider be
chosen? In this paper, we analyze a class of scrip systems and provide insights regarding system
design: the way service providers should be selected as well as the optimal number of scrips that
should be used in the system.

We show the optimality of one particular service provider selection rule for a given scrip system
in terms of maximizing social welfare, i.e., total utility of all players in the system over time, while
making sure that players have the incentive to follow the rules of the scrip system. For scrip systems
where the time discount factor is close enough to 1, or trade benefits one partner much more than
it costs the other, the maximum social welfare is always achieved no matter how many scrips are
in the system. As a result, system optimal performance can be achieved under individual incentive
constraints. When the benefit of trade and time discount are not sufficiently large, on the other
hand, injecting more scrips in the system hurts most participants; in this case, there is an upper

bound on the number of scrips allowed in the system, above which some players may default. We
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show that this upper bound increases with the discount factor as well as the ratio between the
benefit and cost of service.

In the remainder of this section, we provide a literature review on the modeling and analysis
of scrip systems. The basics of our model, as well as the optimal centralized control policy, are
introduced in Section 2. We then study the stochastic game played in the absence of a central
planner in Section 3 and demonstrate that the central optimal solution can be achieved in the
game when the discount factor is sufficiently large. Section 4 investigates the impact of the number
of scrips in the system. Finally, Section 5 concludes the paper with a summary of our results and

potential areas for future work.

1.1. Literature Review

As mentioned before, in the computer science literature, several papers have been written regarding
the application of scrip systems and their implementation. There have been, however, only a few
papers that formally model and analyze scrip systems. Aperjis and Johari (2006) is one of the
earliest papers that studies a peer-to-peer file sharing system as an exchange economy. They propose
a static game where users decide uploading/downloading rates, and they study the market clearing
prices in equilibrium. The papers that are most closely related to ours are Friedman et al. (2006),
Kash et al. (2007), Kash et al. (2012a) and Kash et al. (2012b). In fact, this stream of papers
motivated our study.

Friedman et al. (2006) is one of the first papers that analyzed players’ strategies as well as
design characteristics of scrip systems in a stochastic setting. Their model considers a homogeneous
population of players in a scrip system with a finite number of scrips. Services are provided at a
fixed price (in terms of the number of scrips) and incur a fixed and identical utility gain (loss)
to each player receiving (providing) the service. They consider an infinite time horizon game with
discounting. In each period, a player is chosen uniformly at random to request service, while all
other players have the option to volunteer as a service provider, one of whom is selected randomly.

Our model, described in Section 2, is similar to their model with one major departure. Instead
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of having a player chosen randomly to provide service, we allow the system designer to choose a
service provider selection rule for all players to follow; then we determine the number of scrips
that should be injected in the system accordingly. At the end of our analysis, we return to their
assumption of randomly selecting a service provider, and we show similar results regarding the
number of scrips that should be injected into such a scrip system.

A key assumption adopted in Friedman et al. (2006) is that each player chooses to volunteer to
provide service following a threshold strategy. That is, a player is willing to volunteer to provide
service only if his scrip stock is lower than a threshold number of scrips. The paper shows that
when the discount factor is close enough to one, there exists an e-Nash Equilibrium in which each
player follows such a threshold strategy. One implication of the threshold strategy is that there
exists a total threshold number of scrips in the system, above which no trade occurs and therefore
the system will experience a market crash. Our model, on the other hand, does not restrict players’
strategies to be of threshold type; rather, we show the existence of a total threshold number of
scrips as a result. Follow-on work in Kash et al. (2012b) shows that social welfare increases as the
number of scrips in the system increases up to this threshold of total scrips, after which the social
welfare drops to zero due to the market crash. Kash et al. (2012a), where the model is further
generalized to include multiple player types, characterizes each player’s threshold that achieves the
optimal social welfare. In Kash et al. (2012b), the authors further analyze the impact of altruists
and hoarders in the scrip system.

Motivated by the application of scrip systems to privacy-enhancing technologies, Humbert et al.
(2011) analyzes scrip systems where each service request requires n providers to satisfy. This model
directly extends the model in Kash et al. (2007) to require n service providers instead of one. The
authors show similar results to those in Kash et al. (2007) including the existence of an e-Nash
Equilibrium where all players act according to a threshold policy.

Finally, recent literature in economics also studies scrip systems, motivated by the babysitting
co-op, as the micro-foundation of monetary policy. Hens et al. (2007) provides an overview of this

line of work. There are quite a few differences between their model and ours. The main difference



Author: Analyzing Scrip Systems
Article submitted to ; manuscript no. (Please, provide the manuscript number!) 5

is that they assume no cost to provide service, while we assume providing service incurs a negative
utility, and the ratio between the benefit and cost of service plays an important role in our model.
Similar to Friedman et al. (2006), Hens et al. (2007) also focuses on the random service provider

selection rule, which is, one may argue, simple and realistic in many economic settings.

2. Basic Model Description

Consider an economy with a non-empty set N of players. Each player ¢ € N has r; scrips, where
we abuse notation to use N to represent the number of players as well. In each time period, one
player at random will be the “service requester” with probability 1/N, and all other players’ types
are 0. In any given period, the service requester is able to obtain utility u if the player chosen as
a service provider (one of the type 0 players) is willing to sacrifice utility ¢ < u in exchange for 1
scrip and if the service requester has a scrip and is willing to pay 1 scrip for service. Assume a time
discount factor ~ for the system.

Denote the “state” of the system to be s = (r,j), where r is the vector of scrip stocks (r;);en
and j is the service requester. Thus, the total number of scrips in the system is R =), r;, which
does not change over time. “State space” S is the collection of all possible states s. We denote a
stationary policy 7 to map the state (7, ) into a probability distribution on the remaining players
other than j. The purpose of 7 is to select a service provider for any possible state s. Denote set
IT to represent the set of admissible policies.

At this point it is worth introducing a particular service provider selection rule in II, the “min-
imum scrip selection rule” 7, where in each round, the type 0 player with the least number of
scrips is selected as the service provider. If more than one type 0 player has the fewest scrips, one
player is chosen randomly from them with equal likelihood to be the service provider. Another
example of a selection rule in IT is the “random provider selection rule”, a common selection rule
considered in previous literature, where a player is selected as the service provider uniformly at
random, independent of her scrip stock.

We first demonstrate that the minimum scrip selection rule, 7, maximizes social welfare among
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all policies in II in a central planner setting, where we assume that a hypothetical central planner
not only chooses the service provider, but also decides whether trade should occur.

2.1. Central Planner Setting

Now we consider a hypothetical central planner who tries to maximize the total social welfare over
an infinite time horizon with discount factor € (0,1). In each period, given state (r, j), the central
planner decides whether trade should occur when player j has at least one scrip, and if so, chooses
a player i to be the service provider. Let e, be a vector in #Y with every component equal to zero
except the kth component equal to one. J(r,7) is the system social welfare from state (r,j), and
J(r) = Z;\,/:l J(r,7") is the total system social welfare across all states with the same vector of

scrip stocks. The corresponding Bellman equation is:

o Jmax{max,.j(u—c)+ FT(r+e —e;), FIT(r)},r; >0
sy ={ Bt e 1)

N
N
where J(r) = Z J(r,j") .
§'=1
In the Bellman equation (1), the outer maximization decides whether to trade a scrip for service,
while the inner maximization selects the trading partner.

Equivalently, we can express the Bellman equation in terms of J as J =1"J, where

7(N — Nr)

(7)) =12

J(r) +j:%:21max{(u—c) + %%%{j(r—kei —e;), %J(r)} , (2
in which N, is the number of players with positive scrips in 7.

Next we define the following properties for a generic function J defined on the integer simplex
{reZf :3",ri=R}, and show that the optimal system social welfare function J* satisfies them,

which further implies that the minimum scrip selection rule is optimal in the central planner setting.

(C1) Symmetry: For any r and r" with r), = r, for all k except i,j, where r; =77 and r; =1},
J(r)=J(") . (3)
(C2) For any r and players i and j such that r; > r;,

J(r—ei+e)>T(r). (4)
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(C3) For any scrip distribution r and player j with r; >0,

j(r)—mj}j(ﬁ%i—%)ﬁ
1]

(u—c). (5)

==

Furthermore, for a player ¢, denote set I,, to contain all players with at most r; scrips. If

S (il -1+, (6)

el

then for any player j € I,, we have

Jr)—T(r+e—e;) < —(u—c). (7)

PROPOSITION 1. The solution J* to the Bellman equation J =T'J satisfies conditions (C1),
(C2), and (C3).

The proof is based on showing that for any function 7 that satisfies these properties, so does I' 7.
The detailed proof is presented in the Appendix. Proposition 1 implies the following characteriza-

tion of the central planner’s optimal policy.

THEOREM 1. In the central planner setting, trade always occurs, and the minimum scrip selec-

tion rule T is optimal.

Proof: Condition (5) for J* suggests
(u—c)—i—l max J*(r+ e, —e) > lj*('r)
Nm:m;ﬁl . - N !

for r; > 0, which implies that trade always occurs if the service requester has at least one scrip to

pay for service. Therefore, for a vector r with r; > 0, Bellman equation (1) becomes

T (rg) = (u—0)+ rmax T (rte—e) . ®)

Condition (C2) further implies that the optimal 7 that solves the maximization in (8) must be the

one with the least number of scrips. Q.E.D.
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Figure 1 Probability of no trade with N = 3 players.

The intuition behind Theorem 1 is clear. In order to maximize social welfare, the central planner
always prefers trading, which generates u — ¢ > 0, over not, whenever possible. Trade cannot occur
when the service requester has no scrips. The minimum scrip selection rule tries to balance the
scrip holdings among players, therefore minimizing the chance that a player runs out of scrips.
An important observation is that with more scrips in the system, there is a lower probability
that a service requester will have no scrips, thus resulting in a higher probability of social welfare
increasing by u — ¢ in each round; this implies that in the central planner setting, social welfare
increases with the number of scrips in the system.

In particular, the solid curve in Figure 1 illustrates that the probability that trade does not
occur, due to lack of scrips by the service requester, appears log linearly decreasing with the
number of scrips R in the system when R is sufficiently large; each point on this curve is obtained
through standard numerical iteration approaches to compute steady state probabilities for a 3
player Markov Chain. In comparison, the dotted curve represents the same probability following
the random provider selection rule. It is clear that the chance of no trade is much lower with the

minimum scrip selection rule than the random provider selection rule. More generally, we are able
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to obtain a closed form expression of the probability of no trade following the random provider
selection rule (see Proposition 7 in the Appendix, and Kash et al. (2012a) Lemmas A.3 and A.4

for steady state probabilities in more general settings).

3. Stochastic Game and Optimality of Minimum Scrip Selection Rule
In this section, we remove the existence of a central planner, and we formally define the game in
which the pair of players selected to be potential trade partners can decide whether to exchange a
scrip for service. We then demonstrate that even in the absence of a central planner, the minimum
scrip selection rule, 7, achieves the maximum social welfare obtained in the central planner setting
under certain conditions, which corresponds to the Folk Theorem for stochastic games (see, e.g.,
Fudenberg and Tirole 1991). Furthermore, we show that in the game setting there exist thresholds
on the discount factor as well as the relative benefit of receiving a service above which all players
have the incentive to trade a scrip for service whenever the service requester has at least one scrip.
3.1. Stochastic Game

Now we consider a game in which all players follow a particular service provider selection policy
m € II; we assume that no players collude. We focus on a stochastic game setting where the planning
horizon is infinite, due to the well known distinction between finite horizon stochastic games and
infinite horizon stochastic games (see, e.g., Fudenberg and Tirole 1991). In our setting, if the
planning horizon was finite, given that scrips have no salvage value at the end of the horizon, no
type 0 player would offer service and suffer a negative utility —c in the last period. Using backward
induction and following the same logic throughout the time horizon, no trade ever occurs in any
finite horizon game.

In the infinite horizon setting, each player’s strategy may depend on the entire history of the
game. In particular, we denote vector 6 = (r, j,4,2) to represent the “state of game” at each period,
in which r is the scrip distribution vector, j is the service requester, ¢ is the player selected to be the
service provider according to selection rule 7(r, 7), and set €2 contains all players who i) have never

refused to trade a scrip for service with anyone within set €2, and i) have never traded with anyone
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not in set Q at the time of trade'. Obviously, in the beginning of the time horizon, Q contains all
the N players in the game. Further denote set Dy () to represent player k € N’s action space at
state of game 6. In particular, if player j has positive scrips (r; > 0), she can choose whether or not
to give one scrip to player ¢ in exchange for service (d; = 1), or not to spend the scrip for service
(d; =0); therefore, D;(r,7,1,2) ={1,0}. Player i, on the other hand, can choose whether to accept
the scrip and serve player j (d; = 1) or not (d; = 0); therefore, D;(r,j,,2) ={1,0}. Any player
other than i and j must take no action, so Dy(r,7,7,Q) = {0} for k #i,7. Note that at state of
game 0 = (r,7,1,12), trade of a scrip for service occurs only if r;d;d; > 0. Denote the action profile
D(0) = XkenDy(0), with element d(0) = (di(0))ren € D(0).

Given state of game 6 = (1,7,7,Q2) and action profile d, single period utilities for players i and
j depend on whether or not trade occurred; w;(0,d) = —c and w;(0,d) = u if r;d;d; > 0 (trade
occurred), and u;(0,d) = u;(0,d) =0 if r;d;d; =0 (trade did not occur). In either case, for any
player k #1,j, the utility uz(6,d) = 0. Given service provider selection rule 7, each player tries to
maximize her own total utility over an infinite horizon with discount factor v € (0,1).

Following Myerson (1997), it is sufficient to consider stationary strategy profiles, i.e., strategies
that only depend on state of the game rather than the entire history. Specifically, consider stationary
strategy 7 for player k that maps state of the game 6 to a particular action d; € D (0) and
the corresponding policy profile for all players, denoted as 7 = (73,). Let vi(7,6) denote player
k’s expected v-discounted average payoff if players commit to stationary policy profile 7 and the
current state of game is 0. Further denote Y} (7, dy, vy, 0) to represent player k’s discounted average
payoff starting from state 6 if all players commit to stationary policy 7 except player k, who
deviates in the first round with action dy,

Yi(7,dis v, 0) = (1= )us (0, (do 71 (0))) + 3= D w7, (115,707, ), w(6,1)) )
j'eN

where w(f,d,)=Q ifdy,=1o0r k#1,j, and

w(l,dy) =Q\k ifd,=0and k=iorj.
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Theorem 7.1 of Myerson (1997) states that the stationary strategy 7 is an equilibrium strategy

profile of the stochastic game if for every player k we have

ve(7,0) = max Yi(7,dy,vi,0) . 9)

dy €Dy (0)
In other words, if each player’s optimal strategy is to not deviate from 7 in a single period, then 7
is an equilibrium strategy profile. Using these notations, it is straightforward to verify the following

result, which we will use to prove Lemma 3 to support the Folk Theorem result.

LEMMA 1. Following any service provider selection rule m € 11, it is an equilibrium for every
player i =m(r,j) to always refuse providing service. The corresponding equilibrium discounted aver-

age payoff for each player is 0.

In order to demonstrate the next result, we define the always trade strategy profile 7 to be such
that in each time period the service requester always chooses to pay for service whenever she has
positive scrips, and the selected type 0 player always chooses to provide service as long as the
service requester belongs to set {2 and refuses to provide service if the service requester does not
belong to set ). We also define unichain selection rules to be the set of service provider selection
rules under which if players follow the always trade strategy profile, the resulting Markov chain
on the state space S has a single recurrent class. It is easy to verify that both the minimum and
random provider selection rules mentioned earlier in the paper are examples of unichain selection

rules, along with many others.

LEMMA 2. Following any unichain service provider selection rule m, if players follow the always
trade strategy T, the total discounted payoff is positive for all players at any state s for v close

enough to 1.

Proof: Since policy 7 is unichain, the long run average payoff is independent of the initial state
(r,j) (Bertsekas 2007). In any time period, the chance that a random service requester has a
positive number of scrips is at least 1/N. As a result, by following the always trade strategy profile,

the expected social welfare gain per time period is at least (u — ¢)/N, which lower bounds the long
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run average social welfare gain. Since the IV players are indistinguishable, the per player long run
average payoff is lower bounded by (u —¢)/N? > 0.

Following Proposition 4.1.2 of Bertsekas (2007), the total average discounted payoff v (7,0)
converges to the long run average payoff as discount « approaches 1, and therefore is also positive.
Q.E.D.

Lemma 2 essentially states that when the discount factor is close enough to 1, the value function
is positive at all states under any unichain service provider selection rule and the always trade
strategy. Following the idea behind the Folk Theorem, if a player wants to refuse requesting or
providing service in exchange for a scrip, and therefore deviate from the always trade strategy, the
entire group of players can punish this player by refusing to provide service in the future. This
results in an inferior, zero, total future utility for the focal player. This threat prevents a player

from deviating from the always trade strategy. The following result summarizes this idea.

LEMMA 3. Under any unichain service provider selection rule m, there exists a v such that for

any 7y € [7,1], the always trade strategy profile T is an equilibrium.

This result follows from the Folk Theorem for stochastic games (Theorem 9, Dutta (1995)). The
complete proof in the Appendix verifies the conditions of Theorem 9 in Dutta (1995) based on
Lemmas 1 and 2.

Lemma 3 implies that as the discount factor is getting close to 1, the centralized optimal solution
can be achieved in the stochastic game. This is by no means surprising, in light of the Folk Theorem.
The above sequence of lemmas, however, motivates our next analysis of the always trade strategy

when either the policy 7 is not unichain or the discount factor is not sufficiently close to 1.2

3.2. Always Trade Strategy
In this section we show that under certain conditions the central planner’s optimal social welfare
obtained in Section 2.1 can be achieved in the stochastic game. Motivated by Lemmas 1 - 3, we

next focus on the case in which each player follows the always trade strategy.



Author: Analyzing Scrip Systems
Article submitted to ; manuscript no. (Please, provide the manuscript number!) 13

Without loss of generality, denote V() to represent the total discounted value function of player
1 at state of the system s = (r,j), under service provider selection rule 7 and the always trade

strategy 7. Therefore, function V satisfies the following recursive equation,

V=TV, (10)
in which
/N V() r =0
V0 = D Sy Srarr Vet en) mz0 00
and
(v/N)>y Vi(r '), r;=0
(TV)(r,5) = V/INIXT (D X0 Yierripy VIr—ej+ei,5) r;>0, 1¢Y"(r,j)

(—et /N Ly Cicrrirg VI =5+ €03)) T 5)] 7y >0, 1€ T7(r,5)
(12)

Here the set Y™ (r,j) represents the set of players eligible to be selected as the service provider,
according to selection policy mw; we assume ties are broken randomly. For example, under the
minimum scrip selection rule 7, set Y™ (r,1) includes all players who hold the smallest number of
scrips, excluding player 1. If the cardinality of the set |Y™(r,j)| > 1, each player in the set has the
same chance of being chosen to be the service provider. When the service provider selection rule
is clear in the context, we remove the superscript in Y™ for simplicity.

Using the recursive expression of value function V', we show the following result.

PROPOSITION 2. For any given service provider selection rule m € Il and model parameters u,

¢, N and R, there is a unique threshold 7 € (0,1), such that V (r,7) >0 for all r and j if and only
if v =7.
Proof: Denote V7 to be the solution to recursive equations (10)-(12). That is, V7 =TV7. Now

consider a slightly revised value iteration,

e (NS, V() _—
(T7V)(r,1) = {’yu—l—’y/(N’T(T, 1)) Zj, ZieT(r,l) Vir—ei+e,5),m>0 "
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T"V(r, 7)) = ’Y/(N‘T("”’])DZJI ZieT(r,j) V<r_ej+ei7j/) ) Ty >0, 1§ZT(r,j)
) J

(91N Sy Siery Vi —es+€0.3)) [ 75>0, 1€T(r)

Denote V7 to be the solution to VY =T 7‘77, which is also the total discounted value function of
player 1 with vu and ¢ as the benefit and cost of trade instead of u and c. Therefore, VY= yV7.

Now consider a discount factor 4 such that V¥ >0, which implies V¥ > 0. Consider any discount
factor 4/ such that ' > 4. We have T7' V3 > T7V% = V¥ > 0. Following the convergence of the
value iteration algorithm and monotonicity of the operator 77 (Corollary 1.2.1.1 and Lemma 1.1.1
in Bertsekas (2007)),

VY = lim (T7)'V7 > lim (T7)' V7 =V7 >0,

which implies V7' =V /4 >0. QE.D.

Note that this result is stronger than Lemma 2 because it holds for policies = that are not

unichain and shows a unique threshold 7. Parallel to Proposition 2, we have the following intuitive

result.

PROPOSITION 3. For any given service provider selection rule m € II and model parameters -,
N and R, there is a unique threshold on u/c, such that V(r,5) >0 for all r and j if and only if

u/c is larger than this threshold.

The proof is very similar to the proof of Proposition 2 and thus is omitted here.
Propositions 1, 2 and 3 imply the following main result of this section, which is stronger than

Lemma 3.

THEOREM 2. For any model parametersu, ¢, N and R, there is a unique threshold of the discount
factor, 7, such that when v >4, the centralized optimal social welfare is achieved in equilibrium.
That is, under the minimum scrip selection rule 7, in equilibrium all players follow the always
trade strategy.

Similarly, for any given model parameters vy, N and R, there is a unique threshold on u/c, above
which the centralized optimal social welfare is achieved in equilibrium by all players following the

always trade strategy under the minimum scrip selection rule.
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The equilibrium result is proved by applying the definition of the always trade strategy to equilib-
rium condition (9).
4. Number of Scrips in the System
In the previous section we demonstrated the optimality of the minimum scrip selection rule in the
stochastic game setting with a fixed number of scrips and when the discount factor is large enough.
In this section we investigate the appropriate number of scrips to ensure that always trade is an
equilibrium strategy under the minimum scrip selection rule. In particular, we show that under
fairly general conditions, there is a unique threshold of the number of scrips in the system, below
which always trade is an equilibrium. Furthermore, the threshold increases with the discount factor
~ and the benefit of receiving service, u/c.

First we present a condition under which no matter how many scrips are in the system, the value

function for any state is non-negative, implying that always trade is an equilibrium.
THEOREM 3. Under any service provider selection rule m € 11, if

>— (13)

ol
==

no matter how many scrips are in the system, the value function V' that solves the recursive equa-

tions (10)-(12) is non-negative; that is, the always trade strategy is an equilibrium.

The proof is presented in the Appendix.

The condition (13), rewritten as ¢ < yu/N, reflects the trade-off between the cost of serving
today versus the expected benefit of receiving service tomorrow. It is intuitive that if the cost of
earning a scrip today is less than the expected benefit of spending it in the next period, providing
service never generates a negative net expected profit. Interestingly, the condition does not depend
on the service provider selection rule.

Since the condition is rather restrictive, we next analyze what happens under the minimum scrip
selection rule when the condition ¢ < yu/N is violated. First, we present a technical characterization
of recurrent states, which is somewhat interesting in its own right and useful for proving our main

result.
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LEMMA 4. Consider the case when R > N, i.e., the number of scrips in the system is no less
than the number of players. Under the minimum scrip selection rule and always trade strategy,

any state with more than one player having 0 scrips is transient.

The proof is based on induction on the number of players with 0 scrips. The detailed proof is
presented in the Appendix. Lemma 4 allows us to restrict attention to only those states where
no more than 1 player has 0 scrips, which will be useful to prove Proposition 4, constituting the
foundation of our main result, Theorem 4.

Analogous to the symmetry condition (C1) in the central planner setting, Lemma 5 below pro-

vides a symmetry argument needed for the proofs of Propositions 4 and 5.

LEMMA 5. Assume value function V satisfies recursive equations (10)-(12) for a system with
R> N scrips with the minimum scrip selection rule. For any nonnegative integer vectors r and r’
such that Zj r; =R and Zj i =R with r), =r), for all k except | #1, m# 1, where 1, =r,, and
T =77,

D Vi)=Y V(') . (14)
J J
The proof is presented in the Appendix.

PROPOSITION 4. Assume value function V' satisfies recursive equations (10)-(12) for a system
with R> N scrips with the minimum scrip selection rule, and value function V satisfies recursive
equations (10)-(12) for a system with the same parameters except with R + 1 scrips. Further,

assume that

ol

g{j[{j-(N—l)]—(N—l). (15)

For any nonnegative integer vector r in the recurrent class such that Zj r; = R, and any player

index j and k# 1, we have

V(r+ewj) <V(rj), (16)
= ) . _cN
ZV(r—i—el,])—ZV(r,y)gT, Vr:ry >0, and (17)
J J

ZV(rntel,j)—ZV(r,j)g{\; Bf—(zv—n] ¢, Vrir=0. (18)

J
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Property (16) is a monotonicity property for value functions across different state spaces, and it
states that if we inject one more scrip in the system, every player, other than the one who receives
the scrip, is worse off (measured by the value function). The basic intuition behind it is that giving
more scrips to others makes a player more likely to become the minimum scrip holder, and therefore
work sooner than otherwise. For the one who does receive the additional scrip, while it is intuitive
that the person is better off, properties (17) and (18) show that the benefit is, in fact, upper
bounded. The intuition is that even though the player who receives the additional scrip is better off
by, at some point, spending it for service, such a trade is followed by a state where the additional
scrip belongs to someone else, therefore the player will be worse off afterwards, following (16).
The basic logic of the proof for Proposition 4 is that these properties are preserved through value
iteration. The complete proof, however, needs to verify the properties under all possible scenarios
of scrip distribution among players in both the R scrip system as well as the R+ 1 scrip system.
Furthermore, in order to establish each one of properties (16)-(18), we need all the properties to
hold to begin the value iteration, as well as condition (15). As a result, the proof is rather involved
and is presented in the Appendix.

Property (16) is the key property that we focus on. It implies that there is a threshold (possibly
infinity) on the number of scrips, above which the value function at some state may become
negative. When the value function does become negative, the threat of zero utility does not work
anymore, and the corresponding player at this state is better off claiming bankruptcy by leaving
the group. In order to prevent such an undesirable outcome, the number of scrips issued in the
system must be lower than this threshold. As discussed in Section 2.1, the social welfare of the
system increases with the number of scrips. Therefore, assuming players follow the minimum scrip
selection rule, the system designer will choose the number of scrips in the system to be just below
this threshold in order to achieve the greatest possible social welfare while making it in each player’s
best interest to not leave the group.

The monotonicity property (16), however, holds only under condition (15). Figure 2 depicts the

condition. That is, in the area below the solid curve, due to monotonicity there is a threshold on
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u/c

Figure 2  Conditions (13) and (15), with N =5.

the number of scrips (possibly infinity), below which always trade is an equilibrium strategy. The
dashed curve in Figure 2 corresponds to condition (13) in Theorem 3. In the area above the dashed
curve, no matter how many scrips are in the system, always trade is an equilibrium strategy. These
curves partition Figure 2 into four ares. In area A, no matter how many scrips are in the system,
always trade is an equilibrium strategy. In area B, adding a scrip to the system decreases every
player’s total discounted value except that of the player with the additional scrip; however, we
know that each player’s total discounted value remains positive and thus no matter how many
scrips are in the system, always trade is an equilibrium. In area C, adding a scrip to the system
decreases every player’s total discounted value except that of the player with the additional scrip;
in this case, there is a threshold (possibly infinity) on the number of scrips above which at least
one of the player’s total discounted value is negative. This leaves the shaded area depicted in the
figure not covered by theoretical results. Later in Section 4.1, we conduct a numerical study on
the shaded area, which indicates that although the monotonicity property (16) does not hold, it is
very likely that there still exists a unique upper bound on the number of scrips.

Theorem 2 in the previous section states that for any given number of scrips R, there is a
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threshold on v above which the value function V is always positive. Proposition 4 further states
that under condition (15), for a given discount =, there is a threshold R below which the value
function V is always positive. The combination of the two results implies that in the R — space,
the region that guarantees that value function V' is always positive is characterized by a threshold
in R that is monotone in . The result is formally stated in the following Theorem. (The result on

u/c follows the exact same argument.)

THEOREM 4. In a scrip system with N players and at least N scrips, for any given set of model

parameters such that

2(N—1) N(VN?2+4N —4— N)
9y or ’7§ )
VN?+4N—4—-N 2(N—1)

there is an upper bound R (possibly infinity) on the number of scrips, below which always trade

>

(19)

u
C

is an equilibrium strateqy under the minimum scrip selection rule, and the system optimal social

welfare is achieved in the game. Furthermore, the upper threshold R increases with vy and u/c.

Sufficient condition (19) is obtained by equating conditions (13) and (15). Illustrated in Figure
2, condition (19) covers the area to the left and above of the intersection between the solid and
dashed curves. As we will demonstrate in numerical studies in Section 4.1, the monotone threshold
structure presented in Theorem 4 likely holds even without these conditions being met.

4.1. Shaded Area

We do not have theoretical results when conditions (13) and (15) are both violated, depicted by
the shaded area in Figure 2. Therefore, we conducted numerical studies to check the structure of
the value function in its minimum recurrent state. In particular, we take a grid of values for u/c
and 7 in the shaded area when N = 3,® and we see how the minimum value function’s value (over
recurrent states) changes with increasing R. We observe that in every case, the value function is
unimodal and therefore monotonically decreases as R increases to be large enough. Figure 3 depicts
one such example.

The findings indicate that when condition (15) in Proposition 4 is violated, a player’s value

function does not always decrease monotonically with more scrips given to others. On the other
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N=3, uc=2

min(V)

Figure 3 The non-monotone, unimodal structure of the value function in its minimum recurrent state.

hand, in our numerical examples, it always first increases when the number of scrips R is small, and
then decreases. Therefore, as long as the minimum value function over recurrent states is positive
at the smallest scrip number R = N, there still is a unique upper bound (possibly infinity) on the
number of scrips, below which the value function is positive in all states. If so, the threshold on the
number of scrips in the system increases with v and u/c, even without the necessity of condition
(19).

The following result indicates that when R = N the value function is indeed positive in all

recurrent states.

PRroOPOSITION 5. Assume R=N and
—(N—l)]—(N—l). (20)

The value function V' that solves the recursive equations (10)-(12) under the minimum scrip selec-

tion rule is positive in all recurrent states.

The proof is included in the Appendix.
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4.2. Random provider selection rule

It is important to note that there is a possibility that a different service provider selection rule
may permit a greater number of scrips than the minimum scrip selection rule. We have shown
that for a given number of scrips in the system, the minimum scrip selection rule achieves the
maximum social welfare. It could be possible, however, that a different service provider selection
rule outperforms the minimum scrip selection rule because it allows more scrips in the system
without a player defaulting compared to the minimum scrip selection rule. Here we analyze the
random provider selection rule, a common selection rule considered in previous literature. More
precisely, we consider a generalization of the minimum scrip selection rule that also includes the
random provider selection rule.

In particular, consider the following service provider selection rule. First, K players out of the
N —1 players are randomly selected as “potential providers”. Then the potential provider who has
the least number of scrips is selected as the service provider. Such a setting covers the possibility
that not every player can provide service in each period, which, to a certain extent, relates to
settings studied in Kash et al. (2007), Kash et al. (2012a), and Kash et al. (2012b). Obviously,
when K =1, we have the random provider selection rule, while the case K = N — 1 is the minimum

scrip selection rule. The recursive equations (10)-(12) are customized to V =TV, where

(TV)(r,j) =Eq [(Ex,V)(r5)] (21)

in which k; represents the set of K randomly selected potential providers among the N —1 players

who are not j, and E,,V follows

= _ (W/N) Zj/V(T‘,j/) 9 T1:0
V) = 0D By Sy Vi s ) om0+ 2D
and
(’Y/N)ijv(rvj/) ) T’jZO
(E, V)(r,j) = VN (D) 20 Yier oy V(0 — €5+ €0 7) r;>0, 1¢ T, (r,5)

<_C+’7/N Zj/ Zieij(r,j) V(T‘ — € +€i,j/)> /|Ti€j (T7])| y Tj > 0’ le Tﬁj (ij)
(23)
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Here TKj (r,j) represents the set of minimum scrip holders among players in the set &;.
Similar to Proposition 4 for the minimum scrip selection rule, the following result holds for the
general service provider selection rule described above, including the random provider selection

rule.

PROPOSITION 6. Assume wvalue function V' satisfies V=TV, where operator T is defined in
equations (21)-(23), and value function V satisfies the same recursive equation in a system with

the same parameters except with R+ 1 scrips. Further, assume that

u N
Eg;f(Nfl). (24)

For any nonnegative integer vector r such that Zj r; = R and any player index j and k # 1, we

have

V(r+egj)<V(r,j), and (25)
ZV(r+el,j)—ZV(r,j)<cfyv. (26)
J J
The proof is similar to that of Proposition 4 and is presented in the Appendix.

For similar reasons as discussed above for the minimum scrip selection rule, property (25) implies
that there is a threshold (possibly infinity) on the number of scrips in the system, above which the
value function at some state may become negative. Numerical studies similar to those described in
Section 4.1 suggest that conditions (13) and (24) are sufficient, but not necessary, for the threshold
structure to hold.

Interestingly, therefore, both the minimum scrip selection rule and the random provider selection
rule permit a threshold number of scrips in the system (possibly infinity), above which the system
crashes. Depending upon the system parameters u, ¢, N, and 7, numerical results show that
sometimes the minimum scrip selection rule permits at least as many scrips as the random provider
selection rule; in this case, the minimum scrip selection rule is the preferable service provider
selection rule for the scrip system because it provides a greater social welfare. For other parameters,

though, the random provider selection rule permits more scrips than the minimum scrip selection
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rule, and in some cases the difference is enough to cause the random provider selection rule to
outperform the minimum scrip selection rule in terms of social welfare. Depending on the system
parameters and application, the system designer may choose to compare the performance of the
minimum scrip selection rule and the random provider selection rule before creating the scrip
system. Since both exhibit a threshold property on the number of permissable scrips in the system,

this should be relatively simple to do.

5. Conclusion

In this paper we study design issues for managing a scrip system in a stochastic setting. In partic-
ular, in each period one player becomes a service requester and receives positive utility if another
player is willing to provide the service in exchange for a scrip. We first show that a central planner
would always prefer a trade of scrip for service to occur and would select the player who has the
least number of scrips to be the service provider.

In a stochastic game setting with the absence of a central planner, such a system optimal solution
can be achieved in equilibrium when the time discount factor is high enough or when the benefit
of service is high enough compared with the cost to the service provider. When the time discount
factor, or ratio between the benefit and cost of service, is not that high, we show that when using
the minimum scrip selection rule or random provider selection rule there is an upper bound on the
number of scrips that are allowed in the system, above which some players may decide to default
and exit the game when their scrip stock becomes low. Furthermore, this upper bound increases
with the time discount factor as well as the ratio between the benefit and cost of service.

From a system design point of view, our results demonstrate that, assuming players follow the
minimum scrip selection rule, the number of scrips in the system should be at the upper bound,
and all players have the incentive to trade a scrip for service whenever the service requester has
at least one scrip. We also analyzed a commonly used service provider selection rule, the random
provider selection rule, and showed similar threshold results as the minimum scrip selection rule.

This makes it simple for the system designer to compare the performance of the minimum scrip
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selection rule and the random provider selection rule and choose the rule that results in the greatest
social welfare.

One inherent assumption of our work is that each player is able to provide service when asked,
and, furthermore, the detection and punishment of players who do not contribute is possible. In
practice for large scrip systems, this could be difficult, especially if the system relies on the service
requester to report whether trade occurred, which could open the possibility of malicious players
getting others kicked out of the system. Previous work by Kash et al. (2007), Kash et al. (2012a)
and Kash et al. (2012b) has not required the ability of each player to provide service nor the
detection and punishment of players who do not contribute. With a few additional assumptions and
model differences as described in Section 1.1, they show the existence of an equilibrium in which
players follow a threshold policy under the random provider selection rule. One useful extension
of our work would be to possibly combine these two streams of work by using the minimum scrip
rule without the severe punishment that the Folk Theorem equilibrium relies upon.

There are a number of other possible extensions to our paper that deserve further exploration.
The most notable one is that preferences are not homogeneous among players. For example, some
players may value the service more than others, or providing service may cost some players more
than others. Similarly, the benefit and cost of service may change over time or be stochastic. We
suspect that the reason why our system does not experience a market crash when there are too few
scrips, as observed in some applications, is a result of our current assumptions on the homogeneity
of utilities across players and over time. Future work will hopefully provide us with more insights
on this type of market crash. Another extension that is worth studying is that the price of service
may not be fixed at one scrip, but is instead determined according to the scrip distribution among

players.

Endnotes
1. In the stochastic game, generally speaking, the service provider selection rule may allow selec-

tion of another player in case a first selected player rejects to serve. Such a generalized selection rule
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m maps the distribution of scrips to a sequence of provider selections, contingent upon acceptance.
All equilibrium results hold with this generalization.

2. When the policy 7 is not unichain, Lemma 2 does not hold. Therefore Condition 1 of Dutta’s
theorem may be violated. Furthermore, Dutta’s Folk Theorem for stochastic games requires the
discount factor to be sufficiently close to 1.

3. Since the state space grows exponentially with N, which poses significant computational chal-

lenges, we did not check for higher values of N.
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Online Appendix

Appendix

Proof of Proposition 1

In this proof we show that starting from a function J that satisfies conditions (C1), (C2) and (C3), I'.J
also satisfies them. First note that function J, =0 for all r (obtained from Jo =0 for all (r,j)) satisfies all
these conditions.

Condition (5) for J implies

g Y
(u—c)+N77§1ﬂ%§lJ(r+em—€z) > NJ(T) .
which further implies
_ _ X _ _
M) =Nolu=) 3 |V = NIT )+ 5 s T+ el>] . (21)

1. Condition (C1)

We first show that condition (3) holds for I' in (27). That is, (T.7)(r) = (T'J)(r"). Note that

CTY) =N (u=) + % (N = NN+ 3 max 7 (5 e —c))
Lirl>1
Obviously, N, = N,., and J(r) = J(r’) due to (3). We only have the following cases.

o [ #i,j. For m#1i,j, we have J(r+e,, —e) =T (" +e, —e) since (r+e, —e); = (" +en —e); and
(r+em—e);=("+emn—e);. Furthermore, we have J(r +e;, —e;) =J(r' +¢e; —¢) and J(r+e; —e) =
J (' +e; — e;). Therefore, max, .,z J (7 + €m — €) = MaX,ymr j(r’ +e,, — el>.

e ;> 1 and l =i. For m # j, we have J(r +e,, —e;) = T (r' + e, —¢;). Furthermore, we have J(r +¢e; —
e;) =J (" +e; —e;). Therefore, max, .,z J(r + € — €) = MaX,yma j(r’ + e, — el).

e r; >1 and I = j. The same logic as in the previous case reveals maX,,.,- J(r + €, — ¢) =
MAX;:m 1 J(r’ +e,, — el>.

2. Condition (C2)
First of all, when r; =7, + 1, then symmetry condition C1 implies J(r —e; +¢;) = J(r) so the condition

(4) holds. Therefore we only need to show the result carries through value iteration when r; > r; +2. Denote

m; = argmaxX,,.mz J (7 + €, — €;), which has to be a minimum scrip holder other than . That is,

(D)) = Nou—c) + o | (N=NIT )+ Y T(r+en; —e)

lirp>1

Consider the following cases.
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1. r; > 0. In this case, since r; > 7; + 2, we know that N, =N, _. ..., and for any [ with r, >0, we also
have (r —e; +¢;); > 0, and vice versa.

1.1 r; >r; + 3. Note that for any ! such that r, > 1, we have (r + Em; — e); > (r+ €ms — e1);. Therefore

(I‘J)(r)SNT(u—c)—f—% (N=N)JT(r—e;+e;)+ Z TJ(r+en: —e—ete;)| <(IJ)(r—e;+e;) .

Lirp>1

1.2 r;=7r;4+2 and m; # j. In this case we also have that for any I such that r, > 1, (r + €my — )i >
(r+emr —e);. Therefore the situation is the same as the previous case.
1.3 r;=r;+2 and m} = j. In this case we only have that for any [ # i such that r, > 1, (r + Em; — ) >

(r+emr —e);. Therefore

(FJ)(T):NT(U*C)+% (N=N)ITr)+T(r—e;+e;)+ Z J(T’Jreml*el)]

I#ir,>1

SNr(u—c)—&—l

N Jr)+(N—=N)JT(r—e;+e;)+ Z J(r+em: —e—e;+e;)

i >1

Note that if m} =j, then j is a minimum scrip holder in r other than 4. Following symmetry, we have either
MaXmazi J (T — 2€; + €5 + €,,) = J(r) (when j is the unique minimum scrip holder in r other than ) or
MAX,.mati J (T — 26, + €5+ €,,) =T (r —e; +¢;) (when j is not the unique minimizer in r other than 7). In
either case,

TCH(r) < TI)(r—e;+ey) .
2. r; =0. In this case N, = NT_EHEJ —1.

(FJ)(T—@,-—!—@]-)Z(Nr—|—1)(u—c)—|—%[(N—Nr—1)j(r—ei+ej)+ max J(r—e,+e;+e,—e;)

mimz£j

+ Z J(r+em;—ez—e¢+ej)} ZNr(u—C)Jr%[(N—NT)J(T—eHrej)Jr Z J(r+em;—e¢+ej—ez)} >TJ(r),

lirp>1 lirp>1

where the second inequality follows Condition (C3), that is,

N
7(u—c)+ max J(r—e;+ej+e,—e)>T(r—e +e;);

mimzj
and the last inequality follows the same logic as in the previous cases.
3. Condition (C3)
First, we show condition (5). From the previous proof, we know that for 7 satisfying (C1) and (C2), when
r; >r;, we have J(r) < J(r + e; — e;), which implies the condition automatically. Therefore we focus on
cases when r; > r;. Furthermore, player ¢ must be the minimum scrip holder in r except j.

Denote m; to represent the player that achieves max,,..,e1 J (r + €,, — €).
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r; > 2. In this case N, = N,y., ., = N. Therefore,

(LT)(r) =TI (r+e —e;) NZ(maxjr+e —e)— max J(r+e; —e; +€mez))

mimz#£l m:mz£lL

X[;( (r4em: —e) =T ((r+ em; —ez)-l-ei—ej))

—|I,.,| = 2. This means that I,, = {i,j} and ¢ is the unique minimum scrip holder in r except j. Thus for

i

each possible value of [, 7 is also the minimum scrip holder in 7+ ¢,,» — €;; note that if r; =r; and [ =k #1,7,
then by (C1) we have J(r+e; —ex) = J(r+e; —ei) and we can choose mj = j to make this statement true.

Therefore, condition (5) implies the following result:

04 N N
O~ ) +er-e) < 3 [V -0 < Tu-o).

—|I,.,| > 2. This means that player ¢ is not a unique minimum scrip holder in r except j; in other words,
another player(s) has r; scrips. For [ = j, we know from (C1) that J(r + €ms — e;)=J(r+ e, —e;) for any
player k # 14 with ry =r;. Thus, 4 is a minimum scrip holder in r + e, —e; and we can apply condition (5).

For [ =1, i is the minimum scrip holder in r 4 e; — e; except j, so again we can apply condition (5). For
l=k#1,j with ry, > r;, ¢ is the minimum scrip holder in 7 +e; — e;, except j, so again we can apply condition
(5).

Finally, for [ =k #4,j with r, =7, ¢ is no longer a minimum scrip holder in r + e; — e;. In this case,
if r, =7;, we know from (C1) that J(r +e,.: —ex) =J(r +¢; — e;) and by choosing mj = j, we see that
(r+e;—er); <(r+e; —ey); and from (C1) and (C2) we have J(r+e; —e,) < J(r+e; —e,+e; —e;). On
the other hand, if r; > r;, we have \I(H_e —ep);| =3 and includes 4, j, and k; since (r+e; —ey); > 2 we know

condition (6) holds so we can apply condition (7). Putting all these cases together, we again have

¥ N N
CT)0) - D+ =) < 3 [V -0 < Tu-a).

r;=1,7r;>1. In this case N=N, =N, . +1

TIr)—TT)r+e—ej)=(u—c +Z(max J(r+em —el)—max J(r+e—ej+em el)>

L:1#£5

Following the exact same line of argument as above, we have

N N
CI)0) - N +er-e) < =0+ 7 (W=D =) < T
o r;, =1, 7, =1. In this case we must have max,,....i J(r + €, —€) =MaXy.ma J(r+e, —e;+e, —€)=
J(r+e —e), when I #14,j. And max,,.me; J(r+€m —€;) =T (r+e; —e;) < J(r) =max,.mpe; J(r +€; —

ej+en—e;). Asaresult, T T)(r)— TT)(r+e —e;) <(u—c).
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Now we focus on showing condition (7). Again, from the previous proof, we know that for J satisfying
(C1) and (C2), when r; > r;, we have J(r) < J(r + e; — e;), which implies the condition automatically.
Therefore we focus on cases when r; > r;. Also, note that in order for condition (6) to hold, we know that

no players can have 0 coupouns.

e 7; > 2. In this case N, = Nr_m.,ej =N.
T =TT (r+e—e; Vz<maxjr+e —e)— max J(r+e —e;j+e, el))
N 7 mimz#£l m:mz£lL
Y
SN (j(TJr@m;f*ez)*j((T+€m;*6l)+€i*€j))
1

(1) There exists r, = 1. According to condition (6), all other players in I,, must have exactly r; scrip.
For any player | #k, 7+ e,,» — e, satisfies (6). Note that J(r+e; —e;) = J(r +e; — e;) since r; =7;. Thus

by choosing m;j = j, we have

v N N
CT)0) = D+ = ) < 3 (V=D w-0)) < Tuo)

(2) m >2 for all [ € I,,. By choosing m; # i when possible, r +e,,- — ¢, always satisfies condition (6),
which implies our result.

e r; =1. Condition (6) implies that for all players [ € I, \ j, 7, =1,. Therefore, i achieves max;.;; J(r +
e; —e;), which has been shown earlier in the proof.

We have shown that starting from a function J that satisfies conditions (C1), (C2), and (C3), I'J also
satisfies them. Therefore, the conditions hold for any function J through value iteration. The set of functions
that satisfy the three conditions is closed (and convex), which implies that the limit J* also satisfy (C1)-
(C3). See, for example, Proposition 1 of ?. (Strictly speaking, the proposition in ? directly implies that (C1)
and (C2) are closed, convex cone properties. Its proof, on the other hand, clearly indicates that (C3) is a
closed, convex property.)

Q.E.D.
Steady state probabilities for random provider selection rule: Here we provide closed form expres-
sions on the steady state probabilities and the probability of no trade under the random provider selection
rule.

PROPOSITION 7. In a system with N players and R scrips following the random provider selection rule, the

R+N

steady state probability of any possible scrip distribution among players is p=1/ < N

1_ 1 ) . Furthermore,
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the probability that trade would not occur due to service requester’s lack of scrip is ngz_ll <J;f__11) .
R—-1
N—-k—-1) "
Proof: Under the random provider selection rule, it is obvious that the transition probability matrix is

doubly stochastic, and therefore the steady state probability is the same for all states. The number of states

for a system with N players and R scrips is the number of combinations of distributing R scrips to IV players,

R+N-1
N-1

The event of no trade occurs when the service requester has zero scrips. Divide the event into sub-events

which is < ) This implies the expression for p.
of exactly £ < N — 1 players having zero scrips. The possible ways of having exactly k zero scrip players is
(‘27) ( N]E; i 1 ), where the second term is the number of ways of distributing the R scrips among the
remaining N — k players, which is the same as distributing R — N + k scrips among N — k players without
no-zero-scrip restrictions. As a result, the probability of no trade is

= k(N R-1 \ ~~(N-1 R-1

I;”N < k) (N—k:—1> *p; < k-1 ) (N—k—1> '

Q.E.D.

Proof of Lemma 3: This result follows directly from the Folk Theorem for stochastic games (Theorem 9,
Dutta (1995)). In particular, we need to verify the following three conditions to invoke Theorem 9 in Dutta
(1995):

1. Unichain selection rule guarantees that the set of feasible long-run average payoffs is independent of
the starting state.

2. Each player’s long-run average min-max payoff needs to be independent of the starting state. Instead
of considering the min-max payoff, we consider the “always refuse providing service” equilibrium strategy,
which generates 0 long run average payoff, and therefore independent of the starting state.

3. The dimension of the set of feasible payoffs should be N. This condition holds because any single player
i can be ruled out from service, which creates a payoff vector that has a constant positive value for all players
except player ¢, who has value zero. The resulting N vectors, each corresponding to one player being ruled
out, span RV,

Q.E.D.

Proof of Theorem 3: Start the value iteration algorithm (10)-(12) from V (r,j) defined as,

_ r1—1 b B
Vir,l)=u Z (%) , ifr;>1; and V(r,j) =0, otherwise.
k=0
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Note that V >0 in general, and, in particular, V (r,1) > u if r, > 1.
Next we verify that TV >V > 0.

1. When j =1 and r; =0 we have,

(@V)r1) = D V() =0=V(r1).

2. When j =1 and r; > 0 we have,

ry—1

(TV)(r,1)= N|T ‘Z Z V(r—ei+e;,j) —uZ( ) =V(r1). (28)

" ieY(r,1)

3. When j #1 and r; =0 we have,

4. When j#1, r; >0, and 1 ¢ Y(r,j) we have,

(TV)(r,7) = N|T 7 |Z Z V(r—e;+e,j)>0=V(rj) .

i’ €Y (r,g)

5. When j#1, 7; >0, and 1 € Y(r,j), following (28) we have, (TV)(r — e, + e1,1) > u. Therefore,

@V)(rg) = [ =et9/N 3 (Vir—eiten)+ D Vir—e +end)]/IT(r5)
- i€ (r,5) i'#1
= [—etuN Y VO —ete, )] /1T005)]
) i€ (rj)

> [ et (NP (r=e;+en,1)] /X ()

> [ et ur/N| /X)) 2 0=V (r4) .

in which the first inequality is due to V >0, the second inequality due to (r —e; +e;); > 1 and therefore
V(r—e; +e1,1) >u, and the last inequality from u/c> N/7.
Monotonicity and convergence of operator 7 imply that V> =1lim, .. T*V >V >0. Q.E.D.

Proof of Lemma 4: Consider a scrip distribution vector 7 where exactly ngy players have zero scrip, n;

nyna
players have 1 scrip, and n, players have more than 1 scrip; therefore ng+n; +mns = N. For ng > 1, under the
minimum scrip selection rule, from state (7, ,7), the probability of transitioning into another state also
with ng zero scrip players (including itself) is (ng 4+ n1)/N (this happens when either a zero scrip player or a
one scrip player becomes the service requester, j). Otherwise, with probability ny /N, the system transitions

into a state with exactly ng — 1 zero scrip players. For ng = 0, the probability of transitioning into a state

with one zero scrip player is n, /N, and the probability of transitioning into a state where there are no zero
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scrip players is ny/N. This implies that when ng > 2 (and N > 3), the system never transitions into state
(r7o,,,,7) from another state with fewer number of zero scrip players. In addition, since R > N, we must have
ng >0 when ng > 1. That is, there is a positive probability when ng > 1 that the system transitions out of
state (rro, .j) and into another state with one fewer zero scrip players. Starting from (ryj ', ), where the
R scrips concentrate in one player, leaving the other NV — 1 players with 0 scrips, the above analysis implies
that state (r{]"',7) must be transient. Decrease ng one by one from N — 2 to 2, and we have that state
(r70,,,,) is transient as long as ng > 2.

Note that for the special case when N =2, it is impossible to have a state where more than one player has
0 scrips since the R > 2 scrips must be held by at least one player. Q.E.D.
Proof of Lemma 5: We need to show that starting from any function V that satisfies (14), the condition
still holds after one step value iteration defined by the right hand side of recursive equations (10)-(12),
denoted as T'V. For simplification of notation, we denote v(r) = Zj V(r,j). We will show that every term
(TV)(r,7) corresponds to an equivalent term (T'V)(r,7) for some j and vice versa, thus implying the result.

(1) 7 =1. We show the equivalence of (T'V)(r,1) with (TV)(r’,1) under the following two possibilities.

Note that if r; =0, then r{ =0.

(a) r1 =0. By directly applying the induction hypothesis (14),

(TV)(r,1) = 2v(r) = 2v(r') = (TV) (', 1)

(b) ry > 0.
g Z
(TV)(r 1) =u+ N[Y(r,1)| i€ (r1) vrmeted
’ _ Y z : ’
(TV)(T,I)—U+W I/(’f’ — €1 +€l)

€Y (r’,1)

For i € Y(r,1) #1,m, note that i € Y(r',1) and v(r —e; +e;) =v(1r’ — e1 +¢;) by the induction hypothesis.
IfleY(r,1), then meYT(r',1) and v(r — ey +¢€;) =v(r' —e1 +e,,) by the induction hypothesis. Similarly, if
m e Y(r,1), then l € Y(+',1) and v(r —e1 +e,,) =v(1r’' — e1 + €;). Therefore, (T'V)(r,1) = (TV)(r’,1) in this
case.

(2) j#1,m. We show the equivalence of (T'V)(r,j) with (T'V)(r’, ) under the following possibilities. Note
that if r; =0, then 7, = 0. Also, if 1¢ Y (r, ), then 1 Y (', j).

(a) r; =0. By directly applying the induction hypothesis (14),

(TV)(r,3) = Jv(r) = () = (V). 5)
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(b) r; >0 and 1¢&Y(r,j).

(TV)(r,j) = m Z vir—e;+e;)

i€ (r,5)

VD= Freegy, 2 Vet

i€ (r!,5)

For i € Y(r,j) #1,m, note that i € T(r’,j) and v(r —e; +e;) =v(r’ — e; +€;) by the induction hypothesis.
IfleY(r,j), then me Y(r',j) and v(r —e; + ¢;) =v(r' —e; +e,,) by the induction hypothesis. Similarly, if
m € Y (r,j), then l € Y(r',j) and v(r —e; +e,,) =v(r' —e; + ¢;). Therefore, (TV)(r,7) = (TV)(r',j) in this
case.

(¢) m;>0and 1€ Y(r,j).

. —C Y
TV)(r,j) = — + - v(r—e;+e;
IV d) = e 3 * WG] &= Vo
’o —C Y ’
(TV)(r',j) = — + — v(r' —e; +e;)
RGRIRS I S

Similarly to the previous case, for i € Y(r,j) #,m, note that i € Y(+’',j) and v(r —e; +¢€;) =v(r' —e; +¢€;)
by the induction hypothesis. If [ € Y(r,j), then m € Y(r’,5) and v(r —e; +e) =v(r’ —e; +e€,,) by the
induction hypothesis. Similarly, if m € Y(r, j), then l € Y(+',j) and v(r —e; +e,,,) =v (' —e; +¢;). Therefore,
(TV)(r,j)=(TV)(r',7) in this case.

(3) j=1. We show the equivalence of (TV)(r,1) with (TV)(r’,m) under the following possibilities. Note
that if 7, =0, then 7/, =0. Also, if 1 € Y(r,1), then 1 € Y(r',m).

(a) r, =0. By directly applying the induction hypothesis (14),
(TV)(r,1) = Lu(r) = (') = (TV)(',m)
K N N Y
(b) 7, >0 and 1€ Y(r,1).

(TV)(r,l):m Y ulr—ete)

€Y (r,l)
/ ’y !/
TV)(r',m) = Ty v — v(r'—e,+e;)
T,

For i € Y(r,1) # m, note that i € Y(r',m) and v(r — e, +¢;) =v(r’ — e,, + ¢€;) by the induction hypothesis.
If meY(r,l), then I € Y(r',m) and v(r —e; +e,,) = v(r' —e,, + €;) by the induction hypothesis. Therefore,

(TV)(r,l) =(TV)(r',m) in this case.
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(¢) m>0and 1€ Y(rl).

e 5
(TV)rD) = o1+ WD) > vlr—e+te)

€Y (r,l)

! _C ’y ,
TV)(r',m)= + v
(TV)( ) IT(r",m)| ~ N[Y(r',m)| ie“g:r’,m) ( |

Similarly to the previous case, for i € Y(r,l) # m, note that ¢ € Y(r',m) and v(r —e; + ;) =v(r' —e,, +¢;)
by the induction hypothesis. If m € Y(r,1), then [ € Y(',m) and v(r — e, +e,,) =v(r’" —e,, +¢) by the
induction hypothesis. Therefore, (TV)(r,l) = (TV)(r’,m) in this case.

(4) j =m. This case is identical to case 3 above. Following the same logic with [ and m interchanged, one
can show that (T'V)(r,m)=(TV)(r',1).

Q.ED.
Proof of Proposition 4

Obviously, constant 0 functions of the corresponding dimensions satisfy conditions (16)-(18). We just need
to show that starting from any functions V and V that satisfy (16)-(18), the condition still holds after
one step value iteration defined by the right hand side of equations (10)-(12), denoted as TV and TV,
respectively.

First consider condition (16). That is, we show that if conditions (16), (17), and (18) hold for some
functions V and V, condition (16) also holds for TV and T'V. For simplification of notation, we denote
v(r)=>_,V(r,j), and v similarly, which will be used in the proof.

(1.1) j=1, r; =0.
(TV)(r,1) = (v/N)v(r) > (v/N)o(r +ep) = (TV)(r +ex, 1) .

(1.2) j=1,7r >0,

(TV)(r, 1) =u+~/(N[Y(r, 1)) Y vir—e+e)

i€ (r,1)

(TV)(r+ew ) =u+v/(N[Y(r+e, 1)) D> or—ert+ete).

i€ (r+eg,1)
Consider the following 3 possibilities.
(i) T(r+ex,1)="(r,1). In this case, V(r—e; +e;+ex,5) < V(r—ei +e,;,5') from induction hypothesis.

Therefore we have (TV)(r + e, 1) < (TV)(r,1).
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(i) Y(r +ex,1) U{k} =T(r,1). In this case, D(r — e; + e; + €;) is the same for all i € T(r + e;,1).
Therefore Zier(ﬂr%l) p(r—es+e +e)/|T(r+er1)| equals (r —e; +e; + ;) for any particular 4. The
same can be said for v(r —e; + ¢;). The result then follows the comparison between v(r —e; + ¢;) and
v(r —e; +e; +e;) according to the induction hypothesis.

(iii) Y(r,1) = {k}. We have V(r —e;, +ex,j') > V(r —e; +e; + ey, ;') for any i # 1. Therefore,
(TV)(r,1)=u+~y/Nv(r—e; +ex)

>u+v/(N|T(r+es1)|) Z v(r—ei+e+ey)=(TV)(r+el).

€Y (r+eg,1)

(21.1) j#1,7,=0, k#],
(TV)(r,3) = (v/N)v(r) = (v/N)o(r + ex) = (TV)(r +ex,5) -
(21.21) j#1,7,=0, k=3, 1 Y(r+e;,75)

(TV)(r+e;, ) =7/ (NIY(r+e,i)l) D, vlr+e)

i€ (r+ej,5)

<SY/(NX(rtend)l) Y vlr)=(/Nwr)=(TV)(rj) .

iGT(T+ej,j)

(2.1.2.2) j#1,7,=0,k=4,1€Y(r+e;,j). Lemma 4 implies that no more than one player has 0 scrips

in any state in the recurrent class. Therefore, we must have r; > 0 and hence,

(TV)(r+epi)=|—ctvy/N Y wlr+e) | /IT(r+e;)

i€ (r+ej,5)

e gl Z Z
- — : Y. Hrte)+u(rte)
IT(r+e;, )|  N[T(r+e;5)l €Y (re )\

» . ) cN
S - | s+ ) + 5
IT(r+e;5)  NIT(r+ej )l igr(;ej,j)\l !
—c g i
. . . v(r)+uv(r)+—
T(r+ej;,0)  N|T(r+e;,7)l 2 . !

€Y (r+e;,5)\1

—c ¥ . cN
= — + _ Y(r+e;,j)vir)+—
Tore g W e (T el + )

= 2v(r) = (TV)(r.5)

where the first inequality follows from (17), and the second inequality follows from (16).
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(22.1) j#1,7,>0, 1€ Y(r,5), 1T (r+ex, 7).

(TV)(r,) =v/(N[Y(r,j))) D vr—e;+e)

i€X(r,j5)
(TV) 0+ ) =1/ (NITr+eni)) S #lr—ey+enten
‘€Y (r+eg,j)

Following the 3 cases as in (1.2), we have the result.
(222) j#1, 1, >0, 1 €7Y(r,j), 1 € Y(r + ex,j). This means that we must have Y(r,j) = {k}, and

r1 =71, + 1 (therefore r; > 0).

(TV)(r+ex,j)=| —c+~v/N Z v(r—e;+e,+e) | /|T(r+ex, i)l
i€Y (r+e,j)
B —c

T +ex, )]

) ) _
B B Py v(ir—e;+e,+e)+v(r—e;+e,+er)
N|Y(r+ex,j)| ier(r;k,j)\l ] |
<«
T (r +ex, )|

gl _ cN
+— p(r—ej+e,te)+vir—ej+e,)+—
N|T(r+€ka])‘ iET(r—&-Zek,j)\l ! ! 0
«____—¢
~ T+ e, 5)l
vy cN
f— v(ir—ej+e,)+vir—e;+ey)+—
NIX(r+ex, )l z'er(;ek,j)\l J ] 7
—c ¥ . cN
= ~ + — | Y (r+exj)v(r—e+ex) +—
e WG e (1O e e +5F)
= 2v(r—e;+er) = (TV)(r.) -

Here, the first inequality follows from (17), the second inequality follows from (16), and the last equation
follows from the fact that Y(r,j) is a singleton with only one element, k.

(2.3.1) j#1,7,>0,1€X(r,j), 1€ Y (r+ e, j).

(TV)(rg) = | —e+v/N > wlr—e;+e) | /IT()]
i€ (r,j)
(TV)(r+ex,j)=| —c+v/N Z v(r—e;+ep+e) | /|T(r+ex, i)l

i€ (r+ek,j)

Similar to case (1.2), we consider the three cases. When Y (r + es,7) = Y(r,j), we have the result directly

from condition (16). Since here we assume that 1 € Y(r,7), it is impossible that Y(r,j) = {k}.
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Now we focus on the case where |Y(r + ey, j)|+1=|Y(r,4)| =L > 1, that is, T(r + ey, j) U{k} = T (r,j).
Since, by Lemma 4, no more than one player can have 0 scrips in any state in the recurrent class, we must
have r; > 0.

L(L=1)(TV(r+exj)—TV(r,j))

- % L D(r—e;+ente)+o(r—e;+ep+er)
zET(r+ek ])\1

i€ (r+ep,i)\1

—(L-1) v(ir—e;+e;)+v(r—e;+e,)+v( r—e]—i-el)
:—ch%[(L—l) Z (1/(?”76 +e+ep)—v(r—e;+e; )
€Y (r+eg,j)\1

+ Z (z?(r—ej—l—e,-—kek)—V(T—ej—l—ek))—V(r—ej+ek)
i€ (r+ep,5)\1

+(L—-1) (D(r—ej +epte)—vir—e; +el)> +o(r—e;+eg —|—61)]

N
S—c—|—%[f/(r—ej—|—ek—l—el)—y(r—ej—kek)} < c—|—ﬁ%*0,

where the first inequality follows (16), and the second inequality follows (17).

(2.3.2) j#1,7;>0,1€Y(r,5), L & Y(r+eg,j). This is not possible when we assume k # 1.

Next, we consider condition (18) when r; =0. That is, we show that if (16) and (17) hold for some V and
V, condition (18) also holds for TV and TV. Since, by Lemma 4, no more than one player can have 0 scrips
in any state in the recurrent class, we know that player 1 is the only one with 0 scrips and hence,

ZTV(r,j) =—c(N—-1)+ % (Z vir+e —e;)+ V(r))
J j#1
In this case ), TV (r+ei,j) has the following two possibilities.

RO.1 Player 1 remains the only minimum scrip holder in r + e;. There is a set L with |L| =1 of other

players having the second least number of scrips.
zj:T‘_/(r—Fel,j) =u—c(N—-1)+ % <;V(T+261 —e;) +;;V(T—|—€i)>

Therefore,

ZTV (r+e1,)) ZTV?"] N(;Z(ﬂr—f—ei)—u(r))

i€l

_,_Z( (r+2e; —e; )—V(T+el_ej))>

J#1
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Su—i—% <; (V(r+261—ej)—u(r+el—ej))>
§u+%%(N—1):u+c(N—l)§% []’:’[—(N—l)]c,

where the first inequality follows induction hypothesis (16), the second inequality follows (17), and the last
inequality follows condition (15).

R0.2 Player 1 becomes a member of the set L, |L| =1, of minimum scrip holders in r +e;.

N -1
l

ZTV(r+el,j):u—c—

J

c

+% Z%( Z ﬁ(r—l—el—l—ei—ej)—l—ﬂ(r—&—%l—ej))

jel i€L\1

1 1
+ Z 7l—1(_ Z v(r+ei+e —e;)+v(r+2e fe]-)) Jr—l_l Z o(r+e;)
JEL\1 i€ L\j,1 i€L\1
Therefore

S TV(r+end)= TV Sute ((N—2)— N‘l>

l
7L _
+N (12 (u(r—i—Qel —e;)—v(r+e —ej))
JEL
1 _
—|—m Z (V(T+2€1—€j)—l/(7“—|—€1—€j))
jEL\1
N -1 v (N -1 ¢cN N[N
< I\ AL D S| E o (N=
u+c<(N 2) ;i >+N< ;i 1) 77[7 (N 1)}07

where the first inequality follows induction hypothesis (16), the second inequality follows (17), and the last

inequality follows condition (15).

Now we consider condition (17) when r; > 0. Following the definition of v, we have the following cases for
S, TV (1, 5).

1. Player 1 is the only minimum scrip holder in both r and r+e;. Let L, |L| =1, be the set of the second

least number of scrip holders.

ZTV(T—I—ehj) — %:TV(T,j) = % (; Z (17(7'4—@,) —v(r—e; —f-e,))

—|—;(ﬁ(T’-f—Qel—ej)—V(T+61_ej))>
o]t

where the inequality follows both (17) and (18). Note that if r; > 1, using only (17) leads to the same

inequality, although not tight.
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2. Player 1 is the only minimum scrip holder in r. Let L, |L| =1, be the set that includes player one plus

the | — 1 others with exactly one more scrip (I > 1).

ZTV(nj)zu—c(N—l)—&-% Zu(r—&-el—ej)—i—% Z v(r+e; —e)

J J#1 i€ L\1
As a result, player 1 is one of [ minimum scrip holders in r + e .

N -1

ZTV(r+el,j):ufcf ]

J

% ;;(Z (r4+e +e; — -)+I7(T+2617€j)>

c

Therefore

~ 1/ 1 _
+N Zj(u(r—i—Qel—ej)—l/(r—i—el—ej))—|—l_—1‘Z (u(r—l—ei)—u(r—i—ei—el))
JEL i€L\1
1
—|—m Z (r+2e;—e;)—v(r+e —e ))
JEL\L
N -1 v (N—-I ¢cN ~N|N cN
< ) P BV A (S AVIE Rl T (N-1)]e=2
_c<(N 2) l >+N( ; +)7+N7{7 (N )}c S

where the first inequality follows from (16), and the second inequality follows both (17) and (18). Similar to
before, if r; > 1, we only need (17), which leads to the same inequality, although not tight.
3. Player 1 is in the set L, |L| =1> 2 of players with minimum scrips.

ZTV(T,j):u—c—NT_lc—i—% Z%( Z V(r—l—ei—ej)—l—u(r—&—el—ej))

J JEL i€L\1

# 3 (X rrese)ertrrae) sty ¥ virvea)

jEL\1 i€ L\{j,1} i€L\1

(1) 1=2. Therefore in r + e; there is a unique minimum scrip holder, say player k. That is, L ={1,k}

and player 1 is among the set M, |M|=m, of second minimum scrip holders in r + €.

ZTV(T+61, —u———|—l (Zz?(r—l—el—l—ek—ej)—kﬂ(r—i-ek)
J

m N \“4
JEL

1
JrE( Z I7(T+€1+€i*6k)+l7(’r’+26176;@))

ieM\1
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N-2 1 N[N
ZTV r+ey,) ZTVT] (1+2m>c+]’\y],y{(]\71)]c

~
’ycN(N—Q 1)_0]\7
N v Y

b

2 m
where the inequality follows both (17) and (18). Again, if 7y > 1, it is fine using (17) only, which leads to a
more relaxed version of the same inequality.

(2) > 2. Therefore there are { — 1 minimum scrip holders in r +e;.

ZTV r+ep,j)= _~_7 Z Z r+ei+e; —e;)

zEL\l

—1—%217(7"—1—6) Z % Z v(ir+e +e—ej)
JEL\L L\{1

i€L\1

TV (r+ey,j) TV (r,j) < 1+E c
> 3 z

’ycN<N—l ) ny[N } cN
+=——(—U-D+I-2|+—=—|——=(N-1
N ~v l ( ) N~y |~ ( ) ol

4. There is a unique minimum scrip holder k # 1 with r, > 0, and player 1 is in the set L, |L| =1, of players

who have the second minimum scrips.

ZTV(TJ):U_% % (Z v(r4e,—e;) +v(r+e,—er)

J Jj#k,1

—&—%( Z u(r—i—ei—ek)—&—u(r—f—el—ek))

ieL\1

ZTV(r+el,j) =u+

J

=]

(Z v(ir+ei+ep—e;)+o(r+eg)

JFk,1

1
1

ZTV r+ep,j) ZTVT] (

5. There is a unique minimum scrip holder k # 1 with r, > 0, and there are [ players who have the second

+ v(r+e+e —ep)

1

+(N - 2)+ll1> +X,J;][];[—(N—1)]c:civ

o~

L

m
—

N‘}—‘

minimum scrips, not including player 1. Following the same logic as before, we obtain

STVt end) - STV < 2

6. There is a unique minimum scrip holder k # 1 with r, =0.

ZTV r+e ;) ZTV r,7) N
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7. There are [ > 2 minimum scrip holders, not including Player 1.
o . N _cN
S TV(r+ey,j) =Y TV(rj) < B
J J

Q.E.D.
Proof of Proposition 5

First we show the result for the general case where N > 3. Denote v; =3,V (e, j), where e is the vector
of all ones; vy = Z]. V(e+ e —ea,7), that is, player 1 has two scrips while another player has zero; v3 =
Zj V(e—e1+ea,j), that is, player 1 has zero scrips while another player has two; v, = Zj Viedes—es,j).
Due to symmetry (see Lemma 5), (e,j), (e+e1 —e2,j), (e—e1+e2,j), and (e+ ez —e3,j) for any j are the
only types of recurrent states in the system with R = N scrips. The corresponding recursive equations (10)
- (12) give us

vi = (u—c)+ (v/N)(va+vs+ (N —2)vg) , ve = u+ (v/N)(v1 + (N = 1)) ,
vz = —(N — 1)C+("}//N)(V1 +1/3+(N—2)1/4) , vy = u+ ('y/N)(V1 +1/3+(N72)1/4)

The solution is

vy= (1—%(N—1) - [Xful—l—;[((N—w)u—(N—l)'yc)} >0
v3 >0 iff
o (N =DIN=y(N=2)1=)(N+7))  §((N=1)=(N=2)7)(1=7)(N+7)
EZ =14 —

(N + (N 21—V ) T (N (N =2) =) (N 7))

v (VD= ) +N) vy (1)

T (N V==V +9) gl <1+N+(N2)(17)(N+7)) ~(V-1)

Under condition (20), the above inequality holds.

For the special case where N =2 and following the same notation as above, the only types of recurrent
states are (e, j), (e4+e; —ea,j), and (e —e; +es,7) for j =1,2. Thus we keep our definitions vy = Zj Ve, %),
vo=) V(eter—eszj),andvz=73 V(e—ei+es,j), and we no longer have vy =3, V(e+ez —e3, ) since

there are only two players. The corresponding recursive equations (10) - (12) give us

V1:U7C+%(1/2+1/3) ; V2:U+%(V1+l/2) ; 1/3:*C+%(1/1+V3)
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The solution is

o —2(u—rc) S0 e —2(uy® +ey—2u) e 2(cy? +uy —2c)
6T T )0 -0 -2 Y (2 -1 - 2)

vp >0 iff 2 > 72‘—12, which is true under condition (20); v3 > 0 iff * > 272, which is also true under

condition (20).
Q.E.D.
Proof of Proposition 6
Similar to the proof of Proposition 4, we first show that for any functions V and V that satisfy (25)-(26),
condition (25) holds with 2,V and Z,V, with any given &.
First consider condition (25). Still denote v(r)=3_.V/(r,j), and v similarly.

(1.1) j=1, r =0.

ExV)(r,1) = (v/N)w(r) = (v/N)p(r +ex) = (E:V)(r +ex, 1) -

(1.2) j=1,7r >0,

ENr D) =u+y/(N[Tu(r, D)) Y vir—ei+e)

i€y (r,1)

EN(r+en ) =u+~/(N|T.(r+e1)]) Z vir—ei+e;+e).

ieTm(”Jrek,l)

Consider the following 3 possibilities.

(i) Y.(r+eg,1)=",(r,1). In this case, V(r —e; +e; +ex,j') <V (r—es +e;,5") from induction hypoth-
esis. Therefore we have (2, V)(r +ex, 1) < (2. V)(r,1).

(ii) Ye(r+ex,1)U{k} =T.(r,1). In this case, (r —e; +€; + e) is the same for all i € T, (r + ey, 1).
Therefore »-, v (., 1y P(r —e1+ei+e,)/|T(r + e, 1) equals v(r — ey +e; + €;) for any particular 4.
The same can be said for v(r — e; +¢;). The result then follows the comparison between v(r —e; + ¢;) and

p(r— ey +e; +e;) according to the induction hypothesis.

(iii) Y.(r,1)={k}. We have V(r —e; +ex,j') > V(r —e, +e; +ex,j') for any i # 1. Therefore,
EV)(r1) =u+ (y/N)v(r—ei +ex)

>u+y/(N|T(r+exl)|) Z v(r—ei+e +ey)=(EV)(r+el).

1€ i (r+eg,1)

(211) .77&17 rj:(): k%.%

ExV)(r5) = (v/N)v(r) = (/N (r + e) = (E:V)(r + ex, j) -
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(21.21) j#1,7=0,k=75,1¢YT.(r+¢;,5)

EV)rt e d) =7/ (NTulr+ep)l) Y wlr+e)

i€ (r+ej.7)
<Y/(N[Tulr+e, D)) D, wr)=(/Nw(r) = EV)(r)) -
€Y (r+ej,5)

(21.2.2) j#£1,r,=0,k=j, L€ T .(r+e;,5).

EV)r+ei)=|—cty/N Y vlr+e) | /|Tulr+e;.))

i€, (r+ey,5)

—C Y _ _
— 4 : Z p(r+e)+o(r+eq)
el N el e 2 s

—C f')/ _ CN
< — + , v(r+e;)+v(r)+—
Tl Mgl o 2 )
—c ¥ cN
< ~ + - v(r)+v(r)+ —
IT.(r+e;,7)]  N|YT.(r+e;,7) ieTR(rZﬂj,j)\l (r) (r) 5
—C Y . cN
= — + - T.(r+e;j)vir +)
T e e (T e+
= Lu(r) = (EV)(r,j)

where the first inequality follows from (26), and the second inequality follows from (25).
(221) ] 7£ ]-7 rj > 07 1 ¢Tn(r7j)7 1 ¢’rn(r+ek;j)'
EV)r5) =7/(N|Tu(r D)) Y. vir—e;+e)
€Y (1r,4)

ENr+ew i) =7/(NTo(rtenf)) Y vlr—e+ete).

1€ g (r+eg,j)

Following the 3 cases as in (1.2), we have the result.
(22.2) 7#1,r;>0, 1 €Y, (r,j), 1 € T.(r +ex,j). This means that we must have Y, (r,j) = {k}, and

T1 :Tk+1

EV)r+eni)=|—c+v/N DY vlr—ej+er+e) | /|Tulr+er )]
€Y (r+ek,s)

e ., ) )
N T » v(r—ejtexte)+v(r—e +erte
T (r+eni)  NT.(r+ewmi) | Z_ (r—e;j+ecte)+o(r—e +e+er)
i€ (rtep,5)\1

> c + v - cN
= | + ] ; E v(ir—e;te,+e)tv(r—e;+e

ITo(r+ex, )| N[To(r+ex )| (T ( jHente) v jtex)+ 5
1€  k(rter,i)\1
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—C

y

cN
< — + - Z v(ir—e;+e,)+v(r—e;+e,)+—
‘TN(T+ek7.7)| N‘Trﬁ(r""ek?j)l J€T x (rtep )\ 1

___ g

+ (T (r+epj)lvir—e —|—e)—|—CN>
T (r+end)]  NTo(r+enp \ < Y i

= %V(T —ejten) = (EV)(r,]) .

Here, the first inequality follows from (26), the second inequality follows from (25), and the last equation
follows from the fact that Y, (r,j) is a singleton with only one element, k

(231) j#1,7r;,>0,1€Y,.(r,j), 1 €T (r+ex, i)

EV)rd)=[—c+y/N >
€Y (r,5)

I/(T*@j‘i’ei) /|TR(T7J)|

EV)(r+ewj)=| —c+v/N Z v(r—ej+epte) | /|Tu(r+ex,j)l
€Yk (r+ek,J)

Similar to case (1.2), we consider the three cases. When T, (r + ey,5) = Y. (r,7), we have the result directly

from condition (25). Since here we assume that 1 € T, (

r,j), it is impossible that Y. (r,j) = {k}.
Now we focus on the case where | Y, (r+eg,j)|+1=|T.(r,j)| =L >1, that is, T, (r+ex, i) U{k} =T (r, 7).

L(L—1) (E.V(r+ex,j) — 2.V (r,]))

2

=—c+—|L Z v(r—e;+e,+e)+o(r
i€ T (rer, )\

—(L-1) Z v(ir—ej+e)+v(r—e;+ep)+v(r—e, +61)

=

e]—&—ek—kel

i€  (rtep,i)\1

——c—&-%[(L—l) Z ( p(r—e;+e +e)—v(ir—e;+e;)
i€  k (r+ep,5)\1
+ Z ﬂ(r—ej+ei+ek)—V(r—e]-—l-ek))—V(T—ej+6k)
i€ (r+ep,5)\1

(L71)< (r—e; +€k+€1)7l/(7”76j+61)>+l7(7”76j+ek+61)}

N
< —c+%{D(r—ej—|—ek+el)—1/(7‘—ej—|—ek)} <—c+ %CT 0,
where the first inequality follows (25), and the second inequality follows (26)

(232) j#1,7;>0,1€Y,.(r,j), 1 €Y. (r+ey,j). This is not possible when we assume k # 1

Next, we consider condition (26). First, consider the case when r; =

0, and. Denote C* to be n choose k.
We have the following possibilities.
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RO0.1 Player 1 is the only one with zero scrip in r and remains the only minimum scrip holder in 7 + e;.
Denote M to be the product of the probability that player 1 provides service when another (random) player
is the service requester times N — 1.

2 V) =3 T E )R V=Mt Y| Y vre—e)t Y vlr) | /0K

J J#1 rjtl€r Kjilgk;

Z(TV r+e1,]) ZZ V)(r+e1,5)/Cx

J

Y — —
:u—cM—FN Z (r+eey)) —|—Z Z D(r+2e; —e;)+ Z v(r,, +e1) /CK |

FE! Kkjil€r; rji 1€k
Therefore,
_ cN N N
N @V +er,j) — (TV)(r,5) Su+ %7( “D S Teme(N =) +e(N-1)= CT ,

J

where the first inequality follows induction hypothesis (25) as well as (25), and the second inequality follows
condition (24).

R0.2 Player 1 is NOT the only one with zero scrip in 7. Similar to the previous case, the difference between
> (TV)(r+ei,7) and >_;(T'V)(r,7) is upper bounded by u coming from the case j =1, as well as a collection
of ¢ terms. In the summations of all the cases over j, x; and service providers, either player 1 is not the
service provider, in which case 7 and v differ by e;, contributing a term ¢N/+ in the difference following
(25), which needs to be multiplied by the /N factor; or player 1 is selected as the service provider, resulting
in direct contribution of ¢ in the difference, while the 7 and v terms differ with e; with i # 1. Collecting the
¢ terms in all cases, the total difference is, therefore, exactly ¢(N — 1). Following the logic exactly as case
RO.1, we have, again,

Z(T‘_/)(r—i— e1,§) = (TV)(r,j) Su+c(N—-1) < N

J

Now consider 71 > 0. There is no difference of u between Y- (TV)(r + ey, 7) and Y (TV)(r,j) anymore.
Instead, when j =1, the difference between the v and v terms are always e;. Otherwise all other arguments
in R0.2 follows. Consequently, the overall difference is bounded by ¢N < c¢N /7.

Q.E.D.



