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

Gustavo Bergantinos' Youngsub Chun'! Eunju Lee® Leticia Lorenzo¥

December 29, 2017

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.

Keywords: minimum cost spanning tree problems, multiple sources, folk rule, axiomatic
characterizations.

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 connect-
ing all agents to all sources (or minimum cost spanning tree) must be sought. This tree can
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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 interesting
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. Rosenthal (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 S.

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 (Bergantifios and Vidal-Puga (2007)),
2. as an obligation rule (Tijs et al. (2006) and Bergantifios and Kar (2010)),
3. as a partition rule (Bergantinos et al. (2010, 2011)),

4. through a cone-wise decomposition (Branzei et al. (2004) and Bergantinios 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,...,s57} 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 = (c;j)ijeNuM
represents the cost of a direct link between any pair of nodes. We assume that c;; = ¢j; > 0
for each 7, j € N UM and c¢;; = 0 for each ¢ € N U M. Since ¢;; = cj; for each i, j € N U M,
we will work with undirected arcs {i,j}. We denote the set of all cost matrices over N U M
as CNYM | Given C, C' € CNYM O < (' if ¢;5 < c;; for all i, j € N U M. Similarly, given z,
y e RN, o <y ifx; <y for each i € N.

A minimum cost spanning tree problem with multiple sources, or a problem, is characterized
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 CVYM. 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 7 and j € N U M, a path from i to
j in g is a sequence of distinct arcs gi; = {{is—1,is}}._; such that {is_1,is} € g for each
se{l,2,...,p}, i =1, and j = i,. A cycle is a path from ¢ to i. For each i, j € NUM, i
and j are connected in g if there is a path from i to j. A tree is a connected network without
any cycle.

For each network g, S C 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(g)}zgll) be the partition of N U M in connected components
induced by g. For each network g, let S(P(g),) be the element of P(g) to which ¢ belongs.
Let P(N U M) denote the set of all partitions of N UM and P = {S1,...,S5p} be a generic
element of P(NUM). For each P, P € P(NUM), 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) 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) = Y c¢i. When there is no ambiguity, we write c(g) or ¢(C, g) instead

{ijteg

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
t is a minimal tree if ¢(t) = min{c(g) : ¢ is a tree}. A minimal tree always exists but it does
not necessarily have to be unique. The Kruskal (1956) algorithm enables it to be computed.
The Kruskal algorithm constructs a minimal tree by sequentially adding the cheapest arc
avoiding cycles.

Formally, let A%(C) = {{i,j}: i, € NUM and i # j} and ¢°(C) = 0.
Step 1: Take an arc {i,j} € A°(C) such that ¢;; = {kl?é%(c) {cge}. If there are more than
one arcs satisfying this condition, select just one. Let {i'(C),;j1(C)} = {i,j}, AYC) =



AYC)\ {i, 5} and g'(C) = {i'(C), 7 (O)}.

St 1(p=1,...,|N|+|M|-2): Tak i, 7} € AP(C h that ¢;; = i .
ep p+1 (p |N|+|M|—-2): Take an arc {7, 5} (C) such that ¢;; {k,e]{rel%(c) {cre}

If there are more than one arcs satisfying this condition, select just one. Two cases are pos-

sible:

1. If ¢?(C) U {3, j} has a cycle, then go to the beginning of Step p + 1 with new AP(C)
obtained from AP(C') by deleting {i, j}, that is, AP(C') = AP(C)\ {i,j}, and gP(C) the

Salme.

2. If g?(C)U{i, j} has no cycle, then take {i#T1(C), 7771(C)} = {i, j}, APTH(C) = AP(C)\
{i,j}, and g?*1(C) = ¢?(C) U {ip“(C),ij(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. glVI+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, ¢, and {i*, jP} instead of AP(C), ¢P(C), and {i?(C),P(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) € RN such that > f;(N,M,C) =m(N,M,C).

iEN
Example 1 Let (N, M,C) be such that N = {1,2,3}, M = {a,b}, c1o =7, c12 =8, 3, = 9,
c1p = 10, and ¢;; = 20 otherwise. The unique minimal tree is {{1,a},{1,2},{1,b},{3,b}} and
m(N,M,C) = 34.

3 The folk rule in minimum cost spanning tree problems 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 c;fj = {kl?}ae}; {cre} and g;; denotes the unique path in ¢ from i to j.
B ij

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 (IN,v), where v is a real-valued
function defined on all coalitions S C N satisfying v(0)) = 0. The irreducible game is a pair
(N, ve+) such that for each S C N, ve«(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 Iy be the set of all permutations over the finite set N. For each m € Ily, let
Pre(i,m) be the set of agents of N which comes before i in the order 7, i.e., Pre(i,m) = {j €
N such that m(j) < w(i)}. For each i € N, the Shapley value of a game (N, v) (Shapley 1953)
is the average of her marginal contributions:

WMNJO:U%!E:{MPm@JjUHD—Uﬂ%dLﬂ”.

mwelly

Definition 1 For each problem (N, M, C), the rule 5 is defined as the Shapley value of the
irreducible game associated with (N, M,C). Namely, f5"(N, M,C) = Sh(N,vc).

We now compute f°” in Example 1. Since the unique minimal tree is {{1, a}, {1,2}, {1, b}, {3,b}},
Clq = 7, ¢ly = 8, ¢}, = 10, and ¢35, = 9. Besides, ¢5, = 8, and c;‘j = 10 otherwise. The irre-
ducible game is as follows:

S ve= ()
{1} 17
{2} 18
{3} 19

{1,2} 25

{1,3} 26

{2,3} 27

{1,2,3} | 34

Thus,
fShUV,AL(j)::<?§,i§,zf> = (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 € 20\ {()} a vector
o(S) meeting the requirement that o(S) € A(S) if 0 ¢ S, 0;(S) =0 for each i € Sif 0 € S, and
for each S, T € 2N0 \ {(}} such that S C T and i € S, 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 S 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 S C N and each i € S, 0f(5)

S|

We now extend this definition to our problem. Let P = {S1,...,Sp} € P(N UM). Note
that in the classical problem, if ¢ € S, then the obligation of agent ¢ depends only on S
(the element of the partition to which 7 belongs). However, in our problem, it depends on the
whole structure of the partition in connected components. We assume that for each S, € P,
agents in Sj are connected with one another. The obligation of each 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 Sj with no source (S N M = ) to a component Sy with
a source (S N M # 0): Since only agents in Sy are interested in such a link, only agents in
Sy have obligations over it.

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

‘{SJEPSJ‘;‘M%QH—I if S N M £ 0,

(1)
{S;eP:S;nM#A0} -1 1 .
+ if SN M =0.
IN| E

of(P) =

It is straightforward to see that when there is a single source (|M| = 1), 0* 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

[N[+|M]|-1

FANMC) = Y caplof(P(gP1)) = o (P(¢")]-
p=1

In Proposition 1, we show that f° is well-defined, namely, for each (N, M, C), fo° 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) 01 (P(g)) 03(P(g)) 03(P(9))
2-1 1 112-1 1 112-1 1 1
1,2,3ab) | =—— 4+ - =14 | X414+ | T -4 =1+=
@ {7 y 9, A, } 3 1 +3 3 1 +3 3 +1 +3
2-1 1 21 1]12-1 1
1 la,2,3,0 — = Z T4l =14-| " 41=14=
{1,a} | {1a,2,3,b} 3 3 + +3 o+ +3
2-1 1 2-1 1 21 1
1,2 12a,3.b o T _ 2 e S
{ 9 } { a, o, } 3 3 3 3 3 + _|_3
2-1 1 2-1 1 2-1 1
3,b 12a,3b Lo L _ - -1
{3.04| {12a,3b} 3 3 3 3 3 3
(1,b} | {123ab) 0 0 0
Thus,
. 1 10
f{) (N7Ma0) — Cla+§clb:7+?:10.33,
o 1 10
5 (N, M,C) = it e =84 — = 11.33,
o 1 10
f3 (N,M,C) = 63b+§clb:9+§:12.33.

3.3 Partition rules

Bergantinos 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 ¢ 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 S, 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 € S, the proportion of the cost paid by agent ¢ is:

0 if0 €S
1
k
| S| .
N G B .
AV AT



Next we extend the definition of the sharing function to our problem. Let P = {Sl, s S| p|} €
P(N UM). We assume that for each Sy € P, agents in Sj are connected to one another. Let
P’ be a partition obtained from P after components S and Sy are joined. We define the
sharing function o 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 i € N, the sharing function ¢* is defined as
1
[N

— if Sy C N, S,NM #0, and i € S,
oi (P, P') = B REN SR ‘ 2)

if SeNM #0,S,NM #0,

|:Se : .
m lfSkUSKQNaDdZESk,
0 otherwise.

It is clear that o*(P, P') € A(N).

Definition 3 For each problem (N, M,C) and each i € N, the rule f¢ is defined as
[N|+|M]|-1

FENMC) = > coplof(P(g" ), P(g"))]-
p=1

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(g" 1), P(¢") | 0i(P(g"~"), P(¢")) | 05(P(g" "), P(¢")) | 03(P(g"""), P(g"))
{1,a} | {1,a,2,3,b} 1 0 0
{1a,2,3,b}
{172} {1&,2,3,[)} 0 1 0
{12a, 3,b}
(3,0} | {12a,3,b} 0 0 1
{12a, 3b}
(1,6} | {124,3h) % é %
{123ab}




Thus,

x 1 10

fENMO) = ot gen =T+ 5 = 1033,
. 1 10

fQQ (N,M,C) = 0124—561},:84—?:11.33,
x 1 1

fg (N,M,C) = 03b+§clb:9+§0:12~33~

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, S)-connected if there exists a path g;; from i to j satisfying that for all {k, £} € gi;, cke =0
and {k,l} C S. Also, S C N is a C-component if two conditions hold: First, for all 7, j € S,
i and j are (C,S)-connected. Second, S is maximal, i.e., if S ¢ T, then there exist i, j € T,
i # j, such that ¢ and j are not (C,T')-connected. It 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) = @ if cpj = 1 for each j € S;,
0 otherwise.

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 sequence

{Cq};i(f) of cost matrices, and a sequence {xq};n:(f) of non-negative real numbers satisfying

three conditions:
m(C)

(1) C= > x1C1.
q=1
(2) For each q € {1,...,m(C)}, there exists a network g? such that cgj =1 if{i,j} € g7
and cgj = 0 otherwise.

(3) For each q € {1,...,m(C)} and each {i,j,k, €} C No, if cij < cpe, then cf; < cf,.



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

m(C)

Z xqf (NO’ Cq)

q=1

where f (Np, C?) denotes the folk rule in the simple problem (N, C9).

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
NUM.

Let (N, M, C) be a simple problem. Denote by P = {57, ..., S|p|} the set of C-components.
The rule fW 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,7) be the C-component
to which ¢ belongs. Then,

S, € P:S; MM # 0} —1

[N
+‘{SjEP:SjﬂM7é®}‘—1
1S(P, )| [N

if S(P,i) "M # 0,

if S(P,i)NM = 9.

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

m(C)
CW(N, M, C) = 2t fPV(N, M, CY).
q=1

5
We now compute f€ in Example 1. Note that C' = 3 29C? where 2! = 7, 22 = 23 =
q=1
zt =1, 25 = 10, and

Q
Q
Q
Q
?

Arcs
{a,1}
{12}
{b,3}
{61}
{a,b}
{a,2}
{a,3}
{b,2}
{1,3}
{2,3}

We compute f€W (N, M,C9) for each ¢ =1, ..., 5.

e e e e  a a
== = = == == O
_o = e e == OO
e e i i i e = R == R e )
— o == O O OO

10



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

V(N M, CY) = (

2. C2-components are {al,2,3,b}.

3

3

1 1 1
Lo l+g 140

1 1 1
cw 2
N, M =({=-,14+=,1+=].
f7T (N, M, C7) (3,+3,+3>
3. C3-components are {al2,3,b}.
11 1
cw 3
N MC)H=[=,=,14+=].
f ( ) ) ) <3737 +3)

4. C*-components are {al2,b3}.
111
cw 4
N, M,CY)=|=-,=,-].
f ( ) Y ) (37 3’ 3>

5. C°-components are {ab123}.

FEW(N, M, C%) = (0,0,0).

Then,

5
FEVN,M,C) = Y Tt fOY (N, ML C)
q=1

1 1.1 1. 1. 1
= 7<1+3,1+3,1+3>+<3,1+3,1+3>
+<111+1>+<111>+10(000)
337 "3 333 T

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

N, M, C) = f7(N,M,C) = f¢(N,M,C) = fO"(N,M,C).

11



4 Axiomatic characterizations of the folk rule

Here, we provide axiomatic characterizations of the folk rule. We begin with an extension
of the axioms discussed in the classical problem. Our first axiom, independence of irrelevant
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 ¢;; = cfij 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
Bergantifios 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), Bergantinos 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 : i, 7} Vi jenvumiics —
1,2, ..., W} if for each 4,7, k, £ € N UM such that o{i,j} < o{k, £}, cij < cre
and cf; < ¢, 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).

Population monotonicity (PM). For each (N,M,C), each S ¢ T C N, and each i € S,

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) and each S C N, Y . ¢ fi(IN,M,C) <m(S,M,C).

12



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

€S €S
> fi(S, M, C) =m(S, M, C), PM implies CS.
€S
Suppose that two subsets, S and N\S, can connect to all sources separately or jointly.
Separability (Bergantifios and Vidal-Puga (2007, 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, if m(N,M,C) = m(S,M,C) +
m(N\S, M, C), then

_ [ fi(S,M,C) ifies,
JilN, 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, fi(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 ¢;, = ¢, 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 e M, if for each k, £ € M U N such that {k,(} # {a,b}, ck¢ = ¢}, then for each i, j € N,
fi(N7M7 C/) - fz(N7 Ma C) = fJ(Nv M7 Cl) - fj(Na M7 C)

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 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.

13



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, Bergantinios et al. (2011) characterizes the folk rule by
imposing the azioms 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 f°° and f¢"
does not depend on the choice of the minimal tree by the Kruskal algorithm.

We start with f°°. 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 .

Given P = {Sl, ...,S|p|} € P(N U M) it is trivial to see that ) of

)

(P) = |P| — 1. Then,

1EN
D (P71 = of (P(g")] = D oi(P(g")) = > oi (P(g"))
iEN 1eEN iEN

= |P(¢" D -1=(IP(¢")] - 1)
= [P(¢" ") —|P(g")
= 1

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}}z‘jilfr IMIZL Gbtained by the Kruskal algorithm, we define
the followings:

e Bt) =0, ) = =0.

1 : 1 :
o c'(t) = min c ct = min c and
*) {k,z}et\BO(t){ ket {k,Z}CNUM,ckg>c0{ kehs

B(t)={{i,j} €t:cij = (t)}.

e In general, c4(t) = min cret, ¢ = min cret, and Bi(t) =
() {k,ﬁ}et\uﬁ;éBT(t){ J {k,f}cNUM,ckpcq—l{ J (

{{i,j} ety =ci(t)}.

This process ends when we find m(t) < |[N|+ |M| — 1 such that U:n:%)*lBr(t) Ct=
U:,n:(é)B” (t). Note that m(t) denotes the number of arcs in ¢ with different costs.
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By the Kruskal algorithm, for all ¢ = 1,....,m(t), ¢i(t) = ¢?. Next, we prove that
P(BY(t)) = P({{i,j} : ¢j < c'}). Since BY(t) C {{i,j} : cij < c'}, P(BY(t)) is finer
than P({{i,5} : ¢; < c'}). Suppose that P(B'(t)) # P({{i,j} : cij < c'}). Then, there
exist S, S’ € P(B(t)), S # S, k € S, and ¢ € S’ such that ¢y, < ct. Thus, BY(t) U {{k,(}}
has no cycle and {k, ¢} ¢ t, which contradicts the construction of ¢ by the Kruskal algorithm.
Then, P(B(t)) = P({{i,j} : cij <c'}).

Suppose now that for all ¢ < qo,

P(ULyB"(t) = P{{k, 6} : cpe < 7)),
Using arguments similar to those used in the case ¢ = 1, we can prove that
P(UiLoB"(t)) = P({{i.j} : e < c™}).

Since t = UT:(?B’”(t) and ¢;; = ¢" for all {i,j} € B"(t) and all r = 0,...,m(t),

|N|+|M|-1
fAN,MC) = Y e [0 (P(¢"71)) — 0} (P(g"))]
p=1
m(t) Ui B" (1)

= Z Z Cipjp [O:(P(gp_l)) - Of(P(gp))]
9= \p=|uiZo BT ()41

(t

= 3 or (PO — o (P(g o O

~—

3

)

<
Il
—

t

2

~

I
(]

¢t [0 (PUUIZSBT(1))) - 0 (P(UL_o B (1))

<
Il
—

t

= et [of (P({{i, 5} : eiy < T7'}) = 0] (P({{i, 4} s cij < cT}))] . (3)

2

~

<
Il
_

Thus, f° does not depend on the minimal tree t.

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 € NN,

0i (P(g" 1), P(g") = 0] (P(¢"")) — 0} (P(g")).
Assume without loss of generality that g? = g~ U{k, £}, P(¢*"1) = {S1,..., S}, k € Sh,
L € Sy, and P(gP) = {S53,..., S} where S5 = 51 U Sy and S} = S for each j = 3,...,7. We
consider four cases:
1. S1USy C N:
(a) i ¢ S5. Since S; = S;, it is trivial to see that

F(P(g"1) — 0f (P(g")) =0 =0} (P (3" ), P(g")).

0,
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(b) i € S;. Assume that i € Sy (since the other case is similar, we omit it). Then,

) 1 1 |52
* P p—1 _ * P p = — — ==
0; (P(g"")) — 0; (P(d")) |S1] |S1 U Sy |S1 U Sa|[S1]

= o} (P(g""),P(g")).

2. S1NM # (0 and Sy N M # (:
(a) i ¢ S, and S; C N.
S, € P@): $;n M A0} —1 1

0; (P(¢" ")) — 0} (P(¢")) = N TS
U e P : SN M AP -1 1
[N |5i
1

= W= 0i (P (¢"71), P(g)).

(b) i ¢ S, and S; N M # (.
£S; € PlP™) : 5,0 M £ 0} — 1

0f (P(g"™1)) = 0i (P(¢")) =

|N|
S e P(gP): S;N M # 0} -1
[N
_ ‘]17 =0} (P (6" 1), P(¢")).

(c) i € S}. Suppose that i € Sy (since the other case is analogous, we omit it). Then,

. p—1y . ) .
ot (P(g") — ot (P(g?)) = W EPW):SnM A0 -1

[N]
{Sj e P(g") : Sjn M # 0} — 1
[N]
:‘izgw@pmpw»

3. 81 C N and So N M # () (since the case S1 N M # () and Sz C N is similar, we omit it):
(a) i ¢ S, and S; C N. Then,
1 1
*(P(a? 1)) — o (P(a? = —
P =P = 51 T

0 |
= 0=0/(P(¢""),P(¢")).

(b) i ¢ S, and S; N M # (). Then,

{S; € P(g"™") : S; N M # 0} —1
[NV
_]{S;-EP(gp):S;-ﬁM%@}\—l
[NV

= 0=0;(P(¢"") . P(s")).

i (P(g" 1)) —0of (P(¢")) =
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(c) i € S5N Sy. Then,

o (P(g") — 0 (P(gP)) = 1{S; € P(g?71): S;n M # 0} — 1 S
[N EX
H{Sj e P(gP): S;n M # 0} - 1
[N
1

— 5GP @) P,

(d) i e Sé N Sy. Then,

[{S; € P(¢"™"): S, N M # 0} -1
[N

_|{SJ" € P(gP): SN M # 0} -1
|N|

= 0=0/(P(¢""),P(g"). ™

of (P(g"~") —0f (P(g")) =

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 f°" 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,1)
be the C-component to which i 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 ¢j; = 0 when S(P,i) = S(P,j) while ¢;; = 1 when S(P,i) # S(P,j). Thus, the
set of C-components and C*-components coincide. Recall that for each ¢ € N,

{S;eP:S;NM 0} —1

if S(P,i) N M # 0,

cw _ [N
cae)r = HSj €pP:50M7 -1 ! otherwise.
[N 1S(P, )]
1
N, M, C) = Shi(N,vee) = ol > (e (Pre(i,m) U{i}) — ve (Pre(i,m))).
" well

We consider two cases:

1. S(P,i) " 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, vo=(Pre(i,m) U {i}) — vo=(Pre(i, 7)) =
{S; € P:S;NnM # (0} —1. If (i) > 1, this means that when this agent arrives
all the components with sources are already connected. Thus, ves(Pre(i,m) U {i}) —
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vex (Pre(i, 7)) = 0. Therefore,

FSh(N,M,C) = !Ny' > (we (Pre(i,m) U {i}) — ve- (Pre(i,m)))
mell
_ |N1|' ST (48, € P SN M ABY 1)
‘WEHT((.) 1
_ |N|'(|N| DU({S; € P+ S; N M # 0} — 1)
S e P NM A0} -1
[N
= fEW(N, M, 0).

2. S(P,i)NM = (). For each order 7 € II, we compute vo« (Pre(i, 7)U{i}) —ve(Pre(i, 7))
distinguishing several cases.

(a) Pre(i,m) N S(P,i) # 0. Thus, ve«(Pre(i, ) U {i}) — vox (Pre(i, 7)) = 0.

(b) Pre(i,m)NS(P,i) = = Pre(i,m). Then m(i) = 1. Thus, vex(Pre(i,m) U {i}) —
ve=(Pre(i,m)) = |{S; € P:S; N M # (0}

(¢) Pre(i,m) N S(P,i) =0 # Pre(i,n). In this case, w(¢) > 1. Thus, ve«(Pre(i,m) U
{i}) —ve= (Pre( )=1.

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

1
Sh — _— |{S,eP:S, »
fiM (N, M, C) |N‘|{SJEP.SJQM7€®}|+‘N“yﬂ|
Note that
IN|=IS(P,)] .
|N|' N &= (N[-[S(Pi)] — k)!
We consider |S(P,i)| = m + 1. Then,
LH*| _ leml (IN|=m—=DI|N| -k —1)!
IN]! &= (N[-m-k-1!N]!
_ <Nr—m—1>!m!'N"Zm‘1 N[ = k-1
N [NV]! P m '
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Since

<x+1>_< x > B (x+1)! B !
y+1 y+1 )  (+Dl(z—-y)! @+ (z-—y-1)
[(z+1) = (z —y)]a!
(y+ D!z —y)!
z!
~ yl@—y)!
- (1)
\w
we have that
Mt N — k-1 N2 N k=1 m
2 ()
> (M) - ()0
IN|—m—2
B N[k _(IN=k=1)\],(m
- 2 (W) -]
B IN| —1 m+1 m
<m+1>_<m+1> (m)
_ ([ IN]-1
a <m+1>
Hence,
Lo (IN|—m—1)hm! [ |N| -1
R s ()
_ (IN| —m —1)lm! (|N]—1)!
|N|! (m+ D(IN] —m —2)!
B IN| —m —1
~ INI(m+1)
_ o 1
 m+1 |N|
_ 1 1
~[S(P)]IN|
Therefore,
SN M.C) — {S; e P:S;NM # 0} 1 _L
U, M0) V] T SEal IV
_ HS;eP:S;,NM#0} -1 1
|| |S(P,d)]
= fiCW(N7M7C>'

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

m(C) m(C)
FEVNMLC) = 3 at V(N ML0%) = 3 atShi(N, veay-).
¢=1 =1
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Since the Shapley value satisfies additivity on v,

m(C)

q . = i
qzl xr ShZ(N, 'U(Cq)*) ShZ (N, ’Uzznz(lc) xq(CQ)*) .

m(C)
It only remains to prove that C* = >  z9(C?)*. Let t be a minimal tree and g;; the
=1

q
unique path in ¢ from i to j. We know that ¢j; = {knéaX {cre} = cirjr. By Lemma 1, we know
£ 1E€Gi5
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 C?. Thus, cg; = {kl?}ax {cl,} = Cg,j/ and hence
£1E€Gi5
m(C) m(C)
i = cirjr = Z xqc?,j, = Z xqc?;.
q=1 q=1

We now prove that f° coincides with f¢W. Let (N, 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 f°° does not
m(C)
depend on the minimal tree chosen by the Kruskal algorithm. By Lemma 1, C = )  zC%.
q=1
Besides, by Norde et al. (2004), we have that ¢! = min{e;; : ¢;; > 0} and

o 0 when ¢;; < cl,
W71 1 when ¢;; > ch

In general, for each ¢ = 2,...,m(C),
¢! = min{c;; : ¢i; > 7,

q _{ 0 when ¢;; < ¢,

cl. =
4 1 when ¢;; > ¢4,

and
44— ct when ¢ = 1,
T ¢ —c? ! when g > 1.

For each g = 1,...,m(C), the set of C9-components coincides with P({{i,j} : ¢;; < c71}).
Obviously, m(t) < m(C) and t is a minimal tree in C? for each ¢ = 1,...,m (C). Besides, for
each ¢ > m(t) and each {i,j} € t, cgj = 0. By definition of f°°, for each i € N and each
g=m)+1,..m(C), fCV(N,M,C%) = 0. Then,

m(C) m(t)
FEVN, M, C) =) 2t fOV(N, M0 =) at fOV(N, M C9).
g=1 q=1

By definition of 0* and f¢%, for each i € N and each ¢ = 1,...,m(t),

FEVN, M, C) = of (P({{i, g} ¢ cij < c™1})),
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where we denote ® = 0.
Therefore,

m(t)
V(N M, C) = Y a2t fFV (N, M, CY)
q=1

= Zﬂfq P({{i,j}: cij <c'})

m(t)

= clof(P({{i.j}: ciy < N)+ Y (P = Nof(P({{i,j} : ey < ™1)

q=2
= Z P({{i, g} cij <) = o (P({{i, 5} + cij < c}))]

+"Dof (P({{i, j} = ey < <™OY)).

Since P({{i,5} : c;j < c™®}) = {N UM}, for each i € N, of (P({{i,5}: cij < c™D})) =
0. Therefore,

Q

m(C)
FEVINM,O) = ) e of (P({{i, g} = ey < 1)) = of (P({{i, g} = ey < c™}))].

q

Il
—_

By (3), we deduce that fCV(N,M,C) = (N, M,C). &

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 f° (N, M,C) < f° (N, M,C"). It is enough to prove it when there exists
a,b € N UM such that ¢, < ¢, and ¢;; = c;j when {i,j} # {a,b}.

Suppose that there is a minimal tree ¢ in (N, M, C) such that {a,b} ¢ t. This means that
t is also a minimal tree in the problem (N, M,C") with exactly the same costs. Since the
folk rule satisfies IIT, 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, ') that do not contain the
arc {a,b} and = = Eréi%lc(N, M,C,t) — m(N,M,C).

We distinguish several cases:

Case 1. ¢, — cqp < 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€ticayp <ciy < c;b}.

We have two subcases:
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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 i € N,

JE (N MLCT) = (N, MLC) = (= can) (0F(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)). Let i € N.

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

(clp — can) (0} (P) = 0 (P**))
() <|SkeP:SkﬂM7£®|—1 B \SkeP:SkﬂM;«ém—Q)
‘ V] V]
Cap — Cab
V]
> 0.

Subcase 1.a.ii. S(P,a) N M # () and S(P,b) N M = (). Since the case S(P,a) N M = ) and
S(P,b) N M # () is similar, we omit it.
(1) If i ¢ S(P,a) U S(P,b), then

(chy = ca) (01 (P) = 0} (P™)) = 0.
(2) If i € S(P,a), then

(cho = ca) (0F(P) = 07 (P™)) = 0.
(3) If i € S(P,b), then

Subcase 1.a.15. S(P,a) N M = and S(P,b) N M = 0.
(1) If i ¢ S(P,a) US(P,b), then

(cy — car) (07(P) = 0} (P)) = 0.

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

’ * *( pDa — (A 1 L
(chy — Cab) <0i (P) —o; (P b)) = (Cop — Cab) <|S(p7 @) |S(P,a)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

< if {Zv]} = {a7 b},

0 0
c =cg and c;; = )
@ v { ¢;j otherwise.
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For each k£ > 1, let
¢ = min{c;; : {i,5} € A, ¢i5 > Ck_l} and

% { & if {i,5} = {a, b},

C‘ . = .
t cij otherwise.

We apply this procedure until we find r such that ¢, = max{c;; : {i,j} € A}. By setting
C"™t1 = (', we have a sequence of problems {(N, M, Ck)}ke{o,...,rJrl} such that C° = C and
C"™t! = (C’. Note that ¢t is a minimal tree in each of those problems. Besides, for each pair of
problems (N, M, C*) and (N, M, C**1) we can select the arcs of ¢ 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
i€ N,

52 (N, M, ™) — fo" (N, M, C7F) > 0.
Then, for each i € N,

T
FE(N,MLC) = f77(N,M,C) =) [ff* (N, M, C"H17F) — (N, M, C" )| > 0.
k=0
Case 2. ¢, — cqy > x. Let the problem (N, M, C") be such that ¢, = cq + = and c;’] = ¢ij
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 IIT, for each i € N,

fio*<N7M7C,> - fio*(N7M70) = in*(N,M,C”) - in*(N,M,C).
Since (N, M, C") satisfies the condition of Case 1, for each i € N,
FN,MLC") = f77(N, M, C) > 0.

(3) The folk rule satisfies CA: By Theorem 1 the folk rule can be defined as f¢", the cone-wise
decomposition. Thus, it is obvious that it satisfies CA.

(4) The folk rule satisfies PM: It is enough to show that for each k € N and each i € N\{k},
(N, M,C) < fo"(N\{k}, M,C). Without loss of generality, let k = |N| = n.
First, we claim that if ¢,s = « for each s € M, ¢,; = [ for each i € N\{n}, and

B>a> max {c;}, then for each i € N\ {n}, f* (N, M,C) < fo"(N\ {n}, M,C).
i JENUM\{n}

Let t = {{i*(N, M, C), jP(N, M, C)}}L]ilf‘Ml_l be a minimal tree chosen by the Kruskal al-
gorithm. Then, (i) {ilVHMI=L(N M, C), jJINHMIZ1(N 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 con-
nected under glNITIMI=2(N M, C). Also, the subtree {{i?(N, M, C), j?(N, M, C)}}LZ‘;F‘M|_2 is
aminimal tree in (N\{n}, M,C) and foreachp = 1,...,|N|+|M|-2, {i*?(N,M,C),j?(N,M,C)} =
{iP(N\ {n}, M,C),j7(N \ {n}, M,C)}. Then, for each i € N\{n},
IN|+[M]-1
fio*(N,M,C) = Z Cipjp [O: (P (gpil(NﬂMac))) _O;k (P(gp(N,M,C)))]
p=1
IN|+[M]-2
= Z civjr [0f (P (g1 (N,M,C))) —of (P (¢°(N,M,C)))]
p=1
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where the last equality comes from the fact that for each i € N\{n},

o (P (g‘NHlM‘—?(N, M, 0))) = o (P (glNH'M'_l(N, M, C)>) —0.

Notice that foreachp =1,. .., |N|+|M|—2, P (¢°(N,M,C))\{n} = P (¢?(N \ {n}, M,C)),
for each i € N\ {n}, S(P(¢?(N,M,C)),i) = S(P(¢?(N\{n},M,C)),i), and {S; €
P(gP(N,M,C)):S;NM # 0} ={S; € P(¢?(N \ {n},M,C)):S;NnM # 0}.

Let i € N\{n}. Foreach p=1,...,|N|+|M| -2, let

¢’ =|{S; € P(¢"(N,M,C)): S;n M # 0} = [{Sj € P(¢"(N\ {n},M,C)) : S;N M # 0}|
and
sP = [S(P(g"(N,M,C)),i)| = |S(P(g"(N \ {n}, M, C)), ).
We consider several cases:
Case 1. S (P (¢*"1(N,M,C)),i) N M # 0. Then, S (P (¢?(N,M,C)),i) N M # 0. Now
of (P (¢" (N, M, C))) — o] (P (¢"(N,M,C)))
B N
NI [N] 7 INNAn}| [N\ {n}|
= 0 (P(¢" ' (N \{n},M,0))) — 0} (P (¢"(N\ {n}, M. C))).

where the last inequality comes from the fact that ¢g?~! > ¢P.

Case 2. S (P (¢*"'(N,M,C)),i)NM =0 and S (P (¢*(N,M,C)),i) N M # 0. Now,

ot (P (4" 1(N, M, ) — ot (P (g(N, M, C))
I U PR e S
=N e N SNy T N {n]]

= 0} (P (9" '(N\{n}, M, C))) = o (P (6"(N \ {n}, M, C))).

Case 3. S (P (¢*"'(N,M,C)),i)NM =0 and S (P (¢*(N, M, C)),i) N M = 0. Now,

of (P (9" (N, M, ©))) = o} (P (4"(N, M, C)))
"t I ¢ 1 gt 1 q° 1

NPT TN T e SN e N )]
— 0f (P (¢" (N \ {n},M,C))) — o} (P (¢"(N\ {n}, M, C)).

Therefore,

|N|+|M|—1
fio*(Nv Mv C) = Z Cipjp [Oj (P (gp_l(Nv M’ C))) - O,f (P (gp(Na Mv C)))]
p=1
|N[+|M|-2
< > e [of (P(9"H(N\{n}, M, C))) = o] (P (¢"(N\ {n}, M, C)))]
p=1

= [7(N\ {n}, M, ), (4)
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as desired.

Let a = max = {ei;} +1and B = a+ 1. Let C° € CVYM be such that ), = « for each
1,JENU

s € M and C% = ¢;j otherwise. For each r = 1,..., |[N| — 1, let C" € CN"™ be such that
cnr = B and for each {4, j} # {n,r}, c; = 02]71. Let i € N\ {n}. Since f° satisfies CM,

FEN, M, C) < f77(N, M, CO) < f7(N,M,CY) < - < f77(N, M, NI,
Applying (4) to CINI=1,

£, M CNIEY) < (N, M, OV,
Since CIVI=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 satisfying
the conditions in the statement of ETSC. Suppose that there is a minimal tree in (N, M, C)
such that {a,b} ¢ t. Thus, t is also a minimal tree in (N, M,C’) with the same costs. Since
the folk rule satisfies IIT, 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 (N, M,C) that do not
contain {a,b}. Let x = rtrél%l ¢(N,M,C,t) —m(N,M,C). We consider several cases.

Case 1. ¢, — cqp < x. Note that a minimal tree ¢t in (N, M,C) is also a minimal tree in
(N, M,C"). Now consider the set A = {{i,j} € t: cq < ¢ij < 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,

F(N, ML CT) = [ (N, ML C) = (¢, — can) (0F (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 o*, for each i € N,

(chyy — cap) (0} (P) — of (P))

(e )(|{SkeP:SkﬂM7é(i)}|—1_ \{SkeP:SkﬂM#@}|—2>
ab— Cab N V]

Cop — 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 e -
0_ 0 _ cC if {Z,]}:{a7b}7
¢’ = cqp and Cij = { ¢;j otherwise.

For each r > 1, let ¢" = min{c;; : {i,j} € A,¢;; > "'} and

. { c if {i,j} = {a,b},

cij otherwise.

We apply this procedure until we find 7 such that ¢}, = max{¢;; : {¢,7} € A}. By setting
C™1! = (') we have a sequence of problems {(N, M, C")}reqo,....7+1) such that C°% = C and
CT™! = C’. Note that ¢ 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,

fio*(N7 Ma C/) - fio*(Na M, C) = Z [in*(N, M, CF+1_T) _ in*(N’ M, 07_‘—7’)]
r=0
3 crHl=r _ v ol o0

/
Cab — Cab

[V [V [NV

r=0

Case 2. ¢, — cap > x. Let (N,M,C”) be such that ¢} = cq + 2 and c;’] = ¢j; 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,

(N, M, C") — f7°(N,M,C) = fO (N, M,C") — fZ" (N, M,C).
Since (N, M, C") satisfies the condition of Case 1, for each i € N,

* * . —cap T
FON, M, C") = f(N,M,C) = 2 —
[N ||

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 = {54, Sz, ..., S|p} € P(N U M), we define
the function o(P) = f(N,M,CT) where c,f; =0 if 4,j € Sk for some k € {1,...,|P|} and
CZ]-_;- = 1 otherwise. Note that

Z 0;(P) = Z fZ(N7M7CP) :m(N?MaCP) = |P‘ -1
€N 1EN

26



We claim that f = f¢ where for each (N, M,C) and each i € N,

N1
FNMC) = 3 cp|0i(Ple") = 0i(P(g"))].

p=1
m(C)
Since f and f° satisfy CA, by Lemma 1, f(N,M,C) = > f(N,M,z4C?) and f°(N,M,C) =
q=1

m(C
(Z) fO(N, M, z1C1?). Therefore, it is enough to prove that f coincides with f° in problems
q=1
(N, M, C) where there exists a network g such that ¢;; = x if {i,j} € g and ¢;; = 0 otherwise.
Let P(g) = {S1, ..., Sr} 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| — 7). Then, we connect the nodes from
different components with the constant cost x. Thus, for each i € N,

|N|+ M1
FENMC) = 3 [P~ oi(P(9"))]
p=1
N |+ -1
= . l’[oz' (P(gp’1)> —0; (P(gp)ﬂ
p=|N|+|M|—-r+1
_ x[oi (P(g|N\+|M|fr+1)) ~ o <P(g\N|+|M\—1))}

= 2| fi(N, M, PO (v, e PO

Note that P(gVIHMI=m+1y = P(g) and P(gINHIMI=1) = N U M.

Since cf}fUM = 0 for each i, € NUM and f satisfies CA, for eachi € N, f;(N, M, CNM) =
0, which implies that fo(N, M,C) = xf;(N, M,C"9)). Now, consider C’ such that iy = i)
for each i, j € N U M. Note that C"* = CPW. By IIT, f(N,M,CP9) = f(N,M,C"). By
CA, f°(N,M,C)=zf(N,M,C").

Using similar arguments as in Bergantifios et al. (2010, p.708), we can prove that
xf(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 = 0*. Now, let P = {51, ..., Sy, ..., S|p} be a partition such that
SN M # () when k < g and Sy, C N when k > ¢q. Note that [{Sx € P: SgNM # 0} = q. We
introduce a sequence of problems {(N,M,C")},=1,,. 4 where C! = CF and for each r > 1,
C" is obtained from C"~! such that Croigr = 0if ateS._1NManda €8,NM, and
cij = c;“j_l otherwise. By ETSC, for each r = 2,...,q and each i, j € N,

fi(N7M7CT_1) - fl(N7M7CT> = fj(NvMacr_l) - f](N,M,Cr)
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Since

> AN, M, CT ) = fi(N, M, CT)] = fi(N,M,C7 1) = > fi(N, M, CT)

iEN iEN iEN
= m(N,M,C"™ ) —m(N,M,C")
=1,
for each i € N,
1
fi(N)Ma Cril) - f’L(N)Macr) = W

Therefore, for each 7 € N,

q

ﬁWMO)ﬂNMm=ZﬁNMC“)MMM0ﬂ

IN| -
Thus,

q|N|1 + fi( N, M, C9). (5)

By CS, for each k = g+ 1,...,|P|, ‘ > filN,M,C?) < m(Sy N N,M,C?) =1 and
for each i € (Ul_,Sk) NN, fi(N, M, Cq)zeing({i},M, C?) = 0. Since  fi(N,M,C7) =
m(N,M,C%) = |P| — g, for each k = g+ 1,...,|P|, ‘ > f,-(N,M,Cq;ei 1 and for each
i€ (UI_,Sk) NN, f;(N,M,C%) =0. By (1) and (5), f;ike:cjlvl ie (Ul_,Sk) NN,

o(P) = f{(N,M,C") =

o(P) = T2 = 01 (P)

For each k = q+1,...,|P| and each i, j € Sk, 1 and j are symmetric, so that by SYM, for
each i € S (k > q), fz(N M,C1) = | - From (1) and (5), we have that

q_l 1 *
i(P) = +— + — =o}(P).
A =N s o)

(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(Sx, M,C%) = 1, and for each i €

q
(Uf_1Sk)NN, m({i}, M, C?) = 0, which together imply that m(N,M,C?) = > (> m({i},
k=1 €SxNN

|P|
M, Cq))+ > m(Sk, M,C1?). By SEP, for each k = ¢+1,...,|P|, fi(N,M,C?) = f;(Sg, M,C9),
k=q+1
which implies that > fi(N,M,C?%) = > fi(Sg, M,C?) = m(Sk, M,C?) =1 and for

1€SLNN 1€SENN
each i € (Ul_Sk) NN, fi(N,M,C?) = fi({i}, M,C?) = m({i}, M,C9) = 0. Once again, by
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using the same argument as in the proof of (a), we conclude that f coincides with the folk
rule. W

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 N UM : ¢;; = 0}. For each

i € N, let
wi—{ TesTFeseEaaa=oy 1 S(P(9)4) # {i},

1 otherwise.

For each i € N, let f* be

|{SkeP(g):ﬁ\zﬁmM¢®}\—1 if S(P(g),i) N M # 0,
(N, M,C) = |{SkeP(g):ﬁépM¢®}\—1

+ i” i— otherwise.
J

JE€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 problem
following Bergantinos and Vidal-Puga (2015). For each classical problem (Ny,C) and each
S C N, let
min ¢ if §={i},
5= d dENi )
min Cij — Imax ¢ if ‘S’ > 1,
i€S,jENo\S {i.iyer(S)
where Nyg = N U {0} and 7(S) is a minimal tree in (S, Cyg) connecting all agents in S. Let
Ne(No,C) be a set of all coalitions S C N and |S| > 1 such that dg > 0. Let 6 = {0" },cr,
be a parametric family of functions defined as

™ if [NV] #2,
o;j(N)=1 3 if [IN|=2and z > 1,
max{%,min{cmciicoz,%}} if [ N]=2and z < 1.

Let C* be the irreducible cost matrix of C. For each (C*,x) and each i € N, let
e(C* ) = / 5L (N dt.
0
Now, we define the rule f¢ such that for each classical problem (Np,C) and each i € N,

(N0, C)=cti— Y (05— eil(S,C%),65)).

SeNe(No,C),ieS

Next, we extend this rule to our problem. For all (N, M,C), let ¢ be a minimal tree in
the irreducible problem (N, M,C*) where all sources are connected among themselves. Let

tyr be the restriction of ¢ to M. We now consider the classical problem (Ny,C) such that
t={{i,j}et:i,j € N} U{{0,i} : i € N and {i,5} € ¢t for some j € M}. It is easy to see
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that 7 is a tree that connects all agents in N to 0. Let ¢; = ¢j; if i,j € N and {i,j} €
coi = max{cy, : {k,£} € g’ }, where i is the first source in the unique path connecting
agent i to each source in t; and ¢j; = max{cge : {k,¢} € g;} if i,j € N and {4,j} ¢ t. For
each problem (N, M,(C), let

(tm)

JN,M, €)= S

+ fe(NO’ é)

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, fF(N,M,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
1 #£n,

{SeP:SnM£0)| -1 if i € Sk, SN M =0 and n € S,
6:(P) = |{S€P:Sr]1VM75@}|*1 + \Silkl ifi € Sg, S,NM =0 and n ¢ S,
|{SeP:s|erVJ\|/I7é0}I—1 if i € S, and S, N M # 0,

and

IN]

|{S€P:S|?VJ\‘/I7E@}‘_1 if n € S and Sp N M # 0.

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

] USEPSOMADN-1 |\ 1 ifp e Sy and Sy N M = 0,
on(P) =

) INI+M|-1
in(N’ M, C) = Z Cipjp [51'(P(gp_1)) _61'(P(gp)):|.
p=1

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

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

€
05

b Wi ({SeP:SNM#£BY ~1)+ gy ifie S and SyNM =4,
(P) = W%(HSEP:SHM#@H—U if i € Sy and S, N M # 0,

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

each i € N,
[N|+|M]-1

FENMC) = 3 e [0f (P(g) = 0 (P(g"))].

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