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The Folk Rule for Minimum Cost Spanning Tree
Problems with Multiple Sources

Gustavo Bergantifios* Youngsub Chun' Eunju Lee! Leticia Lorenzo®

Abstract

We consider a problem where a group of agents is interested in some goods
provided by a supplier with multiple sources. To be served, each agent should be
connected directly or indirectly to all sources of the supplier for a safety reason.
This problem generalizes the classical minimum cost spanning problem with one
source by allowing the possibility of multiple sources. In this paper, we extend the
definitions of the folk rule to be suitable for minimal cost spanning tree problems
with multiple sources and present its axiomatic characterizations.
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1 Introduction

A group of agents is interested in a service provided by a supplier with multiple service
stations, also called sources. Agents will be served through costly connections. They
do not care whether they are connected directly or indirectly to the sources, but they
want to be connected to all of them. This may occur for a safety reason. Agents have
greater assurances of the service in the sense that they can still enjoy the service even if
one or more sources cease to provide it. Also, there could be a situation where several
suppliers offer different services by using the same network (Internet, cable TV, etc.)
and agents are interested in all of them. These situations generalize classical minimum
cost spanning tree problems with one source by allowing the possibility of multiple
sources.

Given a cost spanning tree problem with multiple sources, the least costly way of
connecting all agents to all sources (or minimum cost spanning tree) must be sought.
This tree can be obtained, in polynomial time, by using the same algorithms as in the
classical minimum cost spanning tree problem, for instance, Prim (1956) algorithm or
Kruskal (1957) algorithm. Nevertheless, some variants of this problem are not so easy
from a computational point of view: the fixed cost spanning forest problem studied in
Granot and Granot (1992), where there are potential sites to construct facilities with
fixed construction costs; the multi-source spanning tree problem studied in Farley et
al. (2000), where the objective is to compute the spanning tree that minimizes the sum
of the distances from each source to every other node; and the hop constrained Steiner
trees with multiple root nodes studied in Gouveia et al. (2014).

Once it is known how to construct the minimum cost spanning tree, another inter-
esting issue that usually arises is how to allocate that cost to the agents. Our paper
studies this issue in minimum cost spanning tree problems with multiple sources. Even
though many papers in the literature on Operations Research or Economics study how
to allocate the minimum cost to agents in the classical setting with a single source,
there are only a few devoted to this issue in the setting of multiple sources. Rosen-
thal (1987) introduces the minimum cost spanning forest game where there are several
sources that offer the same service and agents want to be connected to at least one
source. He associates a cooperative game with this problem and shows that its core is
non-empty. Kuipers (1997) studies a problem where there are multiple sources, each
of them offering a different service, and each agent specifies the set of sources that she
wants to be connected to. He associates a cooperative game with this problem and
seeks to determine the conditions under which the core is non-empty.

Our approach is different because we want all agents to be connected to all sources.
From this perspective our problem can be seen as a particular case of Kuipers (1997)
where all agents demand to be connected to all sources. Nevertheless, the cooperative
game that we set up to study this problem is different. In the two papers mentioned
above, the cost of a coalition S is the minimum cost of connecting all members in S
to some sources under the assumption that S is allowed to use nodes outside of S. We
follow the standard approach (as in the classical minimum cost spanning tree problem)



and assume that agents in S can not use the locations of agents outside of 5.

In the classical minimum cost spanning tree problem, the most popular rule is the
so called “folk rule”, which is studied in many papers. The folk rule has been proved to
satisfy very appealing properties. It chooses an allocation in the core and is monotonic
in the population and in the cost matrix. It is also additive in the cost matrix, which
makes it easy to compute. Our first aim is to extend the definition of the folk rule to
our setting by using the following four approaches:

1. as the Shapley value of the irreducible game (Bergantinos and Vidal-Puga 2007),
2. as an obligation rule (Tijs et al. 2006; Bergantinos and Kar 2010),
3. as a partition rule (Bergantinos et al. 2010 and 2011),

4. through a cone-wise decomposition (Branzei et al. 2004; Bergantinos and Vidal-
Puga 2009).

We show that all four approaches make the same recommendation, the folk rule. We
also provide its axiomatic characterizations.

The paper is structured as follows. Section 2 introduces minimum cost spanning
tree problems with multiple sources. Section 3 extends the four definitions of the folk
rule to our setting and show that they coincide in our setting. Section 4 presents its
axiomatic characterizations.

2 The model

Let N = {1,...,|N|} be a set of agents and M = {s1,..., s|a} be a set of sources. We
are interested in a network whose nodes are elements of N U M. We denote by |N|
and |M| the cardinalities of N and M, respectively. For each N and M, a cost matriz
C = (cij)ijenum represents the cost of a direct link between any pair of nodes. We
assume that ¢;; = ¢j;; > 0 for each 4, j € N UM and ¢;; = 0 for each ¢ € N U M. Since
¢;j = ¢;; for each 4, j € N UM, we will work with undirected arcs {7, j}. We denote the
set of all cost matrices over N U M as CNYM. Given C, C' € CNYM O < (" if ¢;; < cij
for all 4, 7 € N U M. Similarly, given z, y € RY, o <y if 2; < g, for each i € N.

A mainimum cost spanning tree problem with multiple sources, or a problem, is char-
acterized by a triple (N, M,C') where N is the set of agents, M is the set of sources,
and C' is the cost matrix in CVMY™. Given a subset S C N, we denote by (S, M, C)
the restriction of the problem to the subset of agents S. The classical minimum cost
spanning tree problem, or the classical problem for short, corresponds to the case where
M has a single element, which is denoted by 0.

For each network g and each pair of distinct nodes ¢ and j € N U M, a path from
i to j in g is a sequence of distinct arcs g;; = {{is—1,7s}}o_; such that {i;_1,is} € g
for each s € {1,2,...,p}, i =ip, and j = i,. A cycle is a path from i to i. For each



i, ] € NUM, 1 and j are connected in ¢ if there is a path from 7 to 7. A tree is a
connected network without any cycle.

For each network g, S € N UM is a connected component if (1) for each i, j € S,
i and j are connected in g and (2) S is maximal, i.e., for each i € S and each j ¢ S, i
and j are not connected in g. Let P(g) = {Sk(9) Zfl) be the partition of N U M into
connected components induced by g. For each network g, let S(P(g),7) be the element
of P(g) to which ¢ belongs. Let P(NUM) denote the set of all partitions of N UM and
P ={S1,...,5p} be a generic element of P(N U M). For each P, P € P(INUM), P
is finer than P’ if for each S € P there is T' € P’ such that S C T. Given a finite set
S, A(S) = {z € R such that x; € [0,1] for each i € S and )  z; = 1} is the simplex
over S. =

For each problem (N, M,C) and each network g, the cost associated with g is

defined as ¢(N,M,C,g) = > ¢;. When there is no ambiguity, we write ¢(g) or
{ij}eg
¢(C, g) instead of ¢(N, M,C,g). Our first objective is to construct a network which
minimizes the cost of connecting all agents to all sources, which can be achieved by
a minimal tree. Formally, a tree ¢ is a minimal tree if ¢(¢) = min{c(g) : ¢ is a tree}.
A minimal tree always exists but it does not necessarily have to be unique. Kruskal
algorithm (1956) computes a minimal tree. It constructs such a tree by sequentially
adding the cheapest arc avoiding cycles.
Formally, let A°(C) = {{i,j}: 4,7 € NUM and i # j} and ¢°(C) = 0.

Step 1: Take an arc {i,j} € A°(C) such that ¢;; = {k,z?éiﬁ)((,*) {cge}. If there are more
than one arcs satisfying this condition, select just one. Let {i'(C),;'(C)} = {i,7},
ANC) = AY(C)\{i, j} and g'(C) = {i*(C), 5 (C)}.

Stepp+1 (p =1,....|N|+ |M]| —2): Take an arc {i,j} € A?(C) such that ¢;; =

min  {cge}. If there are more than one arcs satisfying this condition, select just
(k,(YeAP(C)

one. Two cases are possible:

1. If ¢?(C) U {7, 5} has a cycle, then go to the beginning of Step p + 1 with new
AP(C') obtained from AP(C) by deleting {4, j}, that is, AP(C) = AP(C) \ {i,j},
and ¢g?(C') the same.

2. If g*(C) U {i,7} has no cycle, then take {i?™(C), j#77H(C)} = {i, 5}, APT(C) =
AP(C)\{i, j}, and g"*H(C) = g7(C) U{PTH(C), j77(C)}, and go to Step p + 2.

This process is completed in |N|+ |M| — 1 steps, exactly the minimum number of arcs
that are needed in order to connect all agents with all sources. gVI*IMI=1(C) is a tree
obtained from the Kruskal algorithm (the algorithm leads to a tree which is not always
unique). When there is no ambiguity, we write AP, g?, and {i*, j?} instead of AP(C),
g’ (C), and {i?(C), j?(C)} respectively. We denote by m (N, M, C) the cost of a minimal
tree in (N, M, C).



Once the minimal tree is obtained, an interesting issue is how to divide its cost
among the agents. A cost allocation rule, or a rule, is a map f that associates with each
problem (N, M, C') a vector of cost shares f(N, M,C) € RY such that Y fi(N,M,C) =

i€N
m(N, M, C).

Example 1 Let (N, M,C) be such that N = {1,2,3}, M = {a,b}, 1o = 7, c12 = 8,
e = 9, cip = 10, and c¢;; = 20 otherwise.  The wunique minimal tree is

({1,a}, {1,2}, {1,b},{3,0}} and m(N, M,C) = 34.

3 The folk rule in minimum cost spanning tree prob-
lems with multiple sources

In this section, we extend four definitions of the folk rule to our setting and show that
they make the same recommendation. The first one is defined as the Shapley value of
the irreducible game, the second as an obligation rule, the third as a partition rule, and
the fourth through simple problems.

3.1 The Shapley value of the irreducible game

In the classical problem, Bergantinos and Vidal-Puga (2007) define the folk rule as the
Shapley value of the irreducible game. We now extend this definition to our problem.
Let (N, M,C') be a problem and ¢ a minimal tree in (N, M, C). We define the minimal
network (N, M,C") associated with ¢ where cj; = {kn;}ae); {cke} and gi; denotes the
unique path in ¢ from i to j. It is well known that C* does not depend on the choice of the
minimal tree. Following Bird (1976), the irreducible problem (N, M,C*) of (N, M, C)
can thus be defined as the minimal network (N, M, C") associated with any minimal
tree t. C* is referred to as the irreducible matriz.

A game with transferable utility, briefly a game, is a pair (IV,v), where v is a real-
valued function defined on all coalitions S C N satisfying v()) = 0. The irreducible
game is a pair (N, ves) such that for each S C N, ves(S) = m(S, M, C*), which means
that the value of a coalition is the minimum cost in C* of connecting the agents in S
to all sources using only the locations of the members in S.

Let IIy be the set of all permutations over the finite set N. For each 7 € Ily, let
Pre(i,m) be the set of agents of N preceding ¢ in the order =, i.e., Pre(i,m) = {j €
N such that 7(j) < w(i)}. For each i € N, the Shapley value of a game (V, v) (Shapley
1953) is the average of her marginal contributions:

Shi(N, v) = ﬁ S {o(Pre(i, ™) U {i}) — v(Pre(i, =)}

welly

Definition 1 For each problem (N, M, C), the rule f" is defined as the Shapley value
of the irreducible game associated with (N, M,C). Namely, f5*(N, M,C) = Sh(N,vc-).
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We now compute f°" in Example 1. Since the unique minimal tree is
{{1,a},{1,2},{1,b},{3,b}}, ¢, =7, ¢fy = 8, ¢}, = 10, and ¢}, = 9. Besides, ¢}, = 8,
and ¢j; = 10 otherwise. The irreducible game is as follows:

S {1} {2y {3y {12} {13} {23} {1,2,3}
ve=(S) | 17 18 19 25 26 27 34

Thus,

2 4
SN, M, C) = (%, %, %) = (10.33,11.33,12.33).

3.2 Obligation rules

Tijs et al. (2006) define the family of obligation rules for the classical problem by
introducing obligation functions. Let Ny = N U {0} be a set of nodes where 0 is the
unique source in the classical problem. An obligation function is a map o assigning to
each S € 280\ {P} a vector o(S) meeting the requirement that o(S) € A(S) if 0 ¢ S,
0;(S) =0 for each i € S if 0 € S, and for each S,T € 2™ \ {(} such that S C T and
i €8S, 0;(S) > 0;(T). An obligation function can be interpreted as follows. Assume
that agents in S are connected with one another. Now, they need to construct an arc
from any agent in S to the source so that they are all connected. Thus, 0;(.S) represents
the proportion of the cost of the arc that each agent ¢ € S must pay. If the agents in §
are already connected to the source, then they do not need to construct any additional
arc so that their obligation is zero, 0;(S) = 0 for each i € S.

The obligation rule associated with an obligation function o is defined through the
Kruskal algorithm as follows. The cost of each arc that is constructed at each step of
the Kruskal algorithm is divided among the agents who benefit from its construction.
Each agent pays the difference between her obligation to the component to which she
belongs before the arc is added and the one afterwards. Tijs et al. (2006) prove that
f¢ is well-defined, namely, it is independent of the choice of the minimal tree by the
Kruskal algorithm. The folk rule corresponds to the obligation function where for each

1
S C N and each i € S, 0}(S) :E.

We now extend this definition to our problem. Let P = {Sl, ey S‘p‘} € P(NUM).
Note that in the classical problem, if i € S, then the obligation of agent ¢ depends only
on Sy (the element of the partition to which ¢ belongs). However, in our problem, it
depends on the whole structure of the partition in connected components. We assume
that for each Sy € P, agents in Sy are connected with one another. The obligation of
cach i € N in P, 0;(P), is defined as follows.

(1) A link that joins two components of P with sources: Since all agents in N are
interested in such a link, all agents have an equal obligation over that link.

(2) A link that joins a component Sy with no source (Sy N M = () to a component Sy
with a source (S N M # ()): Since only agents in Sy are interested in such a link, only
agents in Sy have obligations over it.



Formally, for each i € S, N N, the obligation function o* is defined as

I{Sjestjer'M#@}I—l N

1)
+ if S, N M = 0.
V] |kl ’

It is straightforward to see that when there is a single source (|M| = 1), 0o* coincides
with the obligation function associated with the folk rule in the classical problem.

The obligation rule f°° associated with the obligation function o* is defined in the
same way as in the classical problem.

Definition 2 For each problem (N, M,C) and each i € N, the rule f is defined as

IN|+[M]|-1

N MO = Y caploj(P(g"1) — 0} (P(g"))].

p=1

In Proposition 1, we show that f° is well-defined, namely, for each (N, M,C), f°
divides m(N, M, C') among the agents and is independent of the minimal tree selected
by the Kruskal algorithm.

We now compute f¢ in Example 1.

Arc P(g) o1 (P(9)) 03(P(g)) 03(P(g))
2—1 1 112-1 1 112-1 1 1
193 ab} | 24 - 14 - |2 s | S
0 [ {12300} | oot =145 | gk =145 | gt =143
2—-1 1 2—1 1] 2-1 1
1 la,2,3,b —_— == . 4 l=14+- | ———41=14+=
{la} | {1a,2,3,5} - =14 | o Hl=ls
2—1 1 2—1 1 2—1 1
1,2 12a,3,b L S i S
2—1 1 2—1 1 2—1 1
3,b 12a, 3b ST c—t_ 1 2-1 1
(3,0} | {120, 30} 3 3 3 3 3 3
(1,b} | {123ab} 0 0 0
Thus,
. 1 10
flo (N, M, C) = Ciq Tt gClb =7+ ? = 1033,
. 1 10
f3 (N,M,C) = cia + ge =8+ 7 = 11.33,
. 1 10
fé) (N,M,C) = Cgb+§clb:9+3212.33.

7



3.3 Partition rules

Bergantinios et al. (2010, 2011) introduce a family of rules using the Kruskal algorithm.
At each step of the algorithm, the cost of the selected arc is divided among the agents
by using sharing functions. A sharing function p is a map that specifies the part of the
cost paid by each agent at each step of the Kruskal algorithm.

We now explain the sharing function inducing the folk rule. Assume that when an
arc is added, components Sy and Sy are joined. The sharing function is defined through
the following principles.

1. When a component with no source is joined to one with a source, only agents in
the component with no source obtain benefits. Thus, the full cost of the arc is
paid by the agents in the component with no source.

2. When two components with no source are joined, agents in both components
benefit. We assume that the total amount paid by one component is proportional
to the number of agents in the other. We further assume that all agents in the
same component pay the same amount.

For each i € Si, the proportion of the cost paid by agent i is:

0 if 0 € Sk,
1
m lfOGSg,
k
|Se| .
— 04 S.US,.
1S, U SIS & Sk U S

Next we extend the definition of the sharing function to our problem. Let P =
{Sl, o S‘p‘} € P(NUM). We assume that for each Sy € P, agents in S}, are connected
to one another. Let P’ be a partition obtained from P after components S, and S, are
joined. We define the sharing function ¢ as follows: Cases 1 and 2 are similar to the
ones in the classical problem, but Case 3 is new.

1. When we join a component with no source to one with a source, only agents in
the component with no source benefit. Thus, the full cost of the arc is paid by
the agents in the component with no source.

2. When we join two components with no source, agents of both components benefit.
We assume that the total amount paid by one component is proportional to the
number of agents in the other. We further assume that all agents in the same
component pay the same amount.

3. When we join two components with sources, all agents in the problem benefit.
Thus, the cost of that arc is divided equally among all agents in the problem.



Formally, for each ¢ € N, the sharing function ¢* is defined as

( 1
| if S,NM#0,S,NM#0,
1
— if S, CN,S,NM#0, and i € Sy,
Q?(P)P/): |Sk| 1 k = l 7é and ? k
S| . .
m lfSkUSggNandZGSk,
L 0 otherwise.

It is clear that o*(P, P') € A(N).

(2)

Definition 3 For each problem (N, M,C) and each i € N, the rule f¢ is defined as

IN|+|M|-1
fig*(Nv M7 C) =

p=1

Y. copldi(P(e"), P(¢"))):

In Proposition 1, we show that f¢" is well-defined, namely, it does not depend on

the choice of the minimal tree by the Kruskal algorithm.
We now compute f¢ in Example 1.

Arc | P(¢"™"), P(g”) | 0i(P(g"""), P(g")) | 05(P(g""),P(g")) | 05(P(g"""), P(g"))
{1,a} | {1,qa,2,3,b} 1 0 0
{1a,2,3,b}
{12V | {1a,2,3,b} 0 1 0
{12a,3,b}
{30} | {12a¢,3,0} 0 0 1
{124, 3b}
T T T
(1,0} {12a,3b} - z 5
{123ab}
Thus,
. 1 10
fE(N,M,C) = Cro+ g =T+ 5 = 1033,
. 1 1
fs (N, M, C) ZCu+?m:8+§:JMﬁ
. 1 10
ﬁﬂNMﬁ)ZQHEm:9%§:H%



3.4 The cone-wise decomposition

Norde et al. (2004) prove that each classical problem can be written as a non-negative
linear combination of classical simple problems where the costs of the arcs are either
0 or 1. Branzei et al. (2004) define the folk rule first in the classical simple problem
as follows. Agents connected to the source through a 0 cost path pay nothing. Agents
connected with one another through a 1 cost path pay the cost of connecting to the
source equally. Then they extend this definition to the general problem in a linear way
following the result by Norde et al. (2004).

We first introduce the folk rule in the classical simple problem following Branzei et
al. (2004). For each simple problem (Ny, C') and each S C N, two agents i, j € N,
i # j are (C,5)-connected if there exists a path g;; from i to j satisfying that for all
{k,t} € gij, cte = 0 and {k,¢} C S. Also, S C N is a C-component if two conditions
hold: First, for all 4, j € S, i and j are (C,S)-connected. Second, S is maximal, i.e., if
S G T, then there exist i, j € T, i # j, such that ¢ and j are not (C,T)-connected. Tt
is obvious that the set of C-components is a partition of N.

For each simple problem (Ny, C'), the folk rule is defined as follows. For each i € N,
let S; be the C'-component to which ¢ belongs. Then,

1
fi(No,C) =< [Sy]

0 otherwise.

if co; =1 for each 5 € §;,

Namely, agents in a C'-component who are connected to the source at 0 cost pay
nothing, whereas agents in a C'-component who are connected to the source at 1 cost
divide this cost equally among the members.

Next lemma adapts the results of Norde et al. (2004) to our setting.

Lemma 1 For each problem (N, M, C), there exist a positive number m(C) € N, a se-
quence {Cq};n:(IC) of cost matrices, and a sequence {xq};n:(lc) of non-negative real numbers
satisfying three conditions:

m(C)
(1) C = > ziC1.
q=1
(2) For each q € {1,...,m(C)}, there exists a network g? such that cf; = 1 if
{i,j} € g% and cf; = 0 otherwise.
(3) For each q € {1,...,m(C)} and each {i, j, k,{} C No, if cij < cie, then ¢f; < cf,.

Branzei et al. (2004) extend the definition of the folk rule to a classical problem
(Np, C') using Lemma 1, so that the folk rule is defined as

m(C)

> alf (No, C)

q=1

where f (Np, C?) denotes the folk rule in the simple problem (Ny, C?).

10



We now apply this approach to our problem. Since we have multiple sources, we
need to adapt the procedure. First, we need to modify the definition of C'-component.
Instead of considering each component as a subset of N, we now consider a C-component
as a subset of N U M.

Let (IV,M,C) be a simple problem. Denote by P = {Si,...,S|p} the set of C-
components. The rule f¢ for simple problems is defined as follows. We first connect
each component with no source to a component with sources and divide the cost equally
among the agents in the component. Then we connect the components with sources
with one another and divide the cost equally among all agents. Formally, for each
i € N, let S(P,i) be the C-component to which ¢ belongs. Then,

|{Sj€PISjﬂM7A®}|—1
|V
L HSieP:sinM£0)-1
|S(P, )| [N

if S(P,i)NM # 0,
fiCW(N7 M, C) =

if S(Pi)yNM = 0.

Definition 4 For each problem (N, M,C) and each i € N, the rule fV is defined as

m(C)
VN, M, C) =) 2t (O (N, M, C).

q=1

5
We now compute fC" in Example 1. Note that C = Y 29CY where 2! = 7,
q=1
2?2 =23 =2*=1, 2° =10, and

Ares |CH|C?* | C3|CH | CP
{a,1} | 1 O] 0710 0
L2y 1|1 ]oflolo
{3} | 1 1 1 0 0
1yl 1|1 l1]1]o0
faby | 1| 11|11
{a2Y | 1] 1] 1|11
(a3} 1|11 |1]1
w2y 11111
3yl 1] 1|1 ]1]1
231111 |1]1

We compute fV (N, M,(C9) for each ¢ = 1,...,5.

1. C'-components are {1,2,3, a,b}.

1 1 1
WNMCY=(1+=1+=-1+=-].
fOY (N, M, C) tgltgltg

11



2. C?-components are {al, 2,3, b}.

1 1 1
cw 2
N, M,C)=|=,14+-,14+=].
SN M, ) (37 3’ 3)

3. C3-components are {al2,3,b}.

11 1
WIN,M,C* = (2,2,1+ = ).
f (? 70) <3’37 +3>

4. C*-components are {al2,b3}.
111
ow 4
N,M,C*)=|-,=-,=|.
f ( Y ? ) (37 37 3)

5. C®-components are {ab123}.

fEY(N, M, C®) = (0,0,0).

Then,

5
FVNM.C) = > at OV (N, M, C)

q=1
= 7 1+11+11+1 + 11+11+1
N 3’ 3’ 3 3’ 3’ 3

11 1 111
S S
+(3,3, +3)+<3,3,3)+ 0(0,0,0)

= (10.33,11.33,12.33).

3.5 Equivalence of four approaches

In Proposition 1, we show that the obligation rule f° and the Kruskal sharing rule f¢"
are well-defined. Also, in Theorem 1, we prove that all four approaches make the same
recommendation. The proofs of Proposition 1 and Theorem 1 are given in Appendix.

Proposition 1 £ and f¢ are well-defined.
Theorem 1 For each problem (N, M,C),

fHN, M, C) = f(N,M,C) = f*(N,M,C) = f7"(N,M,C).
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4 Axiomatic characterizations of the folk rule

Here, we provide axiomatic characterizations of the folk rule. We begin with an exten-
sion of the axioms discussed in the classical problem. Our first axiom, independence of
wrrelevant trees, requires that the cost allocation chosen by a rule should depend only on
the edges that belong to a minimal tree. This axiom is introduced in Bergantinos and
Vidal-Puga (2007) and also used in Bogomolnaia and Moulin (2010) under the name
of reductionism.

Independence of irrelevant trees (IIT). For each (N, M, C) and (N, M, C"), if they have
a common minimal tree ¢ such that ¢;; = ¢j; for each {i,j} € t, then f(N,M,C) =
f(N, M, C").

Equivalently, IIT can be stated as for each (N,M,C), f(N,M,C) = f(N,M,C*),
where C* is an irreducible matrix associated with (N, M, C).

Cost monotonicity requires that if some cost increases, then no agent ends up better
off. This axiom has been widely discussed in the literature: Dutta and Kar (2004); Tijs
et al. (2006); Bergantinos and Vidal-Puga (2007); Lorenzo and Lorenzo-Freire (2009);
and Bergantinos and Kar (2010).

Cost monotonicity (CM). For each (N, M, C) and (N, M,C"),if C < C’ then f(N,M,C) <
f(N,M,C").

It is easy to check that CM implies IIT.

Additivity requires that a cost allocation be an additive function of problems, that
is, for each (N, M,C) and (N,M,C"), f(N,M,C + C") = f(N,M,C) + f(N,M,C").
However, there is no rule satisfying additivity. Therefore, as in the classical problem,
we formulate a weaker version of additivity, cone-wise additivity (Norde et al. 2004;
Bergantinios and Kar 2010; Bogomolnaia and Moulin 2010) which requires the additivity
property to hold only for a pair of problems where the orders of all arcs (in which their
costs are increasing) are the same in two problems.

Cone-wise additivity (CA). For each (N, M,C) and (N, M,C") and each order o :
{0, Y hijenorici — {1, 2 ... W} if for each i, j,k,¢ € N U M such that
oli,j} < o{k,l}, ¢y < cpe and ¢y < ¢y, then f(N,M,C + C') = f(N,M,C) +
f(N, M, C").

We now introduce a monotonicity property concerned with the changes in the set
of agents. Population monotonicity requires that if new agents join the problem, then
no agent in the initial problem should be worse off. PM has been widely discussed in
the literature: Dutta and Kar (2004); Tijs et al. (2006); Bergantinos and Vidal-Puga
(2007, 2008); Lorenzo and Lorenzo-Freire (2009); Bergantinos and Kar (2010); and
Bogomolnaia and Moulin (2010).
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Population monotonicity (PM). For each (N, M,C), each S C T C N, and each i € 5,
fi(S, M, C) = fi(T, M, C).

Core selection requires that no coalition of agents has an incentive to deviate from
the grand coalition and to build their own minimal tree.

Core selection (CS). For each (N, M,C) andeach S C N, > ..o fi( N, M,C) < m(S, M, C).

It is straightforward to show that PM implies CS. For each S C N and each i € S,
PM implies that f;(N,M,C) < fi(S,M,C), so that > fi(N,M,C) < > f;(S,M,C).
i€s i€s
Since > fi(S, M,C) = m(S, M, C), PM implies CS.
i€s

Suppose that two subsets, S and N\S, can connect to all sources separately or
jointly. Separability (Bergantifios and Vidal-Puga 2007 and 2009; Bergantinos et al.
2011) requires that if the minimal costs in two situations are the same, then the same

assignment should be made to all agents in two circumstances.

Separability (SEP). For each (N, M, C) and each S C N, it m(N, M,C) = m(S, M,C)+
m(N\S, M, C'), then

_ | fi(S,M,C) ifies,
FAN, M, C) = { fi(N\S, M,C) ifie N\S.

Note that PM also implies SEP. By PM, for each i € S, f;(N,M,C) < fi(S,M,C)
and for each i € N\S, f;(N,M,C) < fi(N\S, M,C). If m(N, M,C) = m(S, M,C) +
m(N\S, M, C), then from the definition of a rule, we have the desired conclusion.

Symmetry requires that if two agents have the same costs for all connections with
nodes, then their cost assignments should be the same.

Symmetry (SYM). For each (N, M,C) and each i, j € N, if ¢;z = cj; for each k €
NUM\{i, j}, then fi(N,M,C) = f;(N, M, C).

We now introduce a property specifically designed for our problem, which requires
that if the cost between two sources increases, then all agents should be affected by the
same amount.

Equal treatment of source costs (ETSC). For each (N, M, C) and (N, M,C") and each
a, b € M, if for each k, £ € M U N such that {k, ¢} # {a,b}, cxe = ¢}y, then for each i,
j € Na fl(NaMa C,) - fl(NaMa C) = fj(NaMa C/) - fj(N7 M7C)

In the context of the classical problem, this axiom is related to constant share of extra
costs (Bergantinos and Kar 2010), which requires that if the connection cost to the
source increases by the same amount for all agents, then all agents should share this
extra cost by the same amount. However, constant share of extra costs is concerned

14



with the cost change in the arc between agents and the source, but ETSC is concerned
with the cost change in the arc between two sources.

We are ready to present axiomatic characterizations of the folk rule. First, we show
that the folk rule satisfies all axioms introduced in the above.

Proposition 2 The folk rule satisfies IIT, CM, CA, PM, CS, SEP, SYM, and ETSC.

The proof is given in Appendix.
We now provide axiomatic characterizations of the folk rule.

Theorem 2 (a) A rule satisfies IIT, CA, CS, SYM, and ETSC if and only if it is the
folk rule.
(b) A rule satisfies IIT, CA ,SEP, SYM,and ETSC if and only if it is the folk rule.

The proof is given in Appendix. Also, in Appendix, we show that all axioms in Theorem
2 are independent.

Remark 1 In the classical problem, Bergantinos et al. (2011) characterizes the folk
rule by imposing the axioms of CM, CA, CS (or SEP), and SYM. Since CM implies
IIT and the folk rule satisfies CM, the folk rule can alternatively be characterized by
imposing CM instead of IIT. By adding ETSC to the list, we obtain characterizations of
the folk rule in our problem. This axiom is important since we need to specify how a rule
should respond to cost changes between sources differently from the classical problem.

Appendix:

In the appendix, we present the proofs of the results. We also show that all axioms of
Theorem 2 are independent.

Proof of Proposition 1. We need to prove two statements. First, f¢" and f¢ divide
the cost of the minimal tree m(N, M,C') among the agents. Second, the definition of
fo" and f¢ does not depend on the choice of the minimal tree by the Kruskal algorithm.
We start with fo°. In order to prove that f divides m(N, M, C') among the agents,
it suffices to prove that for each p = 1,... |N|+ |M]| — 1, the cost of arc {i", jP} is
allocated in full among the agents in V.
Given P = {S4,...,Sp} € P(N U M) it is trivial to see that Y- of (P) = |P| — 1.

iEN
Then,

Y [0i(P(¢) = (P(g")] = Yol (P(g") =Y 0i(P(g")

= |P(g" DI =1=(IP(¢"| - 1)
= |P(¢" ) = |P(g")]
=1
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Next we prove that f° does not depend on the choice of the minimal tree by
the Kruskal algorithm. Given a tree t = {{i", jp}}|N‘+|M| ' obtained by the Kruskal
algorithm, we define the followings:

o Bt) =10, (t)=c"=0.

1(4) — ;
e C ( ) {k, é}rgtl\fllgo {C } {k: é}cz{/%lj\r}ckpco {CM}7 an

e In general, ¢1(t) = min c min cref, and Bi(t) =
i ( ) {k}et\UIZ lB"" { M} {k L}CNUM,cpp>ca—1 { M} ( )

{{i.j} €ticy=c"(t)}-

This process ends when we find m(t) < |N|+ |M| — 1 such that U;n:(f))_lB’"(t) Ct=
UT:(S)B’” (t). Note that m(t) denotes the number of arcs in ¢ with different costs.

By the Kruskal algorithm, for all ¢ = 1,...,m (), ¢?(t) = ¢?. Next, we prove that
P(BY(t)) = P({{i,j}: cj <c'}). Since BYt) C {{i,j}: c; < '}, P(BY(t)) is finer
than P({{i,7} : ¢y < ¢'}). Suppose that P(B'(t)) # P({{i,j} : ¢ < c'}). Then,
there exist S, S’ € P(B(t)), S # S', k € S, and ¢ € S’ such that ¢y < . Thus,
B'(t) U{{k, ¢}} has no cycle and {k, ¢} ¢ ¢, which contradicts the construction of ¢ by
the Kruskal algorithm. Then, P(B'(t)) = P({{i,j} : c¢i; <c'}).

Suppose now that for all ¢ < qo,

P(Ui_oB"(t)) = P({{k, l} : cre < c'}).

Using arguments similar to those used in the case ¢ = 1, we can prove that
P(UL,B"(t) = P({{i,j} : cij <c™}).

Since t = UMY Br(¢) and ci; = forall {i,j} € B"(t) and all r = 0,...,m(t),

IN[+|M|-1

FENMC) = Y e [07(P(677) = 07 (P(g))]
p=1
m(t) [ 1UI_oB" ()]

-y ST e [05(P("Y) — 0 (P(g"))]
a=1 \p=|UtZ) B () +1

m(t)

= D [oi(P(gMT ) — o} (P(g= )

q*l

_ Zcq HPULEB(0) = ol (P(UL B (1)

3

(t)
= c of (P({{i, 3} s ey < " 1}) — i (P({{i,} s iy < ¢}))] .(3)

1

L=}
Il
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Thus, f° does not depend on the minimal tree .
To prove that f¢ is well-defined, it is enough to show that at each step p of the
Kruskal algorithm and for each i € N,

i (P(g" 1), P(g")) = 0; (P(g""")) — 0} (P(g")).

Assume without loss of generality that g? = g~ ' U {k, ¢}, P(g?"') = {Si,..., S},
k€S, €Sy, and P(gP) = {Sy,...,S,} where S5 = S; U S, and S} = S; for each

7 =3,...,7. We consider four cases:
1. SUSy C N:
(a) i ¢ Sh. Since S = S;, it is trivial to see that
0;(P(g"™")) = 0j(P(¢")) = 0=} (P (¢"") , P(g"))-

(b) i € S}. Assume that ¢ € Sy (since the other case is similar, we omit it).
Then,

L1 s
IS ST U Ss |S1 U Sy S|
= 0/ (P(¢""),P(g").

2. S;NM # 0 and SoN M # 0:
(a) i ¢ Sy and S; C N.

OI(P(gpfl)) —of(P(¢g") = 1{S; € P(gP~1): S;N M # 0} — 1 N 1

[N |Sil
_|{S§€P(gp):S;-ﬂM7é(b}|—1_ 1
V] |55
1
= @ =a’ (¢"") . P(g").

(b) i ¢ Sy and S; N M # 0.
{S; € Plg"™) 5,0 M £ )| — 1

of(P(g" 1)) = 0i(P(g")) =

| V]
_|{Sj’~EP(gp):S;-ﬂM7é@}|—1
1 [N
= - er ("") . P(g"))-
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(c) i € Si. Suppose that ¢ € Sy (since the other case is analogous, we omit it).
Then,

[{S; € P(g" ") : SN M # 0}~ 1
|N|
_|{SJ’-EP(gT’):S§-ﬂM7ﬁ@}|—1
[N

1

= - 0;(P(¢"7"), P(g")).

of(P(g" 1)) = 0i(P(g")) =

3. 81 C N and Sy N M # ) (since the case S1 N M # () and Sy C N is similar, we
omit it):
(a) i ¢ S5 and S; C N. Then,
* p—1 * D 1 1
= 0=0{(P(s"").P(g").

(b) i ¢ S5 and S; N M # (). Then,

{S; € P(g"™") : S; M # 0} — 1
|V

S, € P(g?): S;n M £ 0} - 1
|V

= 0=10;(P(5""),P(g")

0;(P(g" ") —0j (P(g")) =

(c) i € S5NS;. Then,

(P — ol (Plr)) = LSEP@:SNMA -1 1

[N |S4]
_|{S§ € P(g"): SjNM # 0} —1
[N
1
= B i (P (g""), P(g")).

(d) i € S5NSy. Then,

{S; € P(g"") : S, M # 0} — 1
V]

CH{Sj e Plg"): Sin M # 0} -1
V]

= 0=0/(P(¢""),P(g"). ™

0; (P(g" ") — 0;(P(¢g")) =
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Proof of Theorem 1. From the proof of Proposition 1, f© = f¢". We now prove that
fSh fCW and fg — fCW

We first prove that f¢" and f5" coincide in simple problems. Let (N, M,C) be
a simple problem. Let P = {Si,...,S|p|} be the set of C-components. For each i €
N UM, let S(P,7) be the C-component to which ¢ belongs. Assume that ¢ is a minimal
tree. It is easy to prove that all the elements inside a component are connected at zero
cost in ¢, while the components connect to one another through arcs of cost 1. Note that
in the irreducible problem (N, M, C*) we have that cj; = 0 when S(P,i) = S(P, j) while
cij = 1 when S(P;i) # S(P,j). Thus, the set of C-components and C*-components
coincide. Recall that for each i € N,

|{SjEPISjﬂM7é@}|—1 lfS(P,Z)ﬂM#Q),

cw _ [NV
L ALe) = S eP:SnMADH =1 ! otherwise.
|N\ |S(P, )]
3NN, M,C) = Shy(N,ve+) = \N|' Z ves (Pre(i,m) U{i}) — vex(Pre(i, m))).
mell

We consider two cases:

1. S(P,i) N M # (. For each order m € II, if 7(i) = 1, agent i has to pay the
cost of connecting its component to all sources. Thus, ve«(Pre(i, ) U {i}) —
ves(Pre(i,m)) = |{S; € P:S;N M # 0} — 1. If w(¢) > 1, this means that when
this agent arrives all the components with sources are already connected. Thus,
ves (Pre(i,m) U{i}) — ve« (Pre(i,m)) = 0. Therefore,

RN M, C) = ﬁZ(vc*(Pre(i,ﬂ)U{i}) — e (Pre(i, 7))
_ ﬁ ST (S e P SN M £ 1)
mellim(i)=1
= V= DU € Pes N # 0y - )
_ H{S;e P:S;NM#0} —1
[N
= fOW(N,M,C).

2. S(P,i)N' M = (. For each order m € II, we compute ves(Pre(i,7) U {i}) —
ves(Pre(i, 7)) distinguishing several cases.
(a) Pre(i,m) NS(P,i) # (). Thus, ve«(Pre(i,m) U{i}) —ve(Pre(i,m)) = 0.
(b) Pre(i,m) N S(P,i) = 0 = Pre(i,7). Then 7(i) = 1. Thus, ve«(Pre(i, ) U
{i}) — ve=(Pre(i, 7)) = |{S EP S; N M # 0}
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(¢) Pre(i,m)NS(P,i) = (Z)#Pre(z 7). In this case, m(¢) > 1. Thus, ve«(Pre(i, m)U
{1}) —ve-(Pre(i, ) =

Let IT* = {w € I : Pre(i,7)NS(P,i) = () and «(i) > 1}. Taking into account the
computations above, we have that

N, M, C) = S; € P:S;NM# 0} + I
( |N‘\{ i ,N,,\ E
Note that
IN|-IS(P) .
1 1 (INT—[S(P,)))!
— I = — N|—k—1).
R Z N EETD A
We consider |S(P,7)] = m + 1. Then,
1 CET (N —m = DN =k — 1)
|N|!HI B z:: |N| m—k—1)!|N|!
(N[ =m—1)m! 'N"f‘l( |N|—k—1)
N & mo )

Since

<zii>_<yi1> - (y+(f):r(i)!—y)! (y+1)! (i!—y—l)!

[(z+1) — (x —y)] !
(y+1) (z —y)!

y‘(fﬁ—y
_ rv)
)
we have that
m— |N| IN|—m—2 |N| e 1
—k— m
(M) () ()
-1 k=1
|N|—m—2

= [V
- () -(ns) <)
- (W)
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Hence,

1 _ (|N|—m—1)!m!(|N|_1)

— I =
|N|!‘ | V]! m+ 1
_ (IN|=m—1)Im! (|N| = 1)!
B |N|! (m+ D! (IN] —m —2)!
B IN| —m —1
— IN|(m+1)
B 1 1
~ m+1 |N]|
B 1 1
|S(P,3)| |N|
Therefore,
fzsh N7 M7C - . TN
(N, M, C) V] S
|V |S(P, )|
= (N, M,C).

Now we consider a general problem (N, M,C) and ¢ € N. Thus,

m(C) m(©)
FEVN, M C) =) 2t fOV (N, M, C%) = > 29Shi(N, vcay).
q=1 q=1

Since the Shapley value satisfies additivity on v,

m(C)
Z quhi(N, U(Cq)*) = Shl <N, ’UZZL(IC) ac‘l(Cq)*> .
q=1
m(C)
It only remains to prove that C* = 3 x9(C?)*. Let ¢t be a minimal tree and g;;
q=1
the unique path in ¢ from ¢ to j. We know that ¢j; = {krrél}aé_ {cke} = cvj. By Lemma 1,
bl 1]
we know that the order of the arcs according to its cost is preserved in each C'?. So t
is also a minimal tree for each simple problem C7. Thus, ¢fj = max {cf,} = ¢}, and

)
" {k,£}€g:j

m(C) m(C)
o § .9 _ E q 9%
Cij = Cirjr = ToCy = x0C; -
q=1 q=1

We now prove that f coincides with f¢". Let (IV, M,C) be a problem and t,
m(t), and ¢* (k =1,...,m(t)) be as in the proof of Proposition 1 when we proved that

hence
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£ does not depend on the minimal tree chosen by the Kruskal algorithm. By Lemma

m(C)
1, C'= > x9C. Besides, by Norde et al. (2004), we have that ¢! = min{¢;; : ¢;; > 0}

and
o 0 when ¢;; <!,
1 when Cij Z Cl.

In general, for each ¢ =2,...,m(C),

¢! = min{c;; : ¢;; > 1y,

[

q _{ 0 when ¢;; < ¢4,

cl. =
1 when ¢;; > ¢4,

and

21— ct when ¢ = 1,
"1 =t when ¢ > 1.

For each ¢ = 1,...,m(C), the set of CY%-components coincides with P({{7,j} : ¢;; <
¢~ 11). Obviously, ( ) < m(C) and t is a minimal tree in C'? for each ¢ = 1,...,m (C).
Besides, for each ¢ > m(t) and each {7, j} € t, ¢; = 0. By definition of fo", for each
i € N and each ¢ = m(t) + 1,...,m(C )fCW(NMC’q)—O Then,

m(C) m(t)
FOVN, M, C) =" 2 fOV (N, M, CT) =2t fOV (N, M, C).
q=1 q=1

By definition of o* and f°V, for each i € N and each ¢ = 1,...,m(t),
FEV(N, M, C%) = of (P({{i. g} + ey < c771)),

where we denote ¢® = 0.
Therefore,

m(t)
V(N M, C) = Y at fOV(N, M, C)

q—l

= qu P({{i,j}: ey <c'}))

m(t)

= oj(P{{i,j}: ey <)) +Z = ol (P({{ij} ey < 1))

m(t)

= S [0 (P({{i g} ey < ) — ol (P, g} ey < )]

q=1

+c" o (P({{i, 1} - c"0})).
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Since P({{i,j} : c;j < ™W}) = {NUM}, for each i € N, of(P({{i,5} : cij <
c™®1)) = 0. Therefore,

m(C)

FEVIN ML C) =) e [of(P({{i, 4} + ey < 1)) = of(P({{i, 1} + ey < ¢}))]

q=1

By (3), we deduce that fCV(N, M,C) = f°"(N,M,C). R

Proof of Proposition 2.
(1) The folk rule satisfies IIT: By Theorem 1 the folk rule can be defined as the Shapley
value of the irreducible game. Thus, the folk rule satisfies IIT.

(2) The folk rule satisfies CM: Let (N, M,C) and (N, M,C") be such that C' < C’. We
will prove that fo (N, M,C) < fo (N, M,C"). It is enough to prove it when there exists
a,b € N UM such that cqy < ¢, and ¢;; = ¢j; when {7, j} # {a, b}.

Suppose that there is a minimal tree ¢ in (N, M,C) such that {a,b} ¢ t. This
means that ¢ is also a minimal tree in the problem (N, M, C") with exactly the same
costs. Since the folk rule satisfies II'T, f* (N, M,C) = f° (N, M, C"). Now suppose that
{a,b} €t for each minimal tree ¢ in (N, M, C). Let T be the set of trees in (N, M, C')
that do not contain the arc {a, b} and = = rtrélTn c¢(N,M,C,t) —m(N,M,C).

We distinguish several cases:
Case 1. ¢, — cqy < x. Given a minimal tree ¢ in (N, M, C), we have that ¢ is also a
minimal tree in (N, M, C"). Consider the set

A={{i,jt et cw <cij <yl

We have two subcases:

Subcase 1.a. A = (). We can apply the Kruskal algorithm to problems (N, M, C) and
(N, M,C") in such a way that we select the arcs of ¢ in the same order. Therefore, for
each 7 € N,

fz‘o*(N7 M’ Cl) - fz‘o*(Nv M7 C) = (C:zb - Cab) (O:(P) - O:(Pab))

where P is the partition in connected components before arc {a, b} is selected by the
Kruskal algorithm and P is the partition obtained after arc {a,b} is selected. Note
that P® = P\ {S(P,a),S(P,b)} U (S (P,a)US(P,b)). Leti € N.

Subcase 1.a.i. S(P,a) N M # () and S(P,b) N M # (). Then,

(chy = can) (05 (P) — 0} (P™))
, |SkEPISkﬂM7£®’—1 |Sk€PSkﬂM7é(m—2
(Cab_cab) -
[N [N
Cb — Cab

|V

v

0.
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Subcase 1.a.7. S(P,a) N M # 0 and S(P,b) N M = (). Since the case S(P,a) "M = ()
and S(P,b) N M # () is similar, we omit it.
(1) If i ¢ S(P,a) US(P,b), then
(= cab) (07 (P) = 0} (P*")) = 0.
(2) If i € S(P,a), then
(= cab) (07 (P) = 0} (P*")) = 0.

(3) If i € S(P,b), then

(=) (01(P) — i(P) = (25 5 g

Subcase 1.a.i15. S(P,a) N M = () and S(P,b) N M = .
(1) If i ¢ S(P,a) US(P,b), then
(o = €av) (07 (P) = 0} (P*")) = 0.

(2) If i € S(P, a) (since the case i € S(P,b) is similar, we omit it), then

/ * * ab _ / 1 1
(¢ — Cap) (Oi(P) —oj (P )) = (Chp — Cab) (|S(p7a)| N ’S(P7a)US(P,b)|) =0

Subcase 1.b. A # (). When we apply the Kruskal algorithm to problems (N, M, C') and
(N, M,C"), the arc {a, b} is selected later in (N, M,C"). Let

& =y and & = { it i, g} ={a,b},
a 1J

c;j otherwise.
For each k£ > 1, let

C = min{cij : {Z,]} S A7 Cij > Ck_l} and

& {ck if {1, 7} = {a, b},

i ¢;; otherwise.

We apply this procedure until we find r such that ¢, = max{c;; : {i,j} € A}.
that CY = C and C"™"! = (. Note that ¢ is a minimal tree in each of those problems.
Besides, for each pair of problems (N, M,C*) and (N, M, C**!) we can select the arcs
of t in the same order following the Kruskal algorithm.

Thus, using arguments similar to those used in subcase 1.a, for each £ =0, ...,r and
each 7 € N,

fz‘o* (N7 M’ CT—H_k) - fio* (N’ M7 Cr_k) Z 0.
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Then, for each 7 € N,
fio*(Na M7 C,) - fz’o*(N7 Mu C) = [fio*(Nv M7 CT—H_k) - fi0*<N7 Mo Cr_k)} 2 O

k=0

Case 2. ¢, — cay > . Let the problem (N, M,C") be such that ¢, = ¢, + = and
ci; = cij otherwise. Let ¢’ be a minimal tree in (N, M, C"). Obviously {a,b} ¢ ¢ and #'
is also a minimal tree in (N, M, C"). Since the folk rule f° satisfies II'T, for each i € N,

SO (N, M, C') = (N, M, C) = ["(N,M,C") = " (N, M, C).
Since (N, M, C") satisfies the condition of Case 1, for each ¢ € N,

fio*(N7M7 C”) _fio*(N7M7 C) 2 0

3) The folk rule satisfies CA: By Theorem 1 the folk rule can be defined as f¢V, the
(3) y

cone-wise decomposition. Thus, it is obvious that it satisfies CA.

(4) The folk rule satisfies PM: 1t is enough to show that for each k € N and each i €
N\{k}, f(N,M,C) < fo"(N\{k}, M,C). Without loss of generality, let k = |[N| = n.

First, we claim that if ¢,s = a for each s € M, ¢,; = 8 for each i € N\{n}, and
B>a> max {cj}, then foreachi € N\{n}, f¢(N,M,C) < fo(N\{n}, M, C).

i,JENUM\{n}

Let t = {{i*(N,M,C), *(N, M, C’)}}'NH‘Ml " be a minimal tree chosen by the
Kruskal algorithm. Then, (i) {iVFHMI=L (N M, C), JINFMIZYN M, C)} = {n,s} for
some s € M, (ii) {n,s} is the only arc that agent n is linked in the tree ¢, and (iii)
N\{n} and M are already connected under g!N+MI=2(N M (). Also, the subtree
{{*#(N, M, C), j*(N, M, C)}}‘NH'M‘ ? is a minimal tree in (N\{n}, M, C) and for each
p = Lo IN[+ [M] = 2, {i#"(N,M,C),j7(N,M.C)} = {i"(N\ {n}, M,C),j7(N \
{n}, M, C’)} Then, for each i€ N\{n},

IN|+[M[-1
MO =Y e [0 (P (N, M C)) = (P (£ (N, M, )]
p=1
IN|+[M|-2
= Y cip [0] (P (971 (N, M, C))) = o} (P(g"(N, M, C)))]

p=1
where the last equality comes from the fact that for each i € N\{n},
o (p( |N|+[M]— 2(NMC')) ( (g|N|+|M\ 1 NMC)))

Note that foreachp = 1,..., |N|+|M|-2, P (¢*(N, M, C))\{n} = P (¢*(N \ {n}, M, C)),
for each i € N\ {n}, S (P (gp(N M,C)),i) =S (P (gp(N\{n} M,C)),1), and {S; €
P(gP(N,M,C)):S;NnM #0} ={S; € P(¢*(N\ {n},M,C)):S;NM#0}.
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Let i € N\{n}. For each p=1,...,|N| + |M]| — 2, let
¢’ =|{S; € P(¢"(N,M,C)) : ;N M # 0} = [{S; € P(¢"(N\{n}, M,C)): ;N M # 0}|
and

st = [S(P(¢"(N, M, C)),i)| = |S(P(g"(N \ {n}, M, C)),i)|.

We consider several cases:
Case 1. S(P(¢?"Y(N,M,C)),i)N M # (). Then, S (P (g*(N,M,C)),i) N M # . Now
of (P (¢" (N, M,C))) — o} (P (¢"(N, M. C)))
Y SR SN

(Nl IN| 7 INNA{n}| [N\ {n}]

(P (¢ (N A\ {n}, M, C))) — o} (P (¢"(N \ {n}, M, C))).

where the last inequality comes from the fact that ¢?=! > ¢?.

Case 2. S(P (g*"Y(N,M,C)),i)N M =( and S (P (¢*(N, M,C)),i) " M # §. Now,

= O

o; (P ("' (N. M, C))) = o; (P (4"(N, M, C)))

B gt 1 _i . B q°

SN e TN S Iy e T N ()]

= 0 (P (¢ (N \ {n}, M, C))) — o (P (¢"(N \ {n}, M, C))).

Case 3. S(P (g*"Y(N,M,C)),i)N M =( and S (P (¢*(N, M,C)),i) " M = . Now,

o; (P (¢" '(N,M,C))) —o; (P(g"(N, M, C)))

q°~ 1 1 q° 1 q”_1 1 Q¥ 1

U S — i
N TSI TIN T e SN e N\ {n)] &

= 0 (P(¢" (N \ {n}, M, ) = o (P (¢"(N \ {n}, M, C)).

Therefore,
IN|+[M]-1
FEN,MC) = Y e [0] (P (¢77H(N, M, C))) — o} (P (¢°(N, M, C)))]
p=1
|N|+[M][—2
< cingr [0] (P (9" (N \A{n}, M, C))) — o} (P (¢"(N \ {n}, M, C)))]
p=1
:fz’o*<N\{n}aM70)7 (4)
as desired.
Let a = max {ci;;}+1and B =a+ 1. Let C° € CVY™ be such that &, = «a for
1,]€

each s € M and ¢f; = ¢;; otherwise. For each r = 1,..., [N| — 1, let C" € C"“™ be such
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that ¢}, = 3 and for each {i,j} # {n,r}, ¢f; = c:j_l. Let i € N\ {n}. Since f° satisfies
CM,

N, M, C) < fF(N,M,C% < (N, M, CY) < - < f7(N, M, NI,
Applying (4) to CINVI=1,
FEN,M OV < f7(N\{nd, M, O,
Since CINI=1 = €', we conclude that f° satisfies PM.
(5) The folk rule satisfies CS and SEP: Since PM implies CS and SEP, the result holds.

(6) The folk rule satisfies SYM: By Theorem 1 the folk rule can be obtained as the
Shapley value of the game associated with the irreducible problem. It is trivial to
prove that if two agents are symmetric in the problem (N, M, C), then they will also
be symmetric in the irreducible problem (N, M, C*) and hence, in the game associated
with the irreducible problem. Since the Shapley value satisfies SYM, the folk rule also
does.

(7) The folk rule satisfies ETSC: Let (N, M,C) and (N, M,C") be two problems sat-
isfying the conditions in the statement of ETSC. Suppose that there is a minimal tree
in (N, M, C) such that {a,b} ¢ t. Thus, ¢ is also a minimal tree in (N, M, C") with the
same costs. Since the folk rule satisfies II'T, we have that f° (N, M,C) = f* (N, M,C").
Assume that {a,b} € t for each minimal tree ¢ in (N, M,C). Let T be the set of all
trees in (IV, M, C) that do not contain {a,b}. Let z = rtréljg ¢(N,M,C,t)—m(N,M,C).
We consider several cases.

Case 1. ¢, — cap < x. Note that a minimal tree ¢t in (N, M, () is also a minimal tree
in (N,M,C"). Now consider the set A = {{i,j} € t: cap < ¢;; < c}. The proof is
divided into two subcases:

Subcase 1.a. A = (). We can apply the Kruskal algorithm to (N, M,C) and (N, M,C")

in such a way that the arcs of ¢ are selected in the same order. Then, for each i € N,
J(N.M,C") = [N, M, C) = (cy, = can) (07 (P) = 0} (P™))

where P is the partition in connected components before arc {a, b} is selected by the
Kruskal algorithm and P is the partition obtained after arc {a,b} is selected. Note
that P = P\{S(P,a),S(P,b)} U{S(P,a)US(P,b)}. By the definition of 0*, for each
i€ N,

(chp = Cab) (07 (P) — 0} (P*"))

, |{Sk€PZSkﬂM7é@}|—1 |{Sk€PZSkﬂM?é®}|—2

= (e =) ] - ] )

Cap — Cab

[NV
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Subcase 1.b. A # (). When we apply the Kruskal algorithm to (N, M, C) and (N, M, C"),
the arc {a,b} is selected later in (N, M, C") than in (N, M,C'). Let

0 : .o
¢ = cqp andc); = { & if {4, j} = {a,b},

cij otherwise.
For each r > 1, let ¢" = min{¢;; : {i,j} € 4,¢;; > "'} and

G={ ¢ =

c;j otherwise.

We apply this procedure until we find 7 such that ¢}, = max{c; : {i,j} € A}. By
setting C™! = C’, we have a sequence of problems {(N,M,C")},cqo,..7+13 such that
C? = C and C™! = (C'. Note that t is a minimal tree in each of those problems. In
addition, for each pair of problems (N, M,C") and (N, M,C"™1), r € {0,...,7}, we can
select the arcs of ¢ in the same order by following the Kruskal algorithm. Therefore, by
using arguments similar to Subcase 1.a,

T

FEN,MLC) = [N, MLC) = Y [f (N, M CTHT) = f75 (N, MO )]

r=0
B 27“: Tl e B L 0 B Cizb — Cap
— |V || [N

Case 2. ¢y, —cap > x. Let (N, M, C") be such that ¢, = cq + and ¢; = ¢;; otherwise.

Let ¢ be a minimal tree in (N, M,C"). Obviously, {a,b} ¢ ' and #' is also a minimal
tree in (N, M, C"). Since f° satisfies IIT, for each i € N,

in*(Nv M,C/) - fio*(N7M= C) - fz‘o*(N7 M7C//) - fio*(N7 M, C)

Since (N, M, C") satisfies the condition of Case 1, for each ¢ € N,
FON, M, C") = £ (N, M, C) = Cap — Cab _ T
i ) 9 7 9 9 ‘N‘ |N‘ 9

as desired. W

Proof of Theorem 2.

(a) By Proposition 2, the folk rule satisfies the five axioms. Conversely, let f be a
rule satisfying the five axioms. For each partition P = {51, S5s,...,S|p|} € P(N U M),
we define the function o(P) = f(N, M,C") where ¢/, = 0 if i,j € Sj for some k €
{1,...,|P|} and ¢/, = 1 otherwise. Note that

> 0i(P) =3 fi(N,M,C") =m(N,M,C") = |P| - 1.

ieEN 1EN
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We claim that f = f° where for each (N, M,C) and each i € N,

IN|+[M|-1

fz‘O(Nv M, C) = Z Cipjp |:0i (P(gp_l)) — 0 (P(gp))]

p=1
m(C)
Since f and f° satisfy CA, by Lemma 1, f(N,M,C) = > f(N,M,z7C?) and

m(C
fo(N,M,C) = (Z)fO(N, M, z1C?). Therefore, it is enough to prove that f coincides
q=1
with f¢ in problems (NN, M,C) where there exists a network g such that ¢;; = z if
{i,j} € g and ¢;; = 0 otherwise. Let P(g) = {51, ..., S} be the partition induced by g
over N U M.
When we use the Kruskal algorithm in this problem, we first connect the nodes
within the same component with zero cost until step (| N|+ |M]|—r). Then, we connect
the nodes from different components with the constant cost x. Thus, for each 1 € N,

J2(N, M, C) = lN%l cingo [0:(Plg" ) = oi(P(e"))]
|N|+|M|—1

=Y efa(P@) - (@)

N|+|M|—r+1

— [ ( (gNI+IMI- r+1)> _0i<p(g|N|+\M|—1>>]
_ [ f(N, M, P \N\+\M\7r+1)) — (N, M, Cp(g\NIHM\*l))]‘

Note that P(glV+MI=r+1) = P(g) and P(g"VHMI=1) = N U M.

Since CNUM = 0 for each i, j € N UM and f satisfies CA, for each i € N,
fi(N, M, CNUM) = 0, which implies that f?(N, M,C) = zf;(N, M,C"9). Now, con-
sider C’ such that ¢; = %cij for each i, j € N U M. Note that C"* = CP_ By IIT,
f(N,M,CP9) = f(N,M,C"). By CA, f°(N,M,C) =xf(N,M,C").

Using similar arguments as in Bergantinos et al. (2010, p.708), we can prove that
zf(N,M,C") = f(N, M,zC"), which implies that f°(N,M,C) = f(N,M,zC"). Since
xC" = C, we conclude that f = f°, as desired.

It remains to prove that o = o*. Now, let P = {S}, ..., S, ..., S|p|} be a partition such
that S, N M # () when k < g and Sy C N when k > g. Note that |{Sx € P: Sy N M #
0}| = g. We introduce a sequence of problems {(N, M,C")},—15. , where C* = C”
and for each r > 1, C" is obtained from C"! such that ¢, , =0ifa" ' € S,_; N M
and a” € 5, N M, and c}; = cgfl otherwise. By ETSC, for each r = 2,...,q and each 1,
jEN,

fi(N7 Mv OT_I) _fi(Nv M7CT) = fj(Na M7CT_1) - fj(N7 M’OT)'
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Since

D AN, MO = fi(N, M, CT)] =) fi(N, M7 = Y fi(N, M, CT)

1EN iEN 1EN
=m(N,M,C" ") —m(N,M,C")
=1,
for each i € N,
1
fi(N,M,C™ ) — fi(N,M,C") = ™

Therefore, for each ¢ € N,

q

Fi(N, M, CY) = fi(N,M,C%) =Y [fi(N,M,C"™") = fi(N,M,C")]

r=2

q—1

=N

Thus,

o(P) = fi(N.M,CY) = Sk 4 (V. 1.C) )
By CS, for each k = ¢+1,...,|P|, ‘ > filN, M, C?) <m(S,NN,M,C?) =1 and
for each i € (U1, S0) AN, f{(N, M, C9) < m({i}, M.C%) = 0. Since S (N, M, ) =
m(N,M,C%) = |P| —q, for each k = ¢+ 1,...,|P|, > fi(N, ]\f,jéq) = 1 and for

1ESKNN

each ¢ € (Uj_,Sx) NN, fi(N,M,C?) = 0. By (1) and (5), for each i € (U{_;Sx) N N,

qg—1
0i(P) = == = 0i(P)
|V
For each k = ¢+ 1,...,|P| and each i, j € Sk, i and j are symmetric, so that by
SYM, for each i € Sy (k > q), fi( N, M,C%) = \S_lkl From (1) and (5), we have that

qg—1 1
o(P) =1~ 4 — — (P
) =T Ty = %)

(b) By Proposition 2, the folk rule satisfies the five axioms. Conversely, let f be a rule

satisfying the five axioms. From the same argument as in (a), we obtain (5). Note

that m(N, M,C?) = |P| — q, for each k = ¢+ 1,...,|P|, m(Sk, M,C%) = 1, and for
each i € (Uj_;Sk) NN, m({i}, M,C?) = 0, which together imply that m(N, M,C) =
q

> (> m({i}

k=1 1eSNN
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P
M,C%)) + |z:| m(Sy, M,C9). By SEP, for each k = g+ 1,...,|P|, fi(N,M,C9) =
k=q+1
fi(Sk, M,C?), which implies that > fi(N,M,C?) = > fi(S,M,C?) =
i€SENN i€SENN
m(Sk, M,C?) = 1 and for each ¢ € (U_,Sx) N N, fi(N,M,C?) = f;({i},M,C9) =
m({i}, M,C9) = 0. Once again, by using the same argument as in the proof of (a), we
conclude that f coincides with the folk rule. l

Next, we show that all axioms are independent in Theorem 2.

(1) Dropping Independence of irrelevant trees: Let f* be a rule defined for simple
problems. For each simple problem (N, M, C), we consider g = {{i,j} C NUM : ¢;; =
0}. For each i € N, let

1 . . .
w; = 4 31ESP(g)) ande;=0}| if S(P(g). 1) # {i},
1 otherwise.

For each 7 € N, let f* be

I{SkGP(g)ZS\?i’WMﬂ}I—l if S(P(g),7) M # 0,
fI'(N, M, C) = |{S’€EP(9):5\’;FM¢®}|_1 + i‘” — otherwise.
J€S(P(9),%)

This rule is extended to general problems using Lemma 1. The rule f* satisfies CA,
CS, SEP, SYM, and ETSC, but not IIT.

(2) Dropping Cone-wise additivity: We first introduce some notion in the classical prob-
lem following Bergantinos and Vidal-Puga (2015). For each classical problem (N, C')
and each S C N, let
min ¢, it S = {1},
PRI D NG B )
S min  ¢; — max ¢; if |S|>1,
i€S5,jENo\S {igter(9)

where Ny = N U {0} and 7(S) is a minimal tree in (S, Cs) connecting all agents in S.
Let Ne(Ny,C) be a set of all coalitions S C N and |S| > 1 such that g > 0. Let
0 = {0"}secr, be a parametric family of functions defined as

] if [N| # 2,
if [N| =2 and z > 1,
max{f, min{ —%— 2}} if [N|=2and z < 1.

co1+coz2’ 3

N:IHE

Let C* be the irreducible cost matrix of C. For each (C*,z) and each i € N, let



Now, we define the rule f¢ such that for each classical problem (Ny, C') and each i € N,

[fNo,C)=ci— Y (05— ei(S,C5), 05)).

SeNe(No,C),ieS

Next, we extend this rule to our problem. For all (N, M, C), let t be a minimal tree in
the irreducible problem (N, M, C*) where all sources are connected among themselves.
Let ty; be the restriction of ¢+ to M. We now consider the classical problem (Ny, )
such that ¢t = {{i,j} € t:4,7 € NYU{{0,i}:i € N and {i,j} € ¢ for some j € M}. It
is easy to see that ¢ is a tree that connects all agents in N to 0. Let ¢;; = c;itie,jEN
and {7, j} € t; ¢ = max{c}, : {k,(} € g}, }, where i is the first source in the unique
path connecting agent i to each source in ¢; and ¢;; = max{cg, : {k,(} € gf_]} ifi,je N
and {i,j} ¢ t. For each problem (N, M, (), let

c(t ~
fe(N,M,O) = |(T]V|[) +fe(N07C)'
The rule f€ satisfies CM (thus, IIT), PM (thus, CS and SEP), SYM and ETSC, but
not CA.

(3) Dropping Core selection or Separability: The egalitarian rule f¥, defined as for
each (N, M,C) and each i € N, fE(N,M,C) = m(]T]’VAf’C), satisfies CA, IIT, SYM, and
ETSC, but not CS or SEP.

(4) Dropping Symmetry: Let 6 be a function such that for each P € P(N U M) and
each i # n,

\{SGP:SDVA|4¢®}I—1 if i € Sk, Sy N M =0 and n € Sk,
5:(P) = \{SeP:SDVAfﬂH—l +ig7 ifi€ Sy, SpNM=0andn¢ S,
\{SGP:SD\%#@H—l if i € Sy and S, N M # 0,

and

V]
USEPSOMANZL iy ¢ 5, and SN M A0,

Let f° be a rule such that for each (N, M,C) and each i € N,

] USEPSOMABL | 1 if p € S), and S, N M = 0,
on(P) =

IN|+|M[-1

FON, M, C) = > cigr [@‘(P(gp*l)) —52‘(P(9p))]-

p=1
The rule f° satisfies CA, IIT, CS, SEP, and ETSC, but not SYM.

(5) Dropping Equal treatment of source costs: Let P = {54, ..., Sy, ..., S|p|} be a partition
in P(NUM), where S, "M # () if k <qgand S, N M =0 if kK > q. Let ¢ be a number
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of agents in an element in P containing no source, i.e., t = [{i € N : i € S; (Sx € P)
and S, N M = (}|. Let € be an arbitrarily small number such that e € (0, Wl\Ml) Let
o be a function such that for each P € P(N U M) and each i € N, if 0 <t < |N|,

(P — W{SeP:SNM#AD}Y — 1)+ g7 ifi € Sy and SN M =0,
) N ({S € P:SAM # 0} —1) ifi€ S and S0 M # 0,

7
INI(IN|—t

and if t =0 or t = |N|, of(P) = 0*(P). Let f° be a rule such that for each (N, M,C)
and each 7 € N,

IN[+[M]|-1

FENMC) = 3T g [0 (P(g77) = o5(P(e")) |

p=1

The rule f° satisfies CA, IIT, CS, SEP, and SYM, but not ETSC.
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