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P.O. Box 513, 5600 MB, Eindhoven, The Netherlands

September 20, 2015

Abstract

We consider an environment in which several independent service providers
can collaborate by pooling their critical, low-utilization resources that are
subject to unavailability. We examine the allocation of the collective cost
savings for such pooled situation by studying an associated cooperative
game. For this game, we will prove non-emptiness of the core, present a
population monotonic allocation scheme, and show convexity under some
conditions. Moreover, four allocation rules will be introduced and we will
investigate whether they satisfy monotonicity to availability, monotonicity to
profit, situation symmetry and game symmetry. Finally, we will also
investigate whether the payoff vectors resulting from those allocation rules

are members of the core.

1 Introduction

In this paper, we will investigate situations in which several independent service
providers keep the same type of critical, low-utilization resource that is subject
to unavailability. For example, one can think of a railway setting with several

contractors, each having one tamping machine. Tamping machines are critical
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resources as they repair unstable, and so unusable, railway tracks. As only a few
railway tracks become unstable per year and tamping takes some hours only,
utilization of tamping machines is relatively low. However, tamping machines
sometimes fail, are in repair, and as a consequence are unavailable for some
weeks. One can also think of a setting with several maintenance companies, each
having one repairman with specific knowledge for one and the same type of
highly profitable machine. Repairmen are critical resources as they repair those
machines. As machines break down only a few times per year and repair takes
some hours only, utilization of repairmen is relatively low. However, due to
illness and vacation, repairmen may be unavailable for several days. In both
examples, it can occur that there is a demand for an unavailable resource. For
the railway setting, this leads to more unavailability of the railway network and
as a consequence to high social costs. For the specialized repairmen setting, this
leads to long(er) down time of the machine and as a consequence to lower profit.
As utilization for resources is assumed to be relative low, pooling of resources
may be a natural option here. Nonetheless, resource pooling may result in

concerns of the service provides about their share of the total cost savings.

We will examine the allocation of the collective cost savings for such pooled
situation by studying an associated cooperative game. This cooperative game,
which we call a cooperative availability game, is a stylized model of reality. We
assume (i) that resources get unavailable independently from each other and (i)
that one available resource can satisfy all demand if necessary. The first
assumption is realistic as there is no reason to assume that a failure of a resource
of a service provider would affect the failure of a resource of another service
provider. The second assumption is a good approximation of reality when
demand is sparse and service time per demand is not too long, i.e., when
utilization is low. We will contribute in the following way. We will show that
there exist allocations that cannot be improved upon by any coalition, i.e., the
core is non-empty. Moreover, we present an allocation for every possible
coalition such that each player’s payoff increases as the coalition to which the
player belongs grows larger, i.e., we present a population monotonic allocation

scheme. In addition, we will present conditions that ensure that each player’s



marginal contribution increases as the coalition to which he or she belongs
grows larger, i.e., convexity of the associated game. We will also introduce four
different allocation rules and investigate whether the payoff vectors resulting
from those allocation rules increase for an increasing availability and increasing
profit, i.e., satisfy monotonicity to profit and monotonicity to availability.
Furthermore, we will investigate whether the payoff vectors resulting from those
allocation rules are the same for players that have the same profit function and
availabilities, i.e., satisfy situation symmetry, and are the same for players that
have the same payoff for every possible coalition, i.e., satisfy game symmetry.
Finally, we will also investigate whether the payoff vectors resulting from those

allocation rules are members of the core.

This paper can be positioned at the interface of cooperative game theory and
operation research problems. In literature, this research area is summarized
under the heading of operation research (OR) games. An overview of OR games
can be found in Borm et al. (2001). They divide OR games in five categories,
namely connection, routing, scheduling, production and inventory. Availability
games are mostly overlapping with the last category. Recent publications in this
category focus on EOQ situations (Meca et al. (2004)), economic lot sizing
situations (Van den Heuvel et al. (2007)), newsvendor situations (Ozen et al.
(2008) and spare parts pooling situations (Karsten et al. (2012); Karsten and
Basten (2014); Karsten et al. (2015)). Recently, Bachrach et al. (2012a,b, 2014)
introduced and investigated a new class of operation research games, called
cooperative reliability games, which comes closer to our work. Those games
consider a directed network with one sink and one source, where each link is
controlled by a self-interested agent. Those links are subject to failures with
some fixed probability. The agents can form coalitions to obtain connectivity
from the sink to the target node. A fixed reward, which is equal to the
probability of achieving connectivity for that coalition, should then be divided
amongst the participating agents. In particular, Bachrach et al. (2012b) focused
on how to approximate the Shapley value for large networks and Bachrach et al.
(2012a, 2014) focussed on when cooperative reliability games are convex and
balanced. The key difference with their work is that Bachrach et al. (2012b,a,



2014) assumed that the reward obtained per coalition depends on a single
societal profit function only, while in our model it is assumed that the reward
obtained per coalition depends on the sum of the profit functions of all players of
that coalition. Hence, results from Bachrach et al. (2012b,a, 2014) are not

applicable to our situation.

The remainder of this paper is as follows. We start in Section 2 with preliminaries
on cooperative game theory. Then, in Section 3 cooperative availability games will
be introduced, followed by showing general properties regarding those games. In
Section 4, four different allocation rules will be introduced and investigated on

several properties. Finally, conclusions will be drawn in Section 5.

2 Preliminaries on cooperative game theory

In this section, we provide some basic elements of cooperative game theory.
Consider a finite set N = {1, 2, ...,n} of players and a function v : 2N 5 R called
the characteristic function, with v(®) = 0. The pair (N, v) is called a cooperative
game with transferable utility, shortly called a game. A subset S C N is a coalition
and v(S) is the worth coalition S can achieve by itself. The worth can be
transferred freely among the players. The set N is called the grand coalition. For a
coalition S C N, the subgame (S,vg) is the game with player set S and
characteristic function v such that v5(T) = v(T) forall T C S.

A game (N, v) is called monotonic if the value of every coalition is at least the value
of any of its subcoalitions, i.e., v(S) < v(T) forall S,T C N with S C T. When the
value of the union of any two disjoint coalitions is larger than or equal to the sum
of the values of these disjoint coalitions, a game (N, v) is called superadditive, i.e.,
v(S)+o(T) <v(SUT) forall S, T C N with SNT = @. A game (N, v) is called
convex if the marginal contribution of any player to any coalition is less than his
marginal contribution to a larger coalition, i.e., v(T U {i}) — o(T) > v(SU {i}) —
v(S) forall S C T C N\{i} and alli € N.

An allocation for a game (N,v) is an n-dimensional vector x € RN describing

the payoffs to the players, where player i € N receives x;. An allocation is called
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efficient if }_;c y x; = v(N). This implies that all worth is divided among the players
of the grand coalition N. An allocation is called individual rational if x; > v({i})
for all i € N and called stable if no group of players has an incentive to leave the
grand coalition N, i.e. Y ;csx; > v(S) forall S C N.

The set of efficient and individual rational allocations, called the imputation set of
(N, v), is denoted by

4 (N,v) := {x eRN:x; > v({i}) foralli € Nand ) x; = v(N)} .
ieN

The set of efficient and stable allocations, called the core of (N, v), is denoted by

% (N,v) := {x eERN:Y x;>0(S)forallSC Nand ) x; = v(N)}.
ieS iEN
Following Bondareva (1963) and Shapley (1967), a game (N, v) is called balanced
if the core is non-empty. If for every S C N, the corresponding subgame (S, vg) is

balanced, the game is called totally balanced.

A well known allocation rule defined on games is the Shapley value, proposed by
Shapley (1953). The Shapley value can be described in several ways.  One is
to calculate a weighted average over all marginal contributions that a player can
make to any possible coalition. Formally, for any game (N, v) the Shapley value
is defined by

[TI(ON] =1 [T])!

®;(N,v) = ) N

TCN\{i}

o(TU{i}) —o(T) VieN.

For any game (N,v) an allocation scheme y = (yis)scn,cs specifies how to
allocate the worth of every coalition. A population monotonic allocation scheme
(PMAS), introduced by Sprumont (1990), is an allocation scheme (v;s)scnies
that is efficient, i.e., Y ;csyis = v(S) for all S C N, and monotonic, i.e., yis < it
forall S,T C N with S C Tandalli € S. If a game (N, v) admits a PMAS y, then
it is totally balanced and its allocation for the grand coalition, (y;n)ien, is a

member of the core.



3 Model

In this section, we will introduce availability situations and define the associated

games, called availability games.

3.1 Availability situations

Consider a situation with n € IN independent service providers, each providing
the same service with a single interchangeable resource. We assume those
resources to be unavailable occasionally. Let A; € [0,1] be the long term fraction
of time that the resource of service provider i is available, i.e., the availability of
service provider i, and let 1 — A; be the long term fraction of time that the
resource of service provider i is unavailable, i.e. unavailability of service
provider i. We assume P; : [0,1] — Ry being a non-decreasing function with
P;(0) = 0. For availability A;, service provider i receives a profit of P;(A;). We
will formalize this situation by a tuple, which we will refer to as an availability

situation.

Definition 1. An availability situation is a tuple (N, A, P), where
» N ={1,2,...,n} is the set of players (a player corresponds to a service provider);

w A = (A))ien is a vector of availabilities, (A; is the availability of the service of
player i);
n P = (P));en is a vector of profit functions (P; is the profit function of player i).
For short, we will use 6 to refer to an availability situation 6 = (N, A, P) and ¢’

to refer to an(other) availability situation 8’ = (N’, A’, P’). Moreover, the set of

availability situations is denoted by ©.

3.2 Availability games

The service providers can protect against unavailability by pooling their resources.
Here, we assume (i) that resources get unavailable mutually independent from

each other and (ii) that one available resource can handle demand of all service



providers if necessary. Based on those assumptions, pooling of resources works
as follows. If the resource of player i € M becomes unavailable, another player
in M with an available resource will help player i until his resource becomes
available again. If the resource of the helping player becomes unavailable itself,
another player in M with an available resource will help, and so on. Only when
all resources in coalition M are unavailable, no service can be provided anymore.
Hence, the availability of player i as part of coalition M becomes
AM=1-T]1-4)). (1)
jeM
The profit related to player i as part of coalition M becomes P;(AM) and thus
the profit of coalition M becomes Y ;) Pi(AM). Now, we can define a game

corresponding to an availability situation 6.

Definition 2. For any availability situation = (N, A, P), the game (N, v°) with

(M) = Y P (AM) @
ieM
for all M € 2N\{®@} and v%(@) = 0 is called the associated availability game.

Example 1. Consider availability situation 6 € © with A} = 0.6, Ay =09 and
Az = 05 and Py(x) = x, P2(x) = 2x and Ps(x) = 7x. In Table 1, the related

availabilities and corresponding profits for (N, v%) are presented per coalition. o

Table 1: Corresponding availabilities and profits

M AM (M) M AM (M)
@ 0 0 {12} 096 288
{1} 0.60 0.60 {1,3} 0.80 6.40
{2} 090 1.80 {23} 095 855
{3} 050 3.50 {1,23} 098 9.80

3.3 General properties

In this section, we will present general properties for availability games. The

following two Lemma’s will be used frequently.
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Lemma 1. For every availability situation § € © it holds that for any M,K C N with
MCK

[Ta—4) =T - 4.

ieM icK
Proof : Let 8 € O be an availability situation and M,K C N with M C K. We
have 0 <1— A; <1foralli € N and consequently
[Ta-4)>JJa-4)- J] A-A4) =[]0 - 4),
ieM ieM ieK\M ieK

where the inequality uses 0 < [;c5(1 — A;) < 1forall S C N. O

Lemma 2. For every availability situation 6 € © with M,K C N, M C Kandi € M it
holds that

P (AM) < P (4F). ()

Proof : Let 6 € O be an availability situation. Then

) <n oI ) a5 o) -n (o).

jeEM jeK
where the inequality is a result of (i) Lemma 1 and (i) the non-decreasing

property of P;. The first and last equality follow from (1). O

As a result of Lemma 2 we can now claim that availability games are monotonic.
Proposition 1. Every availability game (N, %) is monotonic.

Proof : Let 6 € © be an availability situation and (N, ) be the corresponding
availability game. Now, let M, K C N with M C K. Then

(M) = Y- B(aM) < 3 B (4F) < 1B (AF) = oK),
ieM ieM iekK
The first and last equality hold by definition. The first inequality holds by
Lemma 2 and the second one holds by the combination of P;(0) = 0 and the

non-decreasing property of P;. O

In addition, we are able to show that every availability game (N,%) is
superadditive: the value of the union of disjoint coalitions is larger than or equal

to the sum of the values of the disjoint subcoalitions.
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Proposition 2. Every availability game (N, %) is superadditive.

Proof : Let 6 € © be an availability situation and (N, ) be the corresponding
availability game. Let M, K C N with MN K = @. Then
0 6 — ( AM (AK
o (M) +9°(K) = Y P (aM) + 1P (4F)
ieM i€k

< YR (AMUK) 4 Yo (AMK)

ieM ieK
- Y (AMUK) = o*(MUK).
1€ MUK

where the inequality holds by Lemma 2. O

Superadditivity does not suffice to conclude that efficient and stable allocations
exist. Following Shapley (1953), convexity of games is a sufficient condition for
the existence of (an) efficient and stable allocation(s). The following example will

show that availability games are not convex in general.

Example 2. Consider the situation of Example 1. Observe that v({1,2,3}) —v({2,3})
= 9.80 —8.55 = 1.25 < 2.90 = 6.40 —3.50 = v({1,3}) —v({3}) and we can conclude

that the game is not convex. o

Despite that availability games are not convex in general, the existence of an

efficient and stable allocation can still be proven.
Theorem 1. Every availability game (N,v%) has a non-empty core.

Proof : Let § € © be an availability situation and (N, ) be the corresponding

availability game. Let (x;);cn be the allocation with
x; =P, (AN) foralli € N.

First, observe that

Yoxi= Y P (aN) =),

icN icN
and thus the allocation is efficient. Secondly, observe that for any M C N

Yx=Y P <A1N> >y p (AIM> =% (M),

ieM ieM ieM



where the inequality holds by Lemma 2. Given that Y.y x; > 0(M) the
allocation is stable as well. Hence, (x;);cn is an efficient and stable allocation and

thus always a member of the core. The core is non-empty. O

We can also claim that availability games have a population monotonic allocation
scheme (PMAS).

Theorem 2. For every availability situation 6 € © the allocation scheme (a; s)sc N ies,
given by
a;s = P (Af) foralli € Sandall S C N

is a population monotonic allocation scheme (PMAS) for (N, v%).

Proof : Let 6 € O be an availability situation. Then, observe that
Yais =Y P (4F) =o(S)
= =
for all S € N. Secondly, observe that for any S,T C N with S C Tand i € S we
have
ais = P (Als> <P (AlT) = a;7
and so (a;s)ics,scn is a PMAS. O

Following Sprumont (1990), every game with a PMAS is totally balanced. Since
every availability game has a PMAS, it is totally balanced as well.

Corollary 1. Every availability game (N, v°) is totally balanced.

In Example 2, it is illustrated that availability games are not convex in general.
However, it is of interest to investigate if there exist necessary and sufficient
conditions for a class of availability situations for which convexity can be
ensured. We will investigate the class of availability situations with linear profit
functions, i.e., for which for every player i € N, there exists a p; € R such that
Pi(x) = pix for all x € [0,1]. These situations will be called linear availability

situations. The set of linear availability situations will be denoted by @L.

Definition 3. Let 6 € O be a linear availability situation. Then the function £5;(0) is
defined by

Zij(0) = A, (Z prA; — pi) —pjA; foralli,j € N withi # .
keN
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Theorem 3. For every linear availability situation 6 € @ with |N| > 2 and A; €
[0,1) for all i € N the corresponding game (N, v°) is convex if and only if

Z;i(0) <0 foralli,j € N withi # j.
Proof : See Appendix'.

Example 3. Consider the (linear) availability situation of Example 1. Note that py =1,
p2 =2 and p3 = 7. Then, £1,(0) is given by

£1(0) =09-(10-06—1) —2-0.6 =3.3 > 0.
As derived directly in Example 2, the game is indeed not convex. o

For linear availability situations 8 € ®" with p; = 7 € R for all i € N, Theorem

3 reduces to an easier result.

Corollary 2. For every linear availability situation 6 € @Y with |N| > 2,
pi=p € Ry foralli € N,and 1 > Ay > Ay > ... > Ay, the corresponding
availability game (N, v°) is convex if and only if

IN|A1A; — A1 — Ay < 0.
Proof : See Appendix.

Corollary 2 states that, under specific conditions, the corresponding availability
game is convex. For example, availability games with only few players are more
likely to be convex than games with many players (under the same highest and
second highest availabilities). This may be due to the following effect. The
additional profit player i € N generates when another player j € N\{i} enters
the coalition decreases by the size of the coalition player i € N belongs to. This
effect may occur for linear availability situations § € @ where availabilities (and

profits) are constant as well.

Corollary 3. For every linear availability situation § € Ol with |[N| > 2 and
Ai=A€[0,1)and py < py < ... < py the corresponding availability game (N,v°) is

convex if and only if
TPt
A< .
LieN Pi

IFor the sake of readability, lengthy proofs are presented in the Appendix.
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Proof : See Appendix.

Corollary 4. For every linear availability situation & € Ol with |[N| > 2 and
pi=P € Ryand A; = A € [0,1) forall i € N the corresponding availability game
(N, 0% is convex if and only if

A< |2—|
Proof : See Appendix.

4 Allocation Rules

In the proof of Theorem 1, an interesting allocation for every availability situation,
i.e., an allocation rule, is presented. Despite that the payoff vector of this allocation
rule is a core member of every availability situation, it will not necessarily satisfy
any other (appealing) property. Even stronger, there may exist other allocation
rules that (i) allocate total profit based on other criteria, (ii) satisfy interesting
properties and (ii7) have a payoff vector that is a core member for every availability
situation as well. For that reason, we will introduce three other (interesting)
allocation rules regarding availability situations. For the, in total, four allocation
rules, we will investigate if they satisfy monotonicity to availability, monotonicity
to profit, situation symmetry and game symmetry. Finally, we will also investigate

the core membership of the payoff vectors resulting from the allocation rules.

4.1 Four allocation rules

First, we will formally introduce an allocation rule defined on availability

situations.

Definition 4. An allocation rule on availability situations is defined as a mapping -y that

assigns to any availability situation 0 € © a vector v(0) € RN.

We will only pay attention to allocation rules that divide the total profit, ie.,
Yien fi(0) = v?(N) for any availability situation § € ©. The total profit that can

be generated only depends on (i) the availabilities and (i) the profit functions

12



of the different players. In what follows, we will first introduce three intuitive
allocation rules, each depending on the availabilities and profit functions of the
different players of the corresponding availability situation. Thereafter, we will
present the fourth allocation rule which is based on a well-known allocation rule

for cooperative games, namely the Shapley value.

The first allocation rule (which is introduced in the proof of Theorem 1 as an
allocation for every availability situation) will allocate to every player the profit,
he or she generates with its own profit function while being part of the grand
coalition. It is based on the idea that a player that generates more profit than
another player under the same availability should also be rewarded more. This
allocation rule, which we call Own Profit (OP), is described for any availability
situation 6 € © by
OP(6) = P, (A,N) foralli € N.

A possible drawback of the first allocation rule is that players are not rewarded
directly for the impact of their own availability (on the profit functions of
others). The second allocation rule overcomes this by allocating the total profit
proportional to the availabilities of the players. The idea behind this allocation
rule is that the more a player is available, the more it can help others and for this
it will be rewarded. Formally, for every availability situation 6 € © for which
there exists at least one player j € N with A; > 0, this allocation rule, which we
call Proportional to Availability (PA), is defined by
Aj

ZjGN Aj

A possible drawback of the second allocation rule is that players are not rewarded

PA;(0) = v?(N) foralli € N.

directly for the profit generated with their own profit function while being part
of the grand coalition. The third allocation rule will not overcome this (nor the
other) drawback. However, it tries to find another intuitive way of dividing the
profit based on the availabilities and profit functions. This allocation rule will first
allocate the individual profit, i.e., the profit that every player would obtain in the
individual situation, to every player. In fact, every player will be rewarded for
their own availability and profit function. Then, the remaining part of the total

profit will be divided proportional to the players” cost of unavailability. Hence,
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the more a player is unavailable, the more it gets from the remaining part of the
total profit. The idea behind this part is that the more a player is unavailable,
the more (potential) profit it can generate while cooperating. For that, the player
will be rewarded. Formally, for every availability situation 6 € © for which there
exists at least one player j € N with A; < 1, this allocation rule, which we call
Proportional to Unavailability Costs (PUC), is defined by

PUCH(0) = o ({i}) + Zj;ﬁ;(l)lj—z(gl({%)} (vQ(N) 1&#({;’})) foralli € N.
The last allocation rule that will be introduced is the Shapley value. The Shapley
value (Shapley (1953)) is a well-known (and accepted) allocation rule for
cooperative games. It is the only one that satisfies the efficiency, monotonicity,
symmetry and dummy property simultaneously. We will define the Shapley
value (SV) for every availability situation 6 € ® by

SVi(0) = ®;(N,v%) forallie N.

4.2 Properties of allocation rules

In this section we will investigate whether the allocation rules satisfy intuitive
properties as monotonicity to availability, monotonicity to profit, situation
symmetry and game symmetry. Finally, we will also investigate whether the

payoff vectors resulting from the allocation rules are core members.

4.2.1 Monotonicity to availability

Suppose the availability of a player increases. Then, this specific player is able to
generate more profit. Moreover, as the total availability increases, other players
can generate more profit as well. Hence, it is natural to assume that players do
not expect decreases in their allocations. We will investigate whether the
allocation rules will allocate to all players not less when the availability of any

player increases., i.e., satisfy monotonicity to availability.

14



Definition 5. An allocation rule -y satisfies monotonicity to availability on D C © if

for any two availability situations 6,6 € D, where 0 and €' coincide except for the

availability of player j with Aj < A

v(0) < 7i(8') forallic N.

The following example will show that allocation rules PA, PUC and SV do not

satisfy monotonicity to availability on ©.

Example 4. Consider availability situation 6 € © with N = {1,2,3}, A4

0.5,

Ay =05, A3 = 0.5and

x if O§x§%
x if ngg%
P(x)=4q3 if 3<x<1 DBx) =
1 if 3<x<1
\1 if  x=1,

Moreover, consider situation 8’ € ©, which coincides with 6 except that A% = 0.75. In

Table 2, the four allocations regarding those two situations 6 and 6’ are depicted for all

three players.
Table 2: Allocations for availability game
i OP;, PA; PUC; SV, i OP; PA; PUC; SV,
1 2 2 7 1 4 1 1
L2 5 35 L2 7 2 2
62 3 3 5 n 923 37 3 3
3 1 2 2 I 31 & 1 1

Allocation rules PA, PUC and SV do not satisfy monotonicity to availability, since

Note that this example can also be constructed with continious profit functions.

2 4

PAy(0) = 3 > = = PAy(0)),
2 1

PUa(6) = 5 > 5 = PUy(9"),
7 1

SVa(8) = 55 > 5 = SV3(¢).

15



Theorem 4. Allocation rule OP satisfies monotonicity to availability on ©.
Proof : See Appendix.

For linear availability situations, we obtain different results regarding
monotonicity to availability. The following example will be used to show that

allocation rules PA and SV do not satisfy monotonicity to availability on ©F.

Example 5. Consider the (linear) availability situation 6 € @F of Example 1. Moreover,
consider situation ' € OL, which coincides with 0 except that Ai = 0.8 now. In Table
3, the four allocations regarding those two situations 0 and 0’ are depicted for all three

players. All numbers are rounded to two decimals.

Table 3: Allocations for availability game

i OP, PA; PUC; SV i OP, PA; PUC; SV
1 098 294 098 128 1 099 360 099 1.52
6 2 196 441 199 295 @ 2 198 405 200 270
3 686 245 683 557 3 693 225 691 568

Allocation rules PA and SV do not satisfy monotonicity to availability, since

PA»(6) > 4.40 > 4.06 > PA,(0'),
SV5(0) > 2.94 > 2.71 > SV, (0)). o

Theorem 5. Allocation rules OP and PUC satisfy monotonicity to availability on ®L.

Proof : See Appendix.

4.2.2 Monotonicity to profit

Suppose the profit function of a player changes such that the outcome of the
difference between the old and the new profit function increases for an increasing
availability. Then, this specific player is able to generate more profit. Despite that
the other players will not generate more profit themselves, they are responsible
(in terms of availability) for the (extra) profit of the specific player as well. Hence,
it is natural to assume that players do not expect decreases in their allocations.

We will investigate whether the allocation rules will allocate to all players not less
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when the difference between the outcome of the new and old profit function of
a specific player is non-decreasing in the availability, i.e., satisfy monotonicity to

profit.

Definition 6. An allocation rule <y satisfies monotonicity to profit on D C @ fif for any
two availability situations 6,0" € D, where 6 and ' coincide except for the profit of player

j with P]f(x) — Pj(x) non-decreasing in x
Yi(6) < (') foralli € N.

The following example will show that allocation rule PUC does not satisfy

monotonicity to profit on OF.

Example 6. Consider an availability situation 0 € @ with N = {1,2,3} and A; = 0.6,
Ay =07and A3 = 0.5and p1 = 1, pp = 3 and p3 = 9. Moreover, consider situation
0" € @L, which coincides with 0 except that p| = 10 now. In Table 4, the four allocations
regarding those two situations 0 and 0’ are depicted for all three players. Note that all

numbers are rounded to two decimals.

Table 4: Allocations for availability game

i OP, PA; PUC; SV i OP, PA; PUC; SV
1 094 407 095 1.69 1 940 689 944 883
6 2 282 475 288 354 @ 2 282 804 287 438
3 846 339 839 698 3 846 574 837 7.46

Allocation rule PUC does not satisfy monotonicity to profit, since
PUC5(0) > 8.38 > PUC;3(¢'). o
Theorem 6. Allocation rules OP, PA and SV satisfy monotonicity to profit on ©.

Proof : See Appendix.

4.2.3 Situation Symmetry

Suppose that two players have the same profit function and availability. Then,

those players both generate the same profit and both help other players (in terms
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of availability) in the same way. Hence, it is natural to assume that those players
expect the same allocation. We will investigate whether the allocation rules will
indeed allocate the same to both players, i.e., satisfy situation symmetry. For this

we will introduce some new definitions.

Definition 7. For any availability situation 0 € ©, players i,j € N with i # j are called

situation symmetric if

Pi(x) = Pi(x) forall x € [0,1] and A; = A;.

Definition 8. An allocation rule <y satisfies situation symmetry on D C @ if for all
0 € D and all situation symmetric players i,j € N with i # j it holds that

7i(0) = 7;(6).
Theorem 7. Allocation rules OP, PA, PUC and SV satisfy situation symmetry on ©.

Proof : See Appendix.

4.2.4 Game Symmetry

Suppose that player i and player j have the same individual profit, but not
necessarily the same profit functions and availabilities. Moreover, assume that
the total profit of any coalition including player i equals the total profit of the
same coalition including player j rather than i. So, both players are symmetric,
but now in terms of the corresponding availability game. Hence, it is natural to
assume that both players expect the same allocation. We will investigate whether
the allocation rules will allocate the same to both players, i.e., satisfy game
symmetry. We will first introduce the definition of symmetric players in terms of

availability games.

Definition 9. For any availability situation 6 € © players i,j € N with i # j are called

game symmetric if for the corresponding availability game (N, %)
o’(SU{i}) =2 (SU{j}) ¥S S N\{i,f}.

Definition 10. An allocation rule -y satisfies game symmetry on D C @ if for all 0 € D
and all game symmetric players i,j € N with i # j it holds that

7i(0) = 7;(0).
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The following example will show that allocation rules OP, PA and PUC do not

satisfy game symmetry on QL.

Example 7. Consider a linear availability situation 6 € O with N = {1,2,3} and
A1 =07, Ay =08and A3 =0.9 p1 =9,pr =40and p3 = 7. Then v ({1}) = 6.3 =
08({3}) and v9({1,2}) = 49-0.94 = 47 -0.98 = v%({2,3}) and thus we can conclude
that player 1 and 3 are symmetric. The corresponding allocations are presented in Table

5. All numbers are rounded to two decimals.

Table 5: Allocations for availability game
i OP;, PA; PUC; SV,
1 895 1624 892 9.18
& 2 3976 1855 39.76 37.30
3 696 2087 698 918

The allocation rules OP, PA and PUC do not satisfy game symmetry, since

OP;(0) > 7.00 > OP;(9),
PA1(0) < 20.00 < PA3(6),
PUC;(8) > 7.00 > PUC;3(6). o

Theorem 8. Allocation rule SV satisfies game symmetry on ©.
Proof : Let 6 € O be an availability situation. Moreover, let i,j € N with i # j
be two game symmetric players in (N,o?). Following Shapley (1953), it holds
that @;(N, %) = @;(N,0%). As a consequence, SV;(8) = ®(N,v%) = ®;(N,2%) =
SV;(0), which concludes that SV satisfies game symmetry. O

4.2.5 The core

In Section 3.2 we already investigated the non-emptiness of the core. This result
was based on finding a payoff vector that always belongs to the core. Now, we
will investigate whether the payoff vectors resulting from the allocation rules are

always members of the core as well.

The following example will show that there exists an availability situation 6 € ©
for which payoff vectors PA(6), PUC(6) and SV () are not core elements.
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Example 8. Consider the availability situation of Example 4. Then, the corresponding
game (N,%) is given by °({1}) = °({2}) = {3} = 1
®({1,3}) = °({2,3}) = 13, *({1,2}) = 1 and %({1,2,3}) = 2. The payoff
vectors resulting from allocation rules PA, PUC and SV (see Table 2) are not elements of

the core, since

PAL(8) + PAs(6) = 2+ 2 < 15 — o0({1,3}),

37372
2 2 1
PUCH(6) + PUCS(0) = - + 2 < 15 =o"({1,3}),
SV1(0) 4 SVa(0) = — + 20 12 11— oo qa,3)). o

12 120 12 2
Theorem 9. For every availability situation 0 € © it holds that

OP(8) € C(N,%).
Proof : See proof of Theorem 1 where OP;(0) = x; for alli € N. O

The following example will show that there exists a linear availability situation

6 € @ for which payoff vector PA(f) and SV (6) are not core elements.

Example 9. Consider the (linear) availability situation § € O of Example 1. The related

allocations are presented in Table 6. All values are rounded to two decimal places.

Table 6: Allocations for availability game
i OP; PA; PUC; SV,

098 294 098 1.28

196 441 199 295

6.86 245 6.83 5.57

>
W N -

The payoff vectors resulting from allocation rules PA and SV are not elements of the core,

since

PA»(0) + PA3(8) < 4.42 +2.46 = 6.88 < v7({23}),
SV5(8) 4 SV5(8) < 2.96 +5.58 = 8.54 < v%({23}). o

For the upcoming theorem, the following lemma will be used.
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Lemma 3. Let 6 € OF be a linear availability situation with x; = 1 — A; for all i € N.
Then for all S C N it holds that

T (ITn) = 520 5 (T15).

i€S j€s LjeN PiXj jex jEN

Now, it is possible to show that for every linear availability situation § € @

payoff vectors PUC(#) and OP(6) are core members.

Theorem 10. For every availability situation 6 € O it holds that

PUC(#),0P(0) € C(N, 7).
Proof : See Appendix.

Following Shapley (1953), the Shapley value is a member of the core if the
corresponding game is convex. In Theorem 3 necessary and sufficient conditions

are given for convexity of games associated with linear availability situations.

Corollary 5. For linear availability situations 6 € ® with L;(0) < 0 for all i,j € N
and i # j, SV (0) is a member of the core of (N, %).

5 Conclusions

In this paper, an environment was considered in which several independent
service providers can collaborate by pooling their critical, low-utilization
resources that are subject to unavailability. We examined the allocation of the
collective cost savings for such pooled situation by studying an associated
cooperative game. For this game, we proved non-emptiness of the core,
presented a population monotonic allocation scheme, and showed convexity
under some conditions. Moreover, we discussed four allocation rules and
investigated whether they satisfy intuitive properties as monotonicity to
availability, monotonicity to profit, situation symmetry and game symmetry.
Next to that, we investigated whether the payoff vectors resulting for those

allocation rules are core members. In Table 7 and Table 8 all results are
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summarized together. It turns out that none of the four allocation rules satisfies
all properties. However, in terms of the underlying properties, allocation rule
Own Profit (OP) is preferable to allocation rule Proportional to Unavailability
costs (PUC) and to allocation rule Proportional to Availability (PA). Finally,
Allocation rule Shapley Value (SV) is preferable to PA.

Table 7: Results for availability situations
Properties OP PA PUC SV

Monotonicity to availability v X X X

Monotonicity to profit
Situation symmetry

Game symmetry

ANIEENEN
XX NN

X
v
X
X

SSENEENIEN

Member of the core

v': satisfies property

x : does not (always) satisfy property

Table 8: Results for lineair availability situations
Properties OP PA PUC SV

Monotonicity to availability v X v X
Monotonicity to profit v o X v
Situation symmetry v oV v v
Game symmetry X X X v
Member of the core v X v ooox*

* : satisfies property if conditions of Corollary 5 hold.
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6 Appendix

Proof of Theorem 3

Proof : Let § € O be a linear availability situation with [N| > 2 and (N, %)
be the corresponding availability game. We will show that the corresponding

availability game is convex if and only if £;;(0) < 0 for all i,j € N with i # j.

(=) Suppose the availability game is convex, i.e. (Shapley (1953)),

o(SU{i,j}) —o*(SU{j}) - ("(SU{i}) —2°(5)) > 0 (4)

for all i,j € N withi # jand all S C N\{i,j}. Leti,j € N with i # j and
S C N\{i,j}. Based on (4) it holds that

0< o (SU{ij}) —o*(SU{j}) — (W (SU{i}) — o°(5))
= Z Pk (1 H (1Al)> Z Pk (1 H (1Al>)

keSU{i,j} leSu{i,j} keSU{j} leSu{j}
Y. Pk(l— I 1—A1>+2Pk<1—H1—A1))
keSu{i} leSu{i} kes lesS
= )Y, (Ai IT a- Al)) + pi (1 - ] a- Al))
keSU{j} 1eSU{j} 1eSU{i,j}

- Y (AiH(l—A,)) — pi (1 I (1A1))

keS leS leSU{i}

= J] a-4) ( Y. mAi- A))
leSu{j} keSU{j}
o4}

leS kes

H(lAl)((lAj)( Y, prAi- ) (Z PrAi — ))
les keSU{i,j} keSU{i}

where the first equality follows by definition. The second equality follows by
combining all terms k € SU {j} from the first and second summation into one

summation and combining all terms k € S from the third and fourth summation
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into one summation. In the two new summations we combine the product terms
and use that A; = 1 — (1 — A;). Finally, we write down the terms that are left from
the original summations. In the third equality the product term [T;cs;(1 — A)) is
taken out of the first and second term and the product term [];c5(1 — A;) is taken
out of the third and fourth term. Moreover, p; -1 and —p; - 1 cancel out against
each other. In the fourth equality the product term [];c5(1 — A;) is taken out of
the whole equality and —p;(1 — A;) is written as p;A; — p;, where p;A; is finally

included into the summation.

As A; € 0,1) for all i € N, it holds that [T;cs(1 — A;) > 0. If the last expression
is divided by [T;c5(1 — A;), we obtain

0<(1-4) ( )3 PkAiPi) - ( ) pkAiPi)
keSuU{i,j} keSu{i}

PinAj< Y. PkAz'Pi)-

keSUT{ij}

This is equivalent to
Aj ( Y. pAi— Pz‘) —pjAi <0. ®)

keSU{ij}
Asi,j € Nwithi# jand S C N\{i,j} were chosen arbitrarily, (5) holds for any
i,j € Nwithi # jand all S C N\{i,j}. In particular, (5) holds for any i,j € N
with i # jand S = N\{i,j}. For S = N\{i,j} the left side of (5) coincides with
Z;(0) and thus .Z;(6) < 0 for all i,j € N with i # j.

(<) Now, we assume that
Lij(8) <0

for all i,j € N with i # j. Then, for a given i,j € N with i # j it holds that

A]' (Z pkAi — p1> — PjAz' <0.
keN

Now, let S € N\{i,j}. As Yiesufijy PrAi < Lken PrAi, we can conclude that

4 ( L PeAis Pi) — Pjdi < 4 (Z PrAi — pz) — pjA; <0,

keSU{i,j} keN
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This implies that

keSu{i,i}
= —4; ( )3 pkAi_Pi) + ( )3 pkAi_pi)
keSU{i,j} keSU{i,j}
( Y PkAz‘Pz‘>
kesu{i}

=(1-A)) ( ). PkAz'Pi) - ( )3 PkAiPi)
keSu{i,j} keSu{i}

Multiplying the last expression by [];c5(1 — A;) > 0 results into

[Ja-A4) ((1—Az‘) ( Y. PkAi—Pi) - ( Y. PkAi—Pi>) > 0.
les kesu{i,j} keSU{i}

From proof (=) we know that this inequality coincides with

0 < —A ( Y. prAi- Pi) + pjAi

o(SU{i,j}) —o(SU{j}) — (v(SU{i}) —v(S5)) = 0 (6)
Asi,j € Nwithi# jand S C N\{i,j} were chosen arbitrarily, we can conclude
that (6) holds for any 7,j € N with i # jand all S C N\{7,j}. This coincides with

convexity, which concludes the proof. O

Proof of Corollary 2

Proof : Let 6 € O be a lineair availability situation with p; = 7 € Ry foralli € N
and1> A; > Ay, > ... > A,. Let (N,0%) be the corresponding availability game.
We will show that the corresponding availability game is convex if and only if
IN|A1Ay; — A — Ay <0.

(=) Suppose the corresponding availability game is convex. Then, by Theorem 3,

L;j(8) <0foralli,j € Nwithi# jandso

L2(0) = Az (IN|pA; —P) —pA1 <0.

Asp € Ry, we derive
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IN|A1Ay — A — A <0,

which concludes this part of the proof.

(<) Suppose that [N|A1A; — A1 — Ay < 0. Then, it holds

1 1

As 0 < Ay < A; < 1, this implies that 3|N|A> —1 < 0 and 4|N|A; —1 < 0 or
1INJA, =1 < 0 and 3|N|JA; —1 > 0. We will now investigate those different

cases.
Case 1 1[N|A; —1<0and 3|N|A; —1<0
As 3IN|A; =1 <0, it holds that 3|N|A; —1 < 3|N|A; —1 < 0 forall j € N. As

A; € [0,1) for alli € N, it holds that A;(5|N|A; —1) < 0 forall i,j € N. Thus

1 1
A; (§|N|A]~ — 1) + 4 <§|N|Ai - 1) <0

Case 2 3|N|A; —1<0and 3|NJA; —1>0

(i) As A1(5|NJAj —1) < A1(3IN|A; — 1) for all j € N\1 and Aj(3|N]A; — 1) <
Az(3|N|A; — 1) for all j € N\1, it holds that

1 1 1 1
A1(5IN[4; = 1) + 4;(5IN[A1 = 1) < A1 (5N|A2 = 1) + A>(5|N|A; — 1) <0
forall j € N\1.
(ii) For i € N\l and j € N : j > i, it holds that }|N|A; —1 < }IN|A; -1 <
2IN|A2 —1 < 0. Thus
1 1 <

A; §|N|A]~—1 + A §|N|Ai—1 <0, (8)

Combining Case 1 and Case 2, we conclude that (8) holds for all i € N and all

j € N with j > i. Since .Z;(0) = £;;(0) for all i,j € N with i # j, (8) holds for
all i,j € N with i # j. As multiplying (8) with p € R4 will not affect the right
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hand side of the inequality, it holds that .%};(6) < 0 for all i,j € N with i # j. By

Theorem 3, the corresponding availability game is convex. O

Proof of Corollary 3

Proof : Let 6 € O be a lineair availability situation with A; = A € [0,1) for all
i€ Nand p; < pa... < pu. Let (N,0%) be the corresponding availability game.

We will show that the corresponding availability game is convex if and only if
A < Pitpe

A< LienPi’

(=) Suppose the corresponding availability game is convex. Then, by Theorem 3,
L;j(0) <0foralli,j € Nwithi# jand so

Zn(0) = A (Z piA — Pl) — A <0.
iEN

After some rewriting, we derive

TPt
A< ,
YieN Pi
which concludes this part of the proof.

(<) Suppose that 0 < A< %. After some rewriting, we derive

ieN

Z(Z PiZ—m) — A <0. )

iEN
The left hand side of (9) coincides with %},(60), and so %2(0) < 0. Now, observe
that

— R J— _2 J—
0> Lp(0)=A (Z PkA—P1> —pA=A") pc—Alpr+p2)
keN keN

_2 _
> A" Y p—Alpi+p))
keN
= Z;(0)

for all i,j € N with i # j. This implies that .£;(8) < 0 for all i,j € N with i # j.

By Theorem 3, the corresponding availability game is convex. O]
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Proof of Corollary 4

Proof : Let 6 € OF be a lineair availability situation with A; = A € [0,1) for all
i€ Nand p; = p € R, foralli € N. Let (N, v%) be the corresponding availability
game. We will show that the corresponding availability game is convex if and
only if A < ﬁ

(=) Suppose the corresponding availability game is convex. Then, by Corollary
3, it holds that

~ YkenPr IN[P N[

which concludes the first part of the proof.

(<) Suppose that A < ﬁ This implies that

A<2_2?_P1+P2

N[ INlp Lienpi’
and thus, by Corollary 3, the corresponding game is convex. g

Proof of Theorem 4

Proof : Let 6 € O be an availability situation and 6’ € © be another availability
situation that coincides with 6 except for the availability of player j, i.e., A; < A}.
Then, it holds for any player i € N that

OP;(0) = ( H(l—Ak))

keN
( (1—-Ap(1- A]-)
keN\{j}
(1-A)(1 - Aj)
kGN\{J}
( (1- A1 - A)
keN\{j}

= OP,(0)).
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where the third equality results from Ay = A} for all k # j and P; = P/ for all i €
N. The inequality results from 0 < A; < A} <1with0 < erN\{j}(l —Ap) <1,

and the fact that P; is non-decreasing. 4

Proof of Theorem 5

Proof : (i) OP. From Theorem 4 it follows that allocation rule OP satisfies
monotonicity to availability on ®. As ®L C O, allocation rule OP satisfies

monotonicity to availability on @ as well.

(ii) PUC. Let 0 € OF be a linear availability situation and 6’ € ®F be another
linear availability situation that only deviates in the availability of player j € N
with A; < A%. We claim that the derivative of PUC;(6) for any player i € N is non-
negative with respect to availability A;. Note that Pi(1) — Pi(A;) = p; — piA;
pi(1—A;) foralli € N.

Allocation PUC;(0) for player i € N can be rewritten as

teN keN IeN

Yien\(iy P11 — 4A) "
Yien pi(1—A)

(tEZN Pt (1 — A — k];[qu — Ak))>

= piA; + Zpt (1—At_ H(l_Ak)> - Z pi(1—Ap)

_ pi(1—
PUC;(0) = piAi + 2, pk(l — Ak (Z pt <1 -JI0- Ak)) - P1A1>

= p,'Ai—I— (1 —

teN keN IeN\{i}
Lien\(iy Pi(1
+ 1 — A
ZleN pi(1— tg\] pt;g; 2
=piAi+pi(1-A Zptl—[ 1—Ak)
teN keN

+ZleN\{}Pl( 1) Y p 10 - A

ZZGN Pl(l - Al) teN  keN
Yienfiy (1 —A)

- tgl Ptkl;l\:](l ~ ) (1  Tienpi(1-A) )
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pi(1—A;)
—Lrelli=a (ZzeN pi(1— Al)) '

teN  keN
As at least for one player k € N, Ay < 1, function PUC;(0) is continuous and
differentiable in A;. For player j, the derivative of PUC;(0) to A; is given by

d

- PUG;(0)
| ) (=p))
_ Xienpi = A - (=pj) —pi(1 = 4)) - (= ——
<216Npl<1—A,)>2 Lop 104
pi(1—
t 1—A (=1
R tgp JT -0
- P o o
<Ezewz<l—Az>>2<le§{j}’”( LA

leN teN keN

+Y m(1-A) Y p]]C1 —Ak)>

P Lten Pt [ Tken (1 — Ag) )
— pi(1—A)+ pi(1—A4;) | >0.
(Tien pi(1— A))? @%j} S ZGZN S

Note that all terms are non-negative and thus the derivative is non-negative as
well. Hence, PUC;(6) is non-decreasing in A;. This implies that PUC;(0) <
PUC;(#'). Taking the derivative of PUC;(0) to A; with i € N\{j} gives

d 0—(pi(1—-A

_ - —A

aa; UG = (zzeNmm—Az)) EJ’ L= 40
pill - e I1 (=40 ()

 Yien Pl(l - Al tEN  keN\{j}

pi(1—A)) ( szptnl—Ak)

 (Tienpi(1-A)) fEN  keN

+Y e J] (1—Ay) ZP1(1A1)>

teN  keN\{j} IeN
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(ZzeN pi(1— Al)) teN  keN\{j}

pill - (Zpt I 1Ak))

X (—Pj(l —Aj)+ ) p(1- Al))

leN

pill — 4, (ZPZ I1 1Ak)>

 (Tienpi(1— Al)) [EN  keN\{j}

X Y, m(1—A) | =0
IeN\{j}

Note that all terms are non-negative and thus the derivative is non-negative as

well. Hence, PUC;(0) is non-decreasing in A; for all i € N\{j}. We conclude that
PUC;(0) < PUC;(¢’) foralli € N. O

Proof of Theorem 6

Proof : Let 6,0’ € ® be two availability situations where 6 and 6’ coincide except
for the profit of player j with P/(x) — P;(x) non-decreasing in x. As Pi(x) —
Pi(x) = 0 for all k € N\j, it holds that P/(x) > P;(x) for all i € N. Hence, it holds
for alli € N that

OP;(6) = P, <1 - JTT- Ak)>

keN

<P (1 ~TIa- A;L)) — on(0')

keN

given that Ay = A} forallk € N.

In the same line, it holds that

ZkeN Ak keN heN

<y pa(i-TIo-4)

k keN

= PA;(0'),

heN

given that Ay = A} forallk € N.
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Finally, leti € N and S C N\{i}. Then

keSU{i} leSu{i}

o (SU{i})—o"(S)= Y P (1 [1 <1Az>)
- Y P <1—H(1—Al)>

kes les

=Y (P,Q (1 I (1Al))
kes lesu{i}

- P <1—H(1—Al)>)+P{ 1- J] a-4)
les leSU{i}

>y (Pk (1 IT (1Al))
keS leSu{i}

—Pk<1—H(1—Al)>)+Pi (1 I (1A1))
les leSU{i}
=9(su{i}) —2%(S).

where the inequality holds, as

i) if j € S (and thus j # i) then P]((y) — P]f(x) > Pi(y) — Pi(x) fory > x
and P/ = P, for all ] € S\{j} and P/ = P,.

ii)if j # Sand i = jthen P/ = P, foralll € S and P} > P;.

iii) if j ¢ Sand i # j then P/ = P, for all ] € S and P/ = P; and so

the inequality becomes equality.

As o7 (SU{i}) —o7(S) > v?(SU{i}) —v?(S) forany i € N and S C N\{i} and
given that the Shapley value of a cooperative game is a weighted average over

those marginal contributions, it follows that

SVi(6) = ®;(N,v") < ®(N,o") = SV;(¢') foralli € N,

which concludes the proof. O
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Proof of Theorem 7

Proof : Let 6 € © be an availability situation and 7,j € N with i # j two players

that are situation symmetric. For allocation rule OP it holds that
OP;(6) = P; (1 -JJ0- Ai)) =P <1 -1~ Ai)) = OP;(6),
keN keN
as Pi(x) = Pj(x) for all x € [0,1]. For allocation rule PA, it holds that
Aj 0 4
YkeN Ak (V) Lken Ak
as A; = A;. For allocation rule PUC, it holds that

PA;(0) ’(N) = PA;(6),

Ay B Pi(1) — P;(A;) 0\ 0
Pucz(g) =v ({Z}) + ZkGN Pk(l) o Pk(Ak) (U (N) lgv ({l})>

_ (A, P;(1) — Pi(A) 0\ 0
= B4+ Yken Pe(1) = Pe(Ax) (U ) zg’,v ({l})>
)

(1) — Bi(4)) BN — Vo
ZkeNPk(l)—Pk(Ak)< (N) l;\l ({7}

— (L Pj(l)_Pj(A]') o0 . o0
B ({]})+ZkeNPk(1)_Pk(Ak)< (V) Zg’, ({l})>

= Pj(A]') +

— PUG;(6),
As Pi(x) = Pj(x) for all x € [0,1] and A; = A;. Finally, for allocation rule
SV, it holds that P;(x) = P;(x) for all x € [0,1] and A; = A;. This implies that
9 (Su{i}) = v?(SU{j}) forall S C N\{i,j}. Based on Definition 9, player i and j
are game symmetric. Based on Theorem 8%, we can conclude that SV;(8) = SV;(6).

This concludes the proof. 4

Proof of Lemma 3

Proof : Let 0 € @ be a linear availability situation and x; =1 — A; for alli € N.
Then, it holds that

Y pixi Yy p (1 I xk) > 0.

i€S Jj€Ss keN\S

2This theorem will be proven later on.
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Moreover, it holds that

Yo pixi) pe— ), opi I o) pe =0

ieN\S keS ieN\S jeN\S k&S

Now, when both parts are summed, we obtain

0<Y pixiy_ pj (1 I xk)+ Y pixi Y P

€S jes kEN\S ieEN\S  keS

Y pi IT % ) pene

ieN\S jeN\S keS

=Y pixi Y pi— Y pixiypi I x+ Y. pixi ) px

ieS jes ieS j€S  keN\S iEN\S kes

Z Pi H ijkak

ieN\S jeN\S keSs

=Y px) pi— 2 pxid i I x— 2 v I1 5 ) e

ieN  jes €S jES KkEN\S iEN\S jeN\S  kes
=Y i) pi—pixi ) p [T w—Yrxe opi| I %
ieN jes ieS JES  keN\S keS iEN\S JEN\S

ieN jes i€S JEN keN\S

= ZPixiZPj—ZPixiZPj ( H xk) /

where the equalities hold by rewriting. From the last expression, we derive

ieN jes ieS jEN keN\S

L Pixi ) Pj2 ) Pivi ) P ( I1 xk> -
Multiplying both sides by [[jcs x; > 0 and subsequently dividing both sides by

ZjeN pjx; gives

Lol [n > ZSE 5 T,

i€s  jes LjeNPi%j e jeN

which concludes the proof. O

Proof of Theorem 10

Proof : Let § € OF be a linear availability situation. Note that P;(1) — P;(A;) =
pi — piA; = pi(1 — A;) for all i € N.
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(i) PUC. Tt holds that

L S04 pi(1—A) SN — T of
) PUCi= ), ( ({ })+2j€ij(1_Aj) < (N)— ), ({k})>>

ieN icN keN
= Y o ({i}) + o (N) = ¥ o ({k})
ieN keN
=%(N),

and thus PUC(0) is efficient. Secondly, let M C N, then

(M)=Y p (1 -T1a —Aj)>

ieM jeM
=Y pidi+ Y pi(l-A) =Y p[[Q-4)
ieM ieM ieM jeM
0/ (1A _ZieMPi(l_Ai) . _A:
< DU+ Epli-a) - SIS T nTT0 - 4)
B oS Yiem pi(1 = A;)
B Z-Z‘A;/I (i + Yken Pr(1 — Ag)
X (Z (1-A) =Y plC —Aj)>
keN ieN jeN
B e Yiem pi(1 — A;)
B ie% (i + Yken Pr(1— Ag)
X (Z pe1-TJA-4))-) PkAk)
keN jEN keN
_ 0 pi(l1 —A;) BN — T o
= ) _ PUG,
ieM

where the inequality is a result of Lemma 3 with S = M and x; = 1 — A; for all

j € N. Hence, PUC(0) is also stable and thus a member of the core.

(ii) OP. From Theorem 9 it follows that OP(8) € C(N,?) for every § € ®. Note
that § € @ C ®. Hence, OP(8) € C(N, %) for all § € ®L. O
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Nr. Year Title Author(s)
487 2015 Pooling of critical, low-utilization resources with Loe Schlicher, Marco Slikker,
unavailability Geert-Jan van Houtum
486 2015 Business Process Management Technology for Discrete Irene Vanderfeesten, Paul Grefen
Manufacturing
485 2015 Towards an Architecture for Cooperative-Intelligent Marcel van Sambeek, Frank Ophelders,
Transport System (C-ITS) Applications in the Netherlands Tjerk Bijlsma, Borgert van der Kluit,
Oktay Tiretken, Rik Eshuis, Kostas
Traganos, Paul Grefen
484 2015 Reasoning About Property Preservation in Adaptive Case Rik Eshuis, Richard Hull, Mengfei Yi
Management
483 2015 An Adaptive Large Neighborhood Search Heuristic for the Veaceslav Ghilas, Emrah Demir, Tom
Pickup and Delivery Problem with Time Windows and Van Woensel
Scheduled Lines
482 2015 Inventory Dynamics in the Financial Crisis: An Empirical Kai Hoberg, Maximiliano Udenio, Jan
Analysis of Firm Responsiveness and its Effect on Financial |C. Fransoo
Performance
481 2015 The extended gate problem: Intermodal hub location with  [Yann Bouchery, Jan Fransoo, Marco
multiple actors Slikker
480 2015 Inventory Management with Two Demand Streams: A Rob J.I. Basten, Jennifer K. Ryan
Maintenance Application
479 2015 Optimal Design of Uptime-Guarantee Contracts Behzad Hezarkhani
478 2015 Collaborative Replenishment in the Presence of Behzad Hezarkhani, Marco Slikker, Tom
Intermediaries Van Woensel
477 2015 Reference Architecture for Mobility-Related Services A A. Husak, M. Politis, V. Shah, R.
reference architecture based on GET Service and SIMPLI- Eshuis, P. Grefen
CITY Project architectures
476 2015 A Multi-ltem Approach to Repairable Stocking and Joachim Arts
Expediting in a Fluctuating Demand Environment
475 2015 An Adaptive Large Neighborhood Search Heuristic for the Baoxiang Li, Dmitry Krushinsky, Tom
Share-a-Ride Problem Van Woensel, Hajo A. Reijers
474 2015 An approximate dynamic programming approach to urban |Wouter van Heeswijk, Martijn Mes,
freight distribution with batch arrivals Marco Schutten
473 2015 Dynamic Multi-period Freight Consolidation Arturo Pérez Rivera, Martijn Mes
472 2015 Maintenance policy selection for ships: finding the most A.J.M. Goossens, R.J.1. Basten
important criteria and considerations
471 2015 Using Twitter to Predict Sales: A Case Study Remco Dijkman, Panagiotis Ipeirotis,
Freek Aertsen, Roy van Helden
470 2015 The Effect of Exceptions in Business Processes Remco Dijkman, Geoffrey van
lJzendoorn, Oktay Tiiretken, Meint de
Vries
469 2015 Business Model Prototyping for Intelligent Transport Konstantinos Traganos, Paul Grefen,
Systems. A Service-Dominant Approach Aafke den Hollander, Oktay Turetken,
Rik Eshuis
468 2015 How suitable is the RePro technique for rethinking care Rob J.B. Vanwersch, Luise Pufahl, Irene
processes? Vanderfeesten, Jan Mendling, Hajo A.
Reijers
467 2014 Where to exert abatement effort for sustainable operations |Tarkan Tan, Astrid Koomen
considering supply chain interactions?
466 2014 An Exact Algorithm for the Vehicle Routing Problem with Said Dabia, Stefan Ropke, Tom Van
Time Windows and Shifts Woensel
465 2014 The RePro technique: a new, systematic technique for Rob J.B. Vanwersch, Luise Pufahl, Irene
rethinking care processes Vanderfeesten, Hajo A. Reijers
464 2014 Exploring maintenance policy selection using the Analytic A.J.M. Goossens, R.J.I. Basten

Hierarchy Process: an application for naval ships




Nr. Year Title Author(s)
463 2014 Allocating service parts in two-echelon networks at a utility |D. van den Berg, M.C. van der Heijden,
company P.C. Schuur
462 2014 Freight consolidation in networks with transshipments W.J.A. van Heeswijk, M.R.K. Mes, J.M.J.
Schutten, W.H.M. Zijm
461 2014 A Software Architecture for a Transportation Control Tower |Anne Baumgrass, Remco Dijkman, Paul
Grefen, Shaya Pourmirza, Hagen Volzer,
Mathias Weske
460 2014 Small traditional retailers in emerging markets Youssef Boulaksil, Jan C. Fransoo, Edgar
E. Blanco, Sallem Koubida
459 2014 Defining line replaceable units J.E. Parada Puig, R.J.l. Basten
458 2014 Inventories and the Credit Crisis: A Chicken and Egg Situation[Maximiliano Udenio, Vishal Gaur, Jan C.
Fransoo
457 2014 An Exact Approach for the Pollution-Routing Problem Said Dabia, Emrah Demir, Tom Van
Woensel
456 2014 Fleet readiness: stocking spare parts and high-tech assets Rob J.I. Basten, Joachim J. Arts
455 2014 Competitive Solutions for Cooperating Logistics Providers Behzad Hezarkhani, Marco Slikker, Tom
Van Woensel
454 2014 Simulation Framework to Analyse Operating Room Release |Rimmert van der Kooij, Martijn Mes,
Mechanisms Erwin Hans
453 2014 A Unified Race Algorithm for Offline Parameter Tuning Tim van Dijk, Martijn Mes, Marco
Schutten, Joaquim Gromicho
452 2014 Cost, carbon emissions and modal shift in intermodal Yann Bouchery, Jan Fransoo
network design decisions
451 2014 Transportation Cost and CO2 Emissions in Location Decision |Josue C. Vélazquez-Martinez, Jan C.
Models Fransoo, Edgar E. Blanco, Jaime Mora-
Vargas
450 2014 Tracebook: A Dynamic Checklist Support System Shan Nan, Pieter Van Gorp, Hendrikus
H.M. Korsten, Richard Vdovjak, Uzay
Kaymak
449 2014 Intermodal hinterland network design with multiple actors |Yann Bouchery, Jan Fransoo
448 2014 The Share-a-Ride Problem: People and Parcels Sharing Taxis |Baoxiang Li, Dmitry Krushinsky, Hajo
A. Reijers, Tom Van Woensel
447 2014 Stochastic inventory models for a single item at a single K.H. van Donselaar, R.A.C.M.
location Broekmeulen
446 2014 Optimal and heuristic repairable stocking and expediting in a |Joachim Arts, Rob Basten, Geert-Jan
fluctuating demand environment van Houtum
445 2014 Connecting inventory control and repair shop control: a M.A. Driessen, W.D. Rustenburg, G.J.
differentiated control structure for repairable spare parts ~ |van Houtum, V.C.S. Wiers
444 2014 A survey on design and usage of Software Reference Samuil Angelov, Jos Trienekens, Rob
Architectures Kusters
443 2014 Extending and Adapting the Architecture Tradeoff Analysis |Samuil Angelov, Jos J.M. Trienekens,
Method for the Evaluation of Software Reference Paul Grefen
Architectures
442 2014 A multimodal network flow problem with product quality Maryam SteadieSeifi, Nico Dellaert,
preservation, transshipment, and asset management Tom Van Woensel
441 2013 Integrating passenger and freight transportation: Model Veaceslav Ghilas, Emrah Demir, Tom
formulation and insights Van Woensel
440 2013 The Price of Payment Delay K. van der Vliet, M.J. Reindorp, J.C.
Fransoo
439 2013 On Characterization of the Core of Lane Covering Games via |Behzad Hezarkhani, Marco Slikker,
Dual Solutions Tom van Woensel
438 2013 Destocking, the Bullwhip Effect, and the Credit Crisis: Maximiliano Udenio, Jan C. Fransoo,

Empirical Modeling of Supply Chain Dynamics

Robert Peels
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Nr. Year Title Author(s)
437 2013 Methodological support for business process redesign in Rob J.B. Vanwersch, Khurram
healthcare: a systematic literature review Shahzad, Irene Vanderfeesten, Kris
Vanhaecht, Paul Grefen, Liliane
Pintelon, Jan Mendling, Geofridus G.
van Merode, Hajo A. Reijers
436 2013 Dynamics and equilibria under incremental horizontal B. Vermeulen, J.A. La Poutre, A.G. de
differentiation on the Salop circle Kok
435 2013 Analyzing Conformance to Clinical Protocols Involving Hui Yan, Pieter Van Gorp, Uzay
Advanced Synchronizations Kaymak, Xudong Lu, Richard Vdovijak,
Hendriks H.M. Korsten, Huilong Duan
434 2013 Models for Ambulance Planning on the Strategic and the J. Theresia van Essen, Johann L.
Tactical Level Hurink, Stefan Nickel, Melanie Reuter
433 2013 Mode Allocation and Scheduling of Inland Container Stefano Fazi, Tom Van Woensel, Jan C.
Transportation: A Case-Study in the Netherlands Fransoo
432 2013 Socially responsible transportation and lot sizing: Insights Yann Bouchery, Asma Ghaffari, Zied
from multiobjective optimization Jemai, Jan Fransoo
431 2013 Inventory routing for dynamic waste collection Martijn Mes, Marco Schutten, Arturo
Pérez Rivera
430 2013 Simulation and Logistics Optimization of an Integrated N.J. Borgman, M.R.K. Mes, |.M.H.
Emergency Post Vliegen, E.W. Hans
429 2013 Last Time Buy and Repair Decisions for Spare Parts S. Behfard, M.C. van der Heijden, A. Al
Hanbali. W H M. Ziim
428 2013 A Review of Recent Research on Green Road Freight Emrah Demir, Tolga Bektas, Gilbert
Transportation Laporte
427 2013 Typology of Repair Shops for Maintenance Spare Parts M.A. Driessen, V.C.S. Wiers, G.J. van
Houtum. W.D. Rustenbura
426 2013 A value network development model and implications for B. Vermeulen, A.G. de Kok
innovation and production network management
425 2013 Single Vehicle Routing with Stochastic Demands: C. Zhang, N.P. Dellaert, L. Zhao, T.
Approximate Dynamic Programming Van Woensel, D. Sever
424 2013 Influence of Spillback Effect on Dynamic Shortest Path Derya Sever, Nico Dellaert, Tom Van
Problems with Travel-Time-Dependent Network Disruptions [Woensel, Ton de Kok
423 2013 Dynamic Shortest Path Problem with Travel-Time- Derya Sever, Lei Zhao, Nico Dellaert,
Dependent Stochastic Disruptions: Hybrid Approximate Tom Van Woensel, Ton de Kok
Dynamic Programming Algorithms with a Clustering
Approach
422 2013 System-oriented inventory models for spare parts R.J.l. Basten, G.J. van Houtum
421 2013 Lost Sales Inventory Models with Batch Ordering and T. Van Woensel, N. Erkip, A. Curseu, J.C.
Handling Costs Fransoo
420 2013 Response speed and the bullwhip Maximiliano Udenio, Jan C. Fransoo,
Eleni Vatamidou, Nico Dellaert
419 2013 Anticipatory Routing of Police Helicopters Rick van Urk, Martijn R.K. Mes, Erwin W.
Hans
418 2013 Supply Chain Finance: research challenges ahead Kasper van der Vliet, Matthew J.
Reindorp, Jan C. Fransoo
417 2013 Improving the Performance of Sorter Systems by Scheduling [S.W.A. Haneyah, J.M.J. Schutten, K.
Inbound Containers Fikse
416 2013 Regional logistics land allocation policies: Stimulating spatial [Frank P. van den Heuvel, Peter W. de
concentration of logistics firms Langen, Karel H. van Donselaar, Jan C.
Fransoo
415 2013 The development of measures of process harmonization Heidi L. Romero, Remco M. Dijkman,
Paul W.P.J. Grefen, Arjan van Weele
414 2013 BASE/X. Business Agility through Cross-Organizational Paul Grefen, Egon Liiftenegger, Eric van

Service Engineering. The Business and Service Design
Approach developed in the CoProFind Project

der Linden, Caren Weisleder
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Nr. Year Title Author(s)
413 2013 The Time-Dependent Vehicle Routing Problem with Soft Duygu Tas, Nico Dellaert, Tom van
Time Windows and Stochastic Travel Times Woensel, Ton de Kok
412 2013 Clearing the Sky - Understanding SLA Elements in Cloud Marco Comuzzi, Guus Jacobs, Paul
Computing Grefen
411 2013 Approximations for the waiting time distribution in an A. Al Hanbali, E.M. Alvarez, M.C. van der
M/G/c priority queue Heijden
410 2013 To co-locate or not? Location decisions and logistics Frank P. van den Heuvel, Karel H. van
concentration areas Donselaar, Rob A.C.M. Broekmeulen,
Jan C. Fransoo, Peter W. de Langen
409 2013 The Time-Dependent Pollution-Routing Problem Anna Franceschetti, Dorothée Honhon,
Tom van Woensel, Tolga Bektas, Gilbert
Laporte
408 2013 Scheduling the scheduling task: A time management J.A. Larco, V. Wiers, J. Fransoo
perspective on scheduling
407 2013 Clustering Clinical Departments for Wards to Achieve a J. Theresia van Essen, Mark van
Prespecified Blocking Probability Houdenhoven, Johann L. Hurink
406 2013 MyPHRMachines: Personal Health Desktops in the Cloud Pieter Van Gorp, Marco Comuzzi
405 2013 Maximising the Value of Supply Chain Finance Kasper van der Vliet, Matthew J.
Reindorp, Jan C. Fransoo
404 2013 Reaching 50 million nanostores: retail distribution in Edgar E. Blanco, Jan C. Fransoo
emerging megacities
403 2013 A Vehicle Routing Problem with Flexible Time Windows Duygu Tas, Ola Jabali, Tom van Woensel
402 2013 The Service Dominant Business Model: A Service Focused Egon Liiftenegger, Marco Comuzzi, Paul
Conceptualization Grefen, Caren Weisleder
401 2013 Relationship between freight accessibility and logistics Frank P. van den Heuvel, Liliana Rivera,
employment in US counties Karel H. van Donselaar, Ad de Jong,
Yossi Sheffi, Peter W. de Langen, Jan C.
Fransoo
400 2012 A Condition-Based Maintenance Policy for Multi-Component |Qiushi Zhu, Hao Peng, Geert-Jan van
Systems with a High Maintenance Setup Cost Houtum
399 2012 A flexible iterative improvement heuristic to support E. van der Veen, J.L. Hurink, J.M.J.
creation of feasible shift rosters in self-rostering Schutten, S.T. Uijland
398 2012 Scheduled Service Network Design with Synchronization and |K. Sharypova, T.G. Crainic, T. van
Transshipment Constraints for Intermodal Container Woensel, J.C. Fransoo
Transportation Networks
397 2012 Destocking, the bullwhip effect, and the credit crisis: Maximiliano Udenio, Jan C. Fransoo,
empirical modeling of supply chain dynamics Robert Peels
396 2012 Vehicle routing with restricted loading capacities J. Gromicho, J.J. van Hoorn, A.L. Kok,
J.M.J. Schutten
395 2012 Service differentiation through selective lateral E.M. Alvarez, M.C. van der Heijden,
transshipments I.M.H. Vliegen, W.H.M. Zijm
394 2012 A Generalized Simulation Model of an Integrated Emergency |Martijn Mes, Manon Bruens
Post
393 2012 Business Process Technology and the Cloud: defining a Vassil Stoitsev, Paul Grefen
Business Process Cloud Platform
392 2012 Vehicle Routing with Soft Time Windows and Stochastic D. Tas, M. Gendreau, N. Dellaert, T. van
Travel Times: A Column Generation and Branch-and-Price Woensel, A.G. de Kok
Solution Approach
391 2012 Improve OR-Schedule to Reduce Number of Required Beds [J. Theresia van Essen, Joél M. Bosch,
Erwin W. Hans, Mark van
Houdenhoven, Johann L. Hurink
390 2012 How does development lead time affect performance over |[Andreas Pufall, Jan C. Fransoo, Ad de

the ramp-up lifecycle? Evidence from the consumer
electronics industry

Jong, A.G. (Ton) de Kok




Nr. Year Title Author(s)
389 2012 The Impact of Product Complexity on Ramp-Up Performance |[Andreas Pufall, Jan C. Fransoo, Ad de
Jong, A.G. (Ton) de Kok
388 2012 Co-location synergies: specialized versus diverse logistics Frank P. van den Heuvel, Peter W. de
concentration areas Langen, Karel H. van Donselaar, Jan C.
Fransoo
387 2012 Proximity matters: Synergies through co-location of logistics |Frank P. van den Heuvel, Peter W. de
establishments Langen, Karel H. van Donselaar, Jan C.
Fransoo
386 2012 Spatial concentration and location dynamics in logistics: the |Frank P. van den Heuvel, Peter W. de
case of a Dutch province Langen, Karel H. van Donselaar, Jan C.
Fransoo
385 2012 FNet: An Index for Advanced Business Process Querying Zhigiang Yan, Remco Dijkman, Paul
Grefen
384 2012 Defining Various Pathway Terms W.R. Dalinghaus, P.M.E. Van Gorp
383 2012 The Service Dominant Strategy Canvas: Defining and Egon Liuftenegger, Paul Grefen, Caren
Visualizing a Service Dominant Strategy through the Weisleder
Traditional Strategic Lens
382 2012 A Stochastic Variable Size Bin Packing Problem with Time Stefano Fazi, Tom van Woensel, Jan C.
Constraints Fransoo
381 2012 Coordination and Analysis of Barge Container Hinterland K. Sharypova, T. van Woensel, J.C.
Networks Fransoo
380 2012 Proximity matters: Synergies through co-location of logistics |Frank P. van den Heuvel, Peter W. de
establishments Langen, Karel H. van Donselaar, Jan C.
Fransoo
379 2012 A literature review in process harmonization: a conceptual |Heidi Romero, Remco Dijkman, Paul
framework Grefen, Arjan van Weele
378 2012 A Generic Material Flow Control Model for Two Different S.W.A. Haneyah, J.M.J. Schutten, P.C.
Industries Schuur, W.H.M. Zijm
377 2012 Dynamic demand fulfillment in spare parts networks with H.G.H. Tiemessen, M. Fleischmann, G.J.
multiple customer classes van Houtum, J.A.E.E. van Nunen, E.
Pratsini
376 2012 Paper has been replaced by wp 417 K. Fikse, S.W.A. Haneyah, J.M.J.
Schutten
375 2012 Strategies for dynamic appointment making by container Albert Douma, Martijn Mes
terminals
374 2012 MyPHRMachines: Lifelong Personal Health Records in the Pieter van Gorp, Marco Comuzzi
Cloud
373 2012 Service differentiation in spare parts supply through E.M. Alvarez, M.C. van der Heijden,
dedicated stocks W.H.M. Zijm
372 2012 Spare parts inventory pooling: how to share the benefits? Frank Karsten, Rob Basten
371 2012 Condition based spare parts supply X. Lin, R.J.I. Basten, A.A. Kranenburg,
G.J. van Houtum
370 2012 Using Simulation to Assess the Opportunities of Dynamic Martijn Mes
Waste Collection
369 2012 Aggregate overhaul and supply chain planning for rotables |J. Arts, S.D. Flapper, K. Vernooij
368 2012 Operating Room Rescheduling J.T. van Essen, J.L. Hurink, W. Hartholt,
B.J. van den Akker
367 2011 Switching Transport Modes to Meet Voluntary Carbon Kristel M.R. Hoen, Tarkan Tan, Jan C.
Emission Targets Fransoo, Geert-Jan van Houtum
366 2011 On two-echelon inventory systems with Poisson demand Elisa Alvarez, Matthieu van der Heijden
and lost sales
365 2011 Minimizing the Waiting Time for Emergency Surgery J.T. van Essen, E.W. Hans, J.L. Hurink, A.
Oversberg
364 2012 Vehicle Routing Problem with Stochastic Travel Times Duygu Tas, Nico Dellaert, Tom van

Including Soft Time Windows and Service Costs

Woensel, Ton de Kok




Nr. Year Title Author(s)
363 2011 A New Approximate Evaluation Method for Two-Echelon Erhun Ozkan, Geert-Jan van Houtum,
Inventory Systems with Emergency Shipments Yasemin Serin
362 2011 Approximating Multi-Objective Time-Dependent Said Dabia, El-Ghazali Talbi, Tom Van
Optimization Problems Woensel, Ton de Kok
361 2011 Branch and Cut and Price for the Time Dependent Vehicle Said Dabia, Stefan Répke, Tom Van
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