A Service of

[ ) [ J
(] [ )
J ﬂ Leibniz-Informationszentrum
° Wirtschaft
o Leibniz Information Centre
h for Economics

Make Your Publications Visible.

Oishi, Takayuki; van der Laan, Gerard; van den Brink, René

Working Paper

An Axiomatic Analysis of Joint Liability Problems with

Rooted -Tree Structure

Tinbergen Institute Discussion Paper, No. 16-042/11

Provided in Cooperation with:

Tinbergen Institute, Amsterdam and Rotterdam

Suggested Citation: Oishi, Takayuki; van der Laan, Gerard; van den Brink, René (2016) : An Axiomatic
Analysis of Joint Liability Problems with Rooted -Tree Structure, Tinbergen Institute Discussion
Paper, No. 16-042/11, Tinbergen Institute, Amsterdam and Rotterdam

This Version is available at:
https://hdl.handle.net/10419/145349

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dirfen die Dokumente nicht fiir 6ffentliche oder kommerzielle
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewahrten Nutzungsrechte.

WWW.ECONSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://hdl.handle.net/10419/145349
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

T1 2016-042/11

@
Tinbergen Institute Discussion Paper /m
]

An Axiomatic Analysis of Joint Liability
Problems with Rooted -Tree Structure

Takayuki Oishid
Gerard van der Laan®
René van den Brink®

a2 Department of Economics, Aomori Public University, Japan;
b Faculty of Economics and Business Administration, VU University Amsterdam, and Tinbergen
Institute, the Netherlands.



Tinbergen Institute is the graduate school and research institute in economics of Erasmus University
Rotterdam, the University of Amsterdam and VU University Amsterdam.

More Tl discussion papers can be downloaded at http://www.tinbergen.nl

Tinbergen Institute has two locations:

Tinbergen Institute Amsterdam
Gustav Mahlerplein 117

1082 MS Amsterdam

The Netherlands

Tel.: +31(0)20 525 1600

Tinbergen Institute Rotterdam
Burg. Oudlaan 50

3062 PA Rotterdam

The Netherlands

Tel.: +31(0)10 408 8900

Fax: +31(0)10 408 9031



An axiomatic analysis of joint liability problems with

rooted-tree structure?

Takayuki Oishi? Gerard van der Laan? René van den Brink*

May 25, 2016

!The authors would like to thank Shin Sakaue for his helpful comments.

?Department of Economics, Aomori Public University, e-mail: takayukilq80@gmail.com

3Department of Econometrics and Operations Research, and Tinbergen Institute, VU Univer-
sity Amsterdam, e-mail: g.vander.laan@vu.nl

4Department of Econometrics and Operations Research, and Tinbergen Institute, VU Univer-

sity Amsterdam, e-mail: j.r.vanden.brink@vu.nl



Abstract

For joint liability problems concerning tort law, a legal compensation scheme may be
based on lower and upper bounds of compensation for injury and on case-system consis-
tency. Introducing several properties inspired from this observation, we analyze compen-
sation schemes axiomatically under the situation where causation of the cumulative injury
appears in multiple sequences of wrongful acts. The situation underlying the model is
described by a rooted-tree graph. We show that there is a unique compensation scheme
that satisfies three axioms, one about lower bounds of individual compensations, one about
upper bounds of individual compensations, and one about case-system consistency. This

unique compensation scheme is the nucleolus of an associated liability game.
Keywords: Liability problems, Tort law, Rooted-tree graph, Axiomatization, Nucleolus,
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1 Introduction

In this paper we consider situations in which an injured party suffers damages caused by
wrongful acts performed subsequently by a sequence of injuring parties. The wrongful
acts are causally related in the sense that any wrongful act in the sequence would not
have occurred if any of the preceding wrongful acts would not have occurred. So, the
second (wrongful) act can only occur after the first (wrongful) act has occurred, the third
(wrongful) act can only occur when both the first and the second (wrongful) acts have
occurred and so on. Any wrongful act results in an amount of damage to the injured party.
The injuring parties are the tortfeasors who can be considered to be jointly liable for the
full damage. The problem is how to apportion the full damage amongst the tortfeasors. In
many real life situations, this problem is brought to court. This sharing problem is referred
to as the Liability problem.

Historically, common law did not accept any apportionment among the tortfeasors, but
evolution of common law in the 19th and 20th centuries led to the third Restatement of
Torts (May 1999), providing basic principles and rules to apportion the damages. How-
ever, a systematic apportionment method is still the subject of research. In the existing
literature on law and economics, it is a central topic to clarify whether or not a legal
compensation scheme for liability problems is useful, see for instance Landes and Posner
(1980), Shavell (1983), and Parisi and Singh (2010). These authors analyze the functioning
of compensation schemes from the viewpoint of incentives. On the other hand, the view-
point of fairness is also important. In fact, tort law prescribes an award of damages to
achieve fair compensation for injury, see Boston (1995-1996). Although a few researchers
have investigated the normative topic of liability problems (for instance, see Dehez and
Ferey (2013) and Ferey and Dehez (2015)), this topic still needs further investigation.

In this paper, we analyze the functioning of compensation schemes from the viewpoint
of fairness. For this purpose, we take an axiomatic approach.! The axioms proposed in this
paper are derived by taking into account tort law. Furthermore, we are interested in the
situation where the determination of causal weights between the injuring parties is difficult
in the following two senses. First, since a judge determines causal weights subjectively, fair
compensation for injury may be difficult. Second, if the judge’s transaction cost of this
determination is high, then the determination may be impossible. Under this situation,
we axiomatize the compensation scheme associated with the ‘difference principle of social
justice’ a la Rawls (1971).

The liability problem as described in Dehez and Ferey (2013) has a linear structure in

the sense that the agents are linearly ordered: the wrongful act of agent ¢ can only occur

I Axiomatic approaches to economic allocation problems, where the axioms are based on principles of
distributive justice have been described in, e.g. Moulin (2003)



when all agents j < ¢ behave wrongfully. In this paper, we consider the more general class
of liability problems with rooted-tree structure. As an example, we consider the case where
the injured party suffers an injury that is caused by four agents, agents 1, 2, 3, and 4.
Agent 1 has taken a wrongful act that is the root of the injury. After agent 1’s wrongful
act, agents 2 and 3 have taken wrongful acts. Without agent 1’s wrongful act, agents 2
and 3’s wrongful acts would not have occurred. On the other hand, agent 2’s wrongful
act does not affect agent 3’s wrongful act and reversely. After agent’s 1 wrongful act, the
wrongful act of agent 3 might occur without the wrongful act of agent 2 and reversely, the
wrongful act of agent 2 might occur without the wrongful act of agent 3. Without the
wrongful acts of both agents 1 and 2, agent 4’s wrongful act would not have occurred. The
situation underlying this example can be modeled by the rooted-tree graph of Figure 1. In
this graph, agent 1 is located at the root and has two branches, at one branch agent 1 is
succeeded by agent 2 and agent 2 is succeeded by agent 4, at the other branch agent 1 is
succeeded by agent 3. Agents 3 and 4 are the leafs of the tree. The rooted-tree represents

the hierarchical structure of causation of the cumulative injury.
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Figure 1: Rooted tree with two branches.

Formally, the liability problem is how to share the total damage amongst the n tortfea-
sors, called the agents and indexed by ¢ = 1,...,n. A compensation scheme is a sharing
rule that determines for every liability problem the compensations that have to be paid
by the individual tortfeasors. Note that a compensation scheme is a procedure (algorithm)
that can be applied to every liability problem.

Following the existing literature, we use several notions of damages. Here, we explain
the notions by using the case of liability problems with linear structure. Analogously to
this case, it is easy to understand the notions of damages in the case of liability problems
with rooted-tree structure. It is supposed that all damages can be measured monetary.
Every agent i has taken a wrongful act that causes an amount of damage d;. However, the
wrongful act of agent 7 can only occur when all agents 1,...,7—1 have taken wrongful acts.

So, if at least one of the wrongful acts of the agents 1,...,7 — 1 would not have occurred,



then the wrongful act of agent ¢ would not have occurred. In the existing literature, see for
instance Dehez and Ferey (2013)?, the amount d; is called the direct damage resulting from
the wrongful act of . Furthermore, for every ¢ the cumulative damage up to i is defined
as ¢; = 22:1 dy and the additional damage of i is defined as e; = ¢, — ;-1 = > p_; dy.
So, the cumulative damage up to agent n is the total damage of the tortfeasors, while the
additional damage of i is the sum of all damages that would not have occurred without the
wrongful act of 7. Finally, we have the notion of potential damage. This type of damage
is defined for every subset S C {1,...,n} of tortfeasors. Define k(S) = 0 if agent 1 is not
a member of S. Otherwise, define k(S) as the highest indexed member of S such that all
consecutive agents 1,...,k(S) also belong to S. Then the potential damage of S is the
cumulative damage cy(g), with ¢g = 0, i.e. it is sum of the damages that the members of S
cause when the members outside S do not behave wrongfully.

Dehez and Ferey (2013) introduce a certain compensation scheme formalized by causal
weights between the injuring parties and the list of additional damages. They show that
for every liability problem this compensation scheme yields the (weighted) Shapley value
of the corresponding transferable utility game (for short TU game) that assigns worth
v(S) = cy(s) to every subset S of tortfeasors, i.e., the worth of S is the potential damage of
S. The (weighted) Shapley value (Shapley 1953; Kalai and Samet 1987) is an established
solution for TU games, and it is a game theoretic expression of fairness. Several notions of
fairness underlying the Shapley value are proposed in the existing literature, for instance
see Myerson (1980) and van den Brink (2001). In Ferey and Dehez (2015) a characterization
of the compensation scheme yielding the Shapley value for liability problems is given.

As Dehez and Ferey (2013) point out, for a legal compensation scheme concerning tort
law it should be required that for every liability problem it yields individual compensations

that satisfy the following properties:

(i) Every injuring party should pay at least the potential damage that he would

have caused alone.

(ii) Every injuring party should pay at most the additional damage that he
would have caused. This principle is supported by the third Restatement of

Torts, which is formulated by the American Law Institute.

For a liability problem with rooted-tree structure, based on these two properties we
define in this paper two TU games, the lower-bound liability game and the upper-bound
liability game. The first one assigns to every subset S of tortfeasors a worth vy (S) that is
equal to the potential damage of S. For problems with linear structure this game reduces

to the liability game as defined in Dehez and Ferey (2013). The upper-bound liability game

2Here and in the sequel when we refer to Dehez and Ferey (2013), see also Ferey and Dehez (2015)
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assigns to every subset S of tortfeasors a worth vy (.S) that is equal to the additional damage
of S.3 It appears that these two games are the duals of each other in the game-theoretic
sense.

A vector z = (z1,...,x,) of individual compensations, in the sequel shortly outcome,
is in the core of the lower-bound game if for every S it holds that >, cx; > vr(5), ie.,
the total compensation to be paid by the members of S is at least equal to their potential
damage. Also, for every S C N, z satisfies ) ..o ; > v (S) if and only if ), oz < vy (),
so an outcome in the core of the lower-bound liability game satisfies the Properties (i) and
(i) mentioned above. In fact, an outcome is in the core if and only if it satisfies this type of
properties for every subset of tortfeasors. Generalizing a result of Dehez and Ferey (2013)
for linear liability games, also for liability games with rooted tree structure the lower-bound
liability game is convex.

In this paper, we propose three axioms and we show that these three axioms determine
a unique compensation scheme that yields for every liability problem with rooted-tree
structure an outcome in the core of the lower-bound liability game. As Property (i), the
first axiom sets for every tortfeasor a uniform lower bound. This lower bound is the same for
every tortfeasor, and for an individual tortfeasor the best possible outcome is an outcome
in which he has to pay this lower bound. As Property (ii), the second axiom sets for every
tortfeasor an individual upper bound. This upper bound differs over the tortfeasors and
gives for every tortfeasor its worst possible outcome. In order to set the lower and upper
bound axioms, per capita criteria are employed. This is because in liability problems it
is often impossible to determine the causal weights between the injuring parties. In this
situation, per capita criteria might be justified. The third and last axiom stems from the
stylized fact that in the UK and America, a legal compensation scheme is based on so-called
case system consistency, see for instance Ito (1978). This requires that the compensation
scheme has the property that for every liability problem it provides an outcome that
is consistent with the outcome that the same procedure generates for a different, but
similar liability problem. In this paper, we propose leaf consistency. This type of case
system consistency requires that for every liability problem with rooted-tree structure the
compensation scheme is invariant when a leaf of the tree pays his compensation and leaves.

We show that the three axioms uniquely determine a compensation scheme. This
scheme assigns to every liability problem with rooted-tree structure the so-called nucleolus
of the lower bound liability game as outcome. The Nucleolus compensation scheme has
two appealing properties.

First, the nucleolus (Schmeidler, 1969) is an established outcome for TU games. In

fact, it is a game-theoretic expression of the ‘difference principle of social justice’ a la Rawls

3The additional damage of a subset S of tortfeasors will be defined formally in the next section.



(1971). So, when it is desirable that a legal compensation scheme for liability problems is
to attain a Rawlsian outcome, the three axioms yield a useful compensation scheme.
Second, it is well known that the nucleolus of a game is in the core if the core is non-
empty. Using the fact that the upper bound liability game is the dual of the lower bound
liability game, it follows that the nucleolus of the lower bound liability game lexicographi-
cally maximizes the differences vy (S) — ), 7 of all subsets S of tortfeasors, i.e. it makes
the smallest difference over all subsets S as high as possible, then the second smallest one,
then the third smallest one, and so on. So, it maximizes (lexicographically) over all differ-
ent subsets S of tortfeasors the differences between the additional damage vy (S) and the
actual compensation ) .o x; to be paid by the members of S. Loosely speaking, it min-
imizes (lexicographically) the dissatisfactions over the subsets of tortfeasors with respect
to their ‘worst-case’ outcomes, i.e. the outcome in which S has to pay the total amount

vy (S) of its additional damage.

The remainder of the paper is organized as follows. In Section 2, preliminaries are
given. In Section 3, the liability problem with rooted-tree structure and the corresponding
liability games are given. In Section 4, we state and discuss the three axioms to be satisfied
by a compensation scheme. In Section 5, we show that the compensation scheme that
satisfies the axioms of Section 4 assigns to every liability problem the nucleolus of the
corresponding lower-bound liability game. Section 6 contains concluding remarks, and
discusses a comparison between the Shapley and nucleolus compensation schemes, and an

incentive problem in the situation where the population of the tortfeasors is increasing.

2 Preliminaries

A cooperative game with transferable utility, or simply a TU game, is a pair (N, v), where
N C N is a finite set of players, and v: 2V — R is a characteristic function that assigns
a worth v(S) € R to every subset (usually called coalition) S of N, satisfying v()) = 0.
A TU game (N,v) is convex if v(SUT) +ov(SNT) > v(S) +v(T) for all S, C N. It
is concave if these inequalities are reversed. We denote by G the class of all TU games.
The subclass of all convex TU games is denoted by G"** and the subclass of all concave
TU games by G, For a game (N, v) € G, the dual game, denoted by (N, v?), assigns to
every coalition S what the ‘grand coalition’” N loses if the players in S stop cooperating,
and thus is defined by v¥(S) = v(N) — v(N \ S) for all S C N. Note that v¥()) = 0 and
v¢(N) = v(N). Further it holds that (N,v) € G*® if and only if (N,v?) € Geave.

A payoff vector of TU game (N,v) is a vector z € R" giving a payoff 2; € R to
every player i € N. A payoff vector is efficient if ). \ z; = v(IV). Given (NV,v) € G, the



preimputation set of (N, v), denoted by PI(N,v), is the set of all efficient payoff vectors.
Further, the imputation set, denoted by I(N,v), is the subset of all vectors in PI(N,v) that
satisfy z; > v({i}) for every ¢ € N (individual rationality); the anti-imputation set, denoted
by AI(N,v), is the subset of all vectors in PI(N,v) that satisfy z; < v({i}) for every
i € N. Note that these sets are not-empty if and only if v(N) > >"._ v({i}), respectively
v(N) < 3 ,cn v({i}). We denote by G the class of all TU-games with nonempty I(N, v),
and by GA! the class of all TU-games with nonempty AI(N,v). Note that G**® is a subset
of GI and G¢ is a subset of G4,

The core of a game (N, v), denoted by C(N,v), is the set of (efficient) payoff vectors
that are group stable, and is given by

C(N,v) = {a: € PI(N,v)

in > v(S) forall S C N}.
ics

Note that C'(N,v) is a subset of I(N,v) and that it might be empty. Every game (N,v) €
G¥“* has a non-empty core. A vector xz € C(N,v) satisfies the requirement that for every
coalition S the total payoff is at least equal to its own worth. This is reasonable when
(N,v) is a profit game, i.e., the worth v(S) is the total revenue that the members of S
can achieve by cooperating. However, when v is a cost game, i.e., coalition S has costs
v(S) when it stands alone, then the worth should be considered as upper bounds on the
contributions. For a cost game it makes sense to apply the anti-core of a game (N, v),

denoted by AC(N,v). This set of efficient payoff vectors is given by

AC(N,v) = {x e PI(N,v)

Za:i < w(S) for alngN}.
icS

The anti-core AC(N,v) is a subset of AI(N,v) and might be empty, but every game
(N,v) € G°* has a non-empty anti-core.

For a given subset G’ of the class G of all TU-games, a (single-valued) solution is a
function f that assigns to every game (N,v) in G' a payoff vector f(N,v) € PI(N,v).
Note that in this paper we require that a solution assigns to each game an efficient payoff
vector. The best-known solution on the class G of all TU-games is the Shapley value
(Shapley, 1953), denoted Sh. This solution assigns to every game (N,v) € G the payoff
vector Sh(N,v) given by?

Shi(N,U) = Z

SCN:eS

(INT = [SPHST = 1)!
V]!

(v(S) —v(S\{i})) forallie N.

So, for every player ¢ € N the payoff is a weighted sum of its marginal contributions
v(S) —wv(S\ {i}) to the coalitions S containing ;. When (V, v) is convex, then Sh(N,v) €

4For a finite set A, we denote by |A| the number of elements in A (cardinality of A).
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C(N,v). However, in general, on the domain of TU games with non-empty cores it might
be that the Shapley value is not in the core. Further it holds that the Shapley value is
self-dual (see Kalai and Samet (1987)), saying that for every (IV,v) € G it holds that
Sh(N,v?) = Sh(N,v).?

Another well-known solution on the class of all TU-games is the prenucleolus. Given a
TU game (N,v) € G, we define for payoff vector x € PI(N,v) and coalition S C N the

excess of S with respect to x as

e(S,z,v) =v(S) — le
i€S

When the payoffs are revenues, i.e., the payoffs are payments to the players, the excess
e(S, z,v) can be seen as a measure of dissatisfaction of coalition S. The bigger the excess of
S and thus the bigger the difference between its own worth v(S) and its payoff ) . ¢ x; re-
ceived by the members of S, the more dissatisfied coalition S is. Now, let §(z,v) € R?" be
the vector obtained by arranging all the excesses in non-increasing order, so the first com-
ponent of f(x, v) is the excess of a coalition with the highest excess, the second component
is the excess of a coalition with the highest excess under the remaining coalitions, and so on.
Then the prenucleolus is the solution on G that assigns to every game (N, v) € G the unique
vector in PI(N,v) that minimizes lexicographically the dissatisfactions. To be precise, the
prenucleolus assigns to every game (N, v) the unique payoff vector x € PI(N,v) such that
for every y € PI(N,v)\ {z} there exist a component k such that 0y (z,v) = 6,(y,v) for all
h < k, and Oy(x,v) < Ox(y,v), i.e. the prenucleolus assigns to (N, v) € G the unique payoff
vector € PI(N,v), such that for every other vector y € PI(N,v) there exists a number
k such that the k — 1 biggest excesses of x and y are equal and the next biggest excess of x
is smaller than the next biggest excess of y. We denote the prenucleolus of a game (N, v)
by PNuc(N,v).

The nucleolus is a solution defined for every game with I(V,v) not-empty, so on the
subclass of games G'. It assigns to every (N, v) € G! the unique individually rational payoff
vector x € I(N,v) that minimizes lexicographically the dissatisfactions over all vectors in
I(N,v). We denote the nucleolus of a game (NN,v) by Nuc(N,v). When the core is non-
empty, Nuc(N,v) € C(N,v). Further, on the class of games with non-empty C'(N,v) the
nucleolus coincides with the prenucleolus (Schmeidler, 1969). In particular it holds that
Nuc(N,v) = PNuc(N,v) when (N, v) is convex.

Similarly, for a game (IV,v) we define the anti-prenucleolus, denoted AP Nuc(N,v), and
for a game (IV,v) in the subclass GAT the anti-nucleolus, denoted ANuc(N,v). The anti-
prenucleolus is the unique payoff vector x € PI(N,v) such that —6(v, x) is lexicographically

5The notion of (self-)duality plays an important role in axiomatizing solutions for TU games. For
instance, see Oishi, Nakayama, Hokari, and Funaki (2016).
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smaller than —0(v,y) for every y € PI(N,v), i.e., it is the unique vector in PI(N,v) that
minimizes lexicographically the vector of negative excesses ) ..qx; — v(S) for all S C N.
So, for a cost game, the anti-prenucleolus lexicographically maximizes the cost savings
v(S) = Y,cq i for all S C N. The anti-nucleolus assigns to every (N,v) € G4 the unique
payoff vector x € I(N,v) that minimizes lexicographically the vector of negative excesses
over all vectors in AI(NN,v). When the anti-core is non-empty, ANuc(N,v) € AC(N,v).
When (N, v) € G it holds that ANuc(N,v) = AP Nuc(N,v).

In the next sections the following proposition, which follows from Oishi and Nakayama
(2009), will appear to be useful. Recall that (N,v) € G*** if and only if (N,v?) € Geae.

Proposition 2.1 For every (N,v) € G it holds that
(i) AC(N, ") = C(N,v),
(ii) ANuc(N,v?) = Nuc(N,v).

We now introduce rooted trees. First, a directed graph or digraph is a pair (N, D), where
N is a set of nodes and the collection of ordered pairs D C {(i,7)|i,j € N,i # j} is a set
of arcs. In this paper, the nodes represent the players in a game, and therefore we refer to
the nodes as players. We denote the set of all digraphs by D. For (N, D) € D, a sequence
of k different players (i1, ...,1) is a (directed) path if (i;,441) € D for I = 1,...,k — 1.
For i € N, a player j € N is a subordinate of ¢ if there is a path (i1, ...,43;) with i; = ¢
and iy = j. Player ¢ is a superior of j if and only if j is a subordinate of i. We denote
Fp(i) as the set of subordinates of i and Pp(i) as the set of superiors of i in (N, D).
We also denote F5(i) = Fp(i) U {i} and P2(i) = Pp(i) U {i}. Also for all S C N we
define Fp(S) = Uies Fp(i) and similarly Pp(S) = Uses Pp(i), F5(S) = Uses F2 (i) and
Pp(S) = Uies Pp(i).

A node i € N is called a top player in (N, D) if Pp(i) = 0. A digraph (N, D) is a
(directed) rooted tree with root ¢ when (i) player ¢ is the unique top player and (ii) for all
j # 1 there is a unique path from i to j. In the sequel we denote by D; the class of rooted
trees and an element of D, by (N,T). Note that for a rooted tree (N,T') with root i it
holds that Fr(i) = N\ {i} and for every node j # i there is precisely one player k € Pr(j)
such that (k,7) € T. This player is called the predecessor of j and denoted by p(j). A
player is called a leaf of (N, T) if Fr(i) = 0. We denote the set of all leafs by L(T'). We
say that a tree (IV,T) is linear if |L(T")| = 1. In this case it holds that for every player k
not in L(T") there is precisely one h such that (k,h) € T. For a tree (N, T) with root 4, let
M C N be such that (i) |[M| > 2, (ii) ¢ € M, (iii) for every j € M \ {i} all nodes on the
(unique) directed path from i to j are also in M. Then (M, T(M)) denotes the subtree of
(N, T) restricted to M and 7 denotes the collection of all subtrees (M,T(M)) of (N,T).



A permission tree game is a triple (N, v, T') with N C N a finite set of players, (N,v) € G
a TU-game and (N, T) € D, a rooted tree on N. In those games, it is assumed that the
tree represents a hierarchy that imposes restrictions on the forming of coalitions. Solutions
for permission tree games have been discussed in for instance van den Brink, Herings, van
der Laan and Talman (2016) and van den Brink, Dietz, van der Laan and Xu (2015). One
of these solutions is the permission value, based on the so-called conjunctive approach to
permission structures as developed in Gilles, Owen and van den Brink (1992). In this
approach, it is assumed that a coalition is feasible if and only if for every player in the

coalition all its predecessors are also in the coalition. feasible coalitions is given by
S ={SCN|Ppr(i) CSforaliecS}.

In this paper we only consider triples (N, v,T) with the permission structure (N,T") € D; a
rooted tree. We denote by Gr the collection of all permission tree games. A (single-valued)
solution f on Gz assigns a unique payoff vector f(N,v,T) € RY to every (N,v,T) € Gr.
For S € N, let o7 (S) = Upep,.rcs R be the largest feasible subset® of S. Following Gilles
Owen and van den Brink (1992), the induced permission restricted game of (N,v,T) is the

game (N, 7y, 1) € G given by
rner(S) =v(or(S)) for all S C N,

and the permission value 1) on Gr is the solution that assigns to every (N,v,T') € Gr the

Shapley value of the associated permission restricted game, thus

Y(N,v,T) = Sh(N,rn,r) for all (N,v,T) € Gr.

3 Liability problems with rooted-tree structure

A liability problem with rooted-tree structure (shortly a liability problem) is a triple (N, T, d)
with (N,T) € D; a rooted tree on N and d € ]Rf a profile of non-negative damages, with
d; the (direct) damage caused by tortfeasor ¢ € N. We denote the class of all liability
problems by £. We also define the following notions.

Total damage For S C N, the total damage of S is dg = ZjeS d;.

Cumulative damage For S C N, the cumulative damage up to S is cg = > JePY(S) d;.
Additional damage For S C N, the additional damage of S is eg = ) | JeF9(S) d;.
Potential damage For every subset S C N, the potential damage of S'isbg = ) | jeS:Pr(j)CS d;.

6Every coalition having a unique largest feasible subset follows from the fact that ® is union closed,
i.e. for every E, F € @ it holds that F U F € &



The total damage of S is the sum of the damages of the players in S. The cumulative
damage of S is the sum of the damages of the players in S and all their superiors. The
additional damage of S is the sum of the damages of the players in S and all their sub-
ordinates and can be seen as the sum of all damages that would have been avoided when
none of the members of S exercised a wrongful act. The potential damage of .S is the sum
of all damages that the members of S cause when the members outside S do not behave
wrongfully. In case the tree is linear and S = {j} for some j € N, these notions coincide
with the notions of Dehez and Ferey (2013) as discussed in the Introduction. For ease
of notation we denote dg = d; if S = {i} and similarly for the other notions. Note that
dy = ¢y = ey = by, and for the root 7, d; = ¢; = b; and e; = Zjng(i) d; = dyn. The

following example illustrates the different notions of damages mentioned above.

Example 3.1 Consider six players and rooted-tree (N,T) with N = {1,2,3,4,5,6} and
T ={(1,2), (2,3), (2,4), (1,5), (5,6)}, see Figure 2. Table 1 gives the four notions of
damages for two different sets S. Note that dy =) .. d;.

6

Figure 2: Rooted tree with six players.
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Table 1. Four notions of damages for the tree of Figure 2.

S =1{1,4,6} S ={2,6}
Total damage dg dy + dy + dg dy + dg
Cumulative damage cs || dy — ds dy +dy + ds + ds
Additional damage es || dy do + ds + d4 + dg
Potential damage bg dy 0

Given (N,T,d) € L, an allocation for (N,T,d) is a non-negative vector = € ]Rf such
that ) ..y 2; = dy. A compensation scheme for liability problems is a mapping ¢ on £
that associates with every problem (N, T, d) € £ an allocation (N, T,d) € RY.

We generalize the liability game as defined by Dehez and Ferey (2013) for liability
problems with linear structure to the class of liability problems with rooted tree structure.
For liability problem (N,T,d) € L the corresponding lower-bound liability game is the

game (N, vy) where the worth of a coalition S is its potential damage, i.e. for all S C N,
UL(S) = bs.

Dehez and Ferey (2013) focus on the Shapley value of the (lower-bound) liability game.
In the sequel we define the Shapley value of a liability problem (N, T,d) as the Shapley
value of the corresponding lower-bound liability game. Formally we have the following

definition.

Definition 3.2 The Shapley compensation scheme is the mapping Sh on L that associates
with every problem (N, T, d) € L the Shapley value of its corresponding lower-bound liability
game (N,vp):

Sh(N,T,d) = Sh(N,vr).

In the literature on game theory, the lower-bound liability game is known as the peer-
group game associated to peer-group situation (N, T, d), see e.g. Branzei, Fragnelli and
Tijs (2002). A peer-group game, and so the game (N,vp), is convex. Further it holds
that (V,vr) is the permission restricted game (N, ry, r) of the additive game (N, v) with
characteristic function defined as v(S) = dg for all S C N. Therefore, the Shapley value
of game (N,vr) is equal to the permission value of the permission tree game (N,T,v).
Since (N, vy) is convex, its Shapley value is in its core: Sh(N,vr) € C(N,vr). It follows
that ) ..o Shi(N,T,d) = > ,.s Shi(N,vr) > v (S) for every S € N and thus the Shapley
compensation scheme satisfies the requirement that for every S C N the total compensation

paid by its members is at least equal to vy (S), being the potential damage of S. The

11



Shapley compensation scheme thus satisfies Property (i) of the Introduction as required in
Dehez and Ferey (2013).

While Dehez and Ferey (2013) focus on the Shapley value of the (lower-bound) liability
game, in this paper we consider the nucleolus. We define the nucleolus compensation
scheme as the mapping that assigns to every liability problem (N, T d) the nucleolus of its

corresponding lower-bound liability game (N, vy).

Definition 3.3 The nucleolus compensation scheme is the mapping Nuc on L that as-
sociates with every problem (N,T,d) € L the nucleolus of its corresponding lower-bound

liability game (N,vp):
Nuc(N,T,d) = Nuc(N,vyp).

Since the nucleolus of a game is in its core (if the latter is non-empty), the Nu-
cleolus compensation scheme satisfies the requirement that for every S C N the to-
tal compensation paid by its members is at least equal to the potential damage of S
(> ies Nuci(N,T,d) = > g Nuc;(N,vr) > vi(S) for every S C N) and thus respects
Property (i) of the Introduction. Nevertheless, we now run into a difficulty about the
interpretation of the core and nucleolus. Typically it is considered to be desirable that
a payoff vector is in the core of the game. This is called core-stability, saying that every
coalition S gets at least its own worth v(S) and so the members of S don’t have an incen-
tive to deviate from the grand coalition N. However, this holds for profit games in which
v(S) is the worth that the members of S can earn by themselves without cooperating with
the others, and the entries of x yield payoffs that are paid to the players. In contrast to
this usual situation, the Shapley value or the nucleolus of a liability game gives a vector
of compensations to be paid by the players in the game, i.e., by the tortfeasors. They are
not looking for core stability, on the contrary they want to pay as little as possible.

Therefore, the lower-bound liability game should not be considered as a game that is
played by the tortfeasors themselves, but as a model to help the court to determine the
compensations to be paid to the injured party. With this interpretation the game gives
for every subset (coalition) of tortfeasors, the lower-bounds of their compensations and for
instance the Shapley value or the nucleolus can be applied to determine how much every
coalition has to pay in addition to its lower bound vy, (S). According to the Shapley value,
these additional payments are determined by the marginal contributions of the players.”
In contrast, the nucleolus is determined by the excesses of the coalitions. However, for

a liability game (IV,vy) the excess e(S,z,v;) = v(S) — D ,cg i is now a measure of

"Since the marginal contributions of a player do not depend on the damages of his superiors in the
tree, this also implies that the Shapley value satisfies the property that the compensation to be paid by a

tortfeasor does not depend on the damages of its superiors, see Ferey and Dehez (2015).
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satisfaction of S at x, because the bigger the excess is, the lower the total amount of
compensation that the members of S have to pay. So, while in a game in which the payoff
vector yields payments to the players the nucleolus minimizes lexicographically the vector
of dissatisfactions, in the liability game the nucleolus minimizes lexicographically the vector
of satisfactions. This is counterintuitive. Even if we consider the game as a model used by
the court to determine the compensations, there is no a priori reason to do so.

Nevertheless, the Nucleolus compensation scheme is justified as a reasonable solution
when we consider the second requirement of Dehez and Ferey (2013), namely that every
tortfeasor should pay at most the additional damage that he would have caused, see Prop-
erty (ii) in the Introduction. This principle is supported by the third Restatement of Torts
as formulated by the American Law Institute. Based on this property, we define for a
liability problem (N,T,d) € L the corresponding upper-bound liability game as the game
(N, vy) defined by setting, for all S C N,

vy (S) = es,

i.e. the worth of a coalition S is the additional damage that the agents in S might cause.®

The next lemma states that (N, vy) is the dual game of (N, vy). Because (N, vy,) is convex

this implies that (N, vy) is concave.

Lemma 3.4 For a liability problem (N,T,d) € L, the upper-bound liability game (N, vy)
is the dual of the lower-bound liability game (N,vr).

Proof. For S C N, we have that vr(S) = bs = > cq.p,(jjcs @j- Now, note that
{7€5:Pr(j) €S} =5\Fr(N\5S),

i.e., for every S C N, the set of players in S such that all their predecessors are also in S
coincides with the set of players in S that are not subordinates of the players in N \ S.
With F2(N\ S) = Fr(N\ S)U (N \ S) it follows that S\ Fr(N\ S) =N\ FAN\S).
Hence for every S C N we obtain that vy (S) = deNgngO(N\S) d; and thus

VE(S) = vor(N) —op(N\S) =D di— > d; =

JEN JEN:GEFL(N\(N\S))

Z Z d; =es = vy(9).

jeF%(N\(N\S)) JEFR(S)

8For a liability problem with linear structure the game (N, vy) is a so-called airport game, see Littlechild
and Owen (1973).
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We now have the following proposition, where statement (i) follows because the Shap-
ley value is self-dual and the other two statements follow from applying Proposition 2.1 to

the convex game (N, vy) and its dual (V, vy).

Proposition 3.5 For every liability problem (N, T, d) € L the corresponding games (N, vy,)
and (N,vy) satisfy the following statements:

(Z) Sh(N, UL) = Sh(N, UU);
(ii) C(N,vr) = AC(N,vy),
(#i) Nuc(N,vr) = ANuc(N,vy).

Statement (i) implies that the Shapley value of the lower-bound liability game is equal
to the Shapley value of the upper-bound liability game. Since (N,vy) convex and thus
Sh(N,v) € C(N,vr), statement (ii) implies that Sh(N,v;) € AC(N,vy), and thus
i€S 'Shz(N7 UL) <
es. This also holds for Nuc(N,vy). From statement (iii) it follows that Nuc(N,vy) lexico-

graphically maximizes the cost savings vy (S) — >

Sh(N,vp) satisfies for every coalition S the upper-bound requirement that »

eg Ti with respect to the upper-bound
liability game. So, when the court decides to implement Nuc(N,vy) = ANuc(N,vy), the
smallest cost saving over all coalitions S is made as large as possible, then the second
smallest is made as large as possible, then the third smallest, and so on. This is a very

desirable property and gives a strong motivation for the use of the nucleolus.

We now consider the computation of the compensations for both the Shapley value and
the nucleolus. The Shapley value is easy to compute for liability games. Recall that (IV, vy)
is the peer-group game associated to the peer-group situation (N, 7T, d) and also that it is
the permission restricted game (N, 7y, 1) of the additive game (IV, v) with its characteristic
function defined as v(S) = dg for all S C N. For these games, it is well-known that the
Shapley value distributes the damage d; of a player ¢ € N equally amongst player ¢ and
all its superiors in (N, T'). This gives the following expression for the compensation to be

paid by a tortfeasor j € N according to the Shapley compensation scheme:

d;
|Pp(i)]

Shi(N,T,d) = )

i€F2(4)

(3.1)

So, when applying the Shapley value the compensation to be paid by tortfeasor j is the
sum of all his shares in the damages of himself and his subordinates.

There is no explicit formula available for the nucleolus, but the nucleolus compensations
can be computed by the algorithm given in Branzei, Solymosi and Tijs (2005) for peer-
group games. Given a liability problem (N, T,d) € L, we assume without loss of generality
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that 1 € N is the root of (N,T). For a subtree (M,T(M)) € T (see Section 2), let
(M, T(M),a), ac ]R{‘f be a liability problem on M. We define for every j € M \ {1},

ZkeFO

T(M

TG >| =

Tj(M7T(M)>

The Nucleolus compensation scheme is obtained by the following algorithm, where x =
Nuc(N,T,d) = Nuc(N,vr). Recall that p(j) is the predecessor of j in (N,T') and so also
in every subtree (M,T(M)) containing j.

Nucleolus algorithm:

Step 0: Set M = N and a =d.

Step 1: Find a j € M \ {1} such that 7,;(M,T(M),a) = min,ecan 13 Tm (M, T (M), a).
Step 2: For every k € Fg(M)(j), set v = 7,;(M,T(M),a). If |M\ Fﬁ(M)(j)| > 2, go to
Step 3. Otherwise, set 1 = dy — ZkeN\{l} xp, and stop.

Step 3: Set M = M\ Fp,(j) and set ap(j) = ap(j) + 2;. Return to Step 1.

Note that in Step 2, if |M \ Fp,(d)] = 1, then M\ Fp () = {1}. In the next

Example we illustrate the above procedure.

Example 3.6 Let (N, T,d) be the liability problem with rooted tree as given in Figure 2
and with vector of damages given by d = (0, 12,40, 36, 12, 30).

Using formula (3.1) we have the following computations for the Shapley compensa-
tion scheme, starting with the leafs: Sha(N,T,d) = %@ = 2 Shy(N,T,d) = %4 = 12,
She(N,T,d) = % = 10. Next we obtain Sho(N,T,d) = d2 + Shg(N T,d) + Sh4(N T,d) =

6+12+ 2 =2 Gy (N, T,d) = L + She(N,T,d) =6+ 10 = 16 and finally Shy(N, T, d) =
d1+Sho(N, T, d)+5h5(N, T,d) = 0+934+16 = 12, Thus Sh(N,T,d) = (152, 5%, ¥,12,16,10).

To apply the algorithm for computing the nucleolus payoffs, let x = Nuc(N, T, d). Then

the algorithm performs as follows.

Step 0: Set M = N and a = d.

Iteration 1:

Step 1: min{ %}, 1230 35 23 12204368 — 14 — 75 (M, T(M), a).

Step 2: x5 = x5 = 14.

Step 3: Set M = {1,2,3,4} and a = (d; + 14, da, d3, dy) = (14,12, 40, 36).
Iteration 2:

Step 1: min{28, 40 120404636} — 18 — 7, (M, T(M), a).
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Step 2: z, = 18.

Step 3: Set M ={1,2,3} and a = (dy + 14,d, + 18, d3) = (14, 30, 40).
Iteration 3:

Step 1: min{42, 340} — 20 = 73(M, T(M), a).

Step 2: z3 = 20.

Step 3: Set M = {1,2} and a = (d; + 14, d> + 18 + 20) = (14, 50).
Iteration 4:

Step 1: 7o(M,T(M),a) = 3 = 25.

Step 2: w9 = 25 and 11 = dy — ZkeN\{l} 2, = 39. Stop.

We have found that Nuc(N,T,d) =z = (39, 25,20, 18,14, 14).

From formula (3.1) it follows immediately that the Shapley compensation scheme sat-
isfies monotonicity in the sense that for every player j € N \ L(T) it holds that j has to
pay at least as much as any of his subordinates (and strictly more when d; > 0). This
property also holds for the nucleolus compensation scheme, albeit that compensations can

be equal when d; > 0. We call this weak monotonicity.’

Lemma 3.7 Weak Monotonicity
The compensation scheme Nuc on the class L of liability problems satisfies that for every
(N, T,d) € L it holds for every j € N\ L(T) that

Nucj(N,T,d) > Nucy(N,T,d) for every k € Fr(j).

Proof. The proof follows from the algorithm. In the first iteration the algorithm starts
with (N, T,d). Let k € N\{1} be the player such that 7;(V, T, d) = minjen 13 7,;(N, T, d).
Then Nucy,(N,T,d) = 7, (N, T,d) for every h € F(k) and so the property holds for k and
all his subordinates. In the second iteration we have M = N \ F2(k) and the reduced
liability problem (M,T(M),a) with aywy = dpwy + Tk(N,T,d), and a, = dj, for every
h € M\ {p(k)}. We show that the minimal 7,(M,T(M),a) in the second iteration is
at least equal to 74(N,T,d). For simplicity of notation, denote A; = 7;(N,T,d) and
n; = |F(j)| for every j € N\ {1}.

First, consider a player h € M that is neither a subordinate of k in (N, T,d), nor
a superior of k in (N,T,d). Then 7,(M,T(M),a) = 7,(N,T,d) = A, > A (since Ay
was minimal in the previous iteration). Second, consider a superior h of k in (N, T, d).
Now note that in the first iteration ny players (k and its subordinates) have left and that

all these players paid compensation Ay, while ap) = dyx) + Ax. Further note that h is

9This property is called structural monotonicity in van den Brink and Gilles (1996) who use it to

axiomatize the conjunctive (Shapley) permission value for permission restricted games.
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either p(k) itself, or it is a superior of p(k) and that A, = ﬁ Zing(h) a;. From this and
Ay, > A, it follows that

(nh + 1)Ah — ’I”LkAk > (nh + 1>Ah — ’I’LkAh

M, T(M =
Th( ’ ( ),CL) nh—nk+1 - nh—nk+1

= A, > A

So, at the second iteration we have for every h € M \ {1} that 7,(M,T(M),a) is at
least equal to the compensation Ay assigned to k and each of its subordinates in the first
iteration. So, the players that leave in the second iteration have to pay at least the same
amount as the players that have left in the first iteration.

Continuing in this way we obtain that the assigned payoffs are non-increasing in the
iterations. The result now follows from the fact that for any two players k& and h with k a
subordinate of h, player h gets assigned its payoff either in the same iteration as k or in a

later iteration. O

4 Axioms

In this section, we propose three axioms of a compensation scheme for liability problems
with rooted-tree structure. These properties are inspired from the observations concerning
tort law and case-system consistency, see Ito (1978). We then prove that the Nucleo-
lus compensation scheme is the unique compensation scheme on the class £ of liability
problems with rooted-tree structure that satisfies the three properties. Without loss of
generality, we assume that for every (N,T,d) € L it holds that 1 € N is the top of root
(N, T).

The first axiom takes into account the tort law principle that all tortfeasors are held
jointly responsible for the total damage dy = > jen dj, and therefore every tortfeasor
should pay a fair share of this total damage. According to this principle the first property
sets a uniform lower bound on the compensation to be paid by an individual tortfeasor.
The axiom is obtained by considering for tortfeasor i € N \ {1} the additional damage
€ = D ke FO.(i) dj that has been caused by agent ¢ and his subordinates. Without the
wrongful act of agent i’s predecessor p(i), the sequentially wrongful acts by agent i and his
subordinates would not have occurred. From this viewpoint, all agents in F2(i) and p(i)
are jointly responsible for the additional damage e; of agent i. We assume the case of torts
where the causal weights between the agents in F2(i) and p(i) cannot be determined and

therefore a per capita criterion is justified.'® For i € N \ {1}, this yields the per capita

YFor instance, Ni and Wang (2007) use a per capita criterion to introduce the upstream equal respon-

sibility sharing method for polluted river problems.
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contribution 7;(N,T,d) given by

e.
T N: T7 d) = -—Za
D= EGi
i.e., 7;(N,T,d) is the equal division of the additional damage e; between 4, all his subordi-
nates and his predecessor.
Now, the first axiom requires that every tortfeasor i should pay at least the smallest
per capita contribution minjen\ 13 7;(N, 7, d), i.e., the smallest per capita contribution is

considered as a guarantee of every injuring party’s compensation for the total damage.

Axiom 1 (Uniform lower bound) A compensation scheme ¢ on L satisfies the uni-
form lower bound if for every (N, T,d) € L and every i € N,

(N.T.d)> min 7,(N.T.d).
©;(N, T, )—jer?vi?l}”( T,d)

We stress that this is a very weak lower bound. Note that it does not require that ¢
contributes at least its own per capita contribution, but the minimal per capita contribution
over all tortfeasors (except the first tortfeasor). In Example 3.6 it requires that every

tortfeasor pays at least the per capita contribution of agent 5, being 14.

The second axiom puts for every tortfeasor an individual upper bound on his compen-
sation. Also this axiom is obtained by considering for tortfeasor i € N\ {1} the additional
damage e; that has been caused by agent ¢ and his subordinates. Again this damage
would not have occurred without the wrongful act of agent i’s predecessor p(i). From this
viewpoint, agent ¢ and his predecessor can be held jointly responsible for the damage e;.
Assuming again the case of torts, the causal weights between i and p(i) cannot be deter-
mined. This yields an equal division of e; between i and p(i). The second axiom requires
that every tortfeasor i # 1 should be held responsible for at most the half of his additional
damage e;. Since agent 1 has no predecessor, he should be held responsible for at most his

full additional damage ey, which is equal to the total damage dy.

Axiom 2 (Individual upper bounds) A compensation scheme ¢ on L satisfies the
individual upper bounds if for every (N,T,d) € £ and every i € N \ {1},

1
LIO’L(NJ Tv d) < §€i'

In Example 3.6 the vector of additional damages is given by e = (e, €2, €3, €4,€5) =
(130, 88,40, 36, 42, 30), so the upper bounds for agents 2 to 6 are, respectively, 44, 20, 18, 21
and 15.
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The third and last axiom is a type of case system consistency. Given a compensation
scheme ¢, consider a liability problem (N,T,d) € L and a tortfeasor i € L(T') (thus a
tortfeasor that does not have subordinates). Since such a tortfeasor can be held responsi-
ble for at most his own damage d;, we may assume that he has to pay at most d;. Now
consider the related liability problem (N \ {i}, T(N \ {i}), d?), where d* € R" is the vector
of damages given by d} ;) = dyu) + di — ¢;(N,T,d) and dj, = dj for every k # p(i) in
N\ {i}. So, this is the liability problem obtained from (N, T, d) by removing leaf i and
by adding the remaining damage d; — ¢;(NV,d, T') not paid by i to the damage d,;) caused
by his predecessor p(i). The consistency axiom requires that the outcome chosen by a
compensation scheme for every agent j € N \ {i} should be invariant under the departure
of a leaf i € L(T) of the tree.

Axiom 3 (Leaf consistency) A compensation scheme ¢ on L satisfies leaf consistency
if for every (N, T,d) € L, every i € L(T) and every j € N \ {i}

ij(N \ {Z}7T(N \ {Z})7dz) = (Pj(Na T, d)

In Example 3.6, leaf consistency, for example, implies that when agent 6 leaves and pays
its nucleolus contribution 14, and we consider the new damage vector where the damage
of agent 5 is d5 + dg — 14 = 42 — 14 = 28 and the other damages do not change, and in
the structure we just leave agent 6, then the nucleolus payoffs of the other agents do not

change.

5 Characterization of the Nucleolus compensation scheme

In this section, we show that there is a unique compensation scheme on the class £ of
liability problems that satisfies the Axioms 1-3 and that this is the Nucleolus compensation
scheme as defined in Definition 3.2. First, note that for an agent i € L(T), e; = d;, and thus
for i € L(T'), Axiom 2 requires that ¢;(N,T,d) < 3d;. The next lemma states that when a
compensation scheme satisfies Axiom 3 and the individual upper bound requirement for all
leafs, then it also satisfies the individual upper bound requirement for all the other agents.

In fact, the condition for the leafs and Axiom 3 imply Axiom 2 (for all agents).

Lemma 5.1 Let ¢ on L be a compensation scheme that satisfies Axiom 3 and p;(N,T,d) <
1d; for every i € L(T). Then ¢ satisfies Aziom 2.

Proof. We prove that the upper bound holds for every other agent not being a leaf. Let j
be a player such that j € N\ ({1} U L(T)). Let d’ € R" such that d} = d; for i € N\ F)(T)
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and d; =e; = p. ) 0p(N,T,d) < e;. By subsequently applying Axiom 3 for all players
in Fr(j), it follows that (N \ Fr(j),T(N \ Fr(j)),d) € L and

0;(N,T,d) = ¢;(N \ Fr(j),T(N \ Fr(j)),d).
Since j is a leaf on the subtree (N \ Fr(j),T(N \ Fr(j)), it follows that

U

1
2

N | —

0;(N\ Fr(j), T(N \ Fr(j)),d) <

The next theorem states that the Nucleolus compensation scheme is the unique com-
pensation scheme that satisfies Axiom 1 and 3 and the individual upper bounds (of Axiom

2) for the leafs. It is the main step to reach our main theorem.

Theorem 5.2 Let ¢ on the class L of liability problems be a compensation scheme that
satisfies Axioms 1 and 8 and for every (N,T,d) € L the individual upper bound requirement
©;(N,T,d) < 3e; for every i € L(T). Then ¢(N,T,d) = Nuc(N,T,d).

Proof. We prove that for every liability problem, the Axioms 1 and 3 and the upper bound
requirements for the leafs determine the outcome computed by the Nucleolus algorithm.
To simplify notation, let z = (N, T, d). Without loss of generality, it is assumed that 1 is
the root of the tree (N, T"). We subsequently consider liability problems with respectively
IN| =2, |[N| =3 and |[N| > 3.

Case 1, |[N| = 2. Consider a liability problem (N,T,d) € £ with |[N| = 2. Then, by
Axiom 1 it follows that xo > 7o(N,T,d) = %d2 and by the upper bound requirement that
T < %62 = %dg. Hence z5 = %dg, and thus z; = d; + %dg. This is equal to the outcome

computed by the Nucleolus algorithm.
Case 2, |[N| = 3. For a liability problem (N,T,d) € £ with |[N| = 3 there are two

possibilities: either (N, T) is a line tree (one branch) or (N, T') is a tree with two branches.

Case 2-1. First, we consider a line tree. Without loss of generality, we assume that
p(2) =1 and p(3) = 2. Now either % < %+ or not.

Case 2-1-1, % < ‘12;3‘13. By Axiom 1 and the individual upper bound requirement
for leaf 3, it follows that x3 = %3. Next, it follows by Axioms 1 and 3 and the uniform
lower bound for leaf 2 in the subtree after removing agent 3 that xo = W, and finally
1 = dy — x93 — x3. S0 7 is equal to the outcome computed by the Nucleolus algorithm.

Case 2-1-2, %3 > %. By Axiom 1, we must have that z; > @ for j = 1,2,3.

The individual upper bound for leaf 3 requires that x3 = %3 — ¢ for some ¢ > 0, and thus
d—; —c2> %. This yields ¢ < d6—3 — %2. By Axioms 1 and 3 and the uniform lower bound

for leaf 2 in the subtree after removing agent 3, it follows that zo = W, and thus
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Ty = d2+d23*””3 > d2§d3. Substituting x3 = %3 — ¢ in this inequality gives ¢ > %3 — %2 and
thus ¢ = %3 — %2. This implies that 2o = 23 = % and thus z; = d; + ‘b;?)d?’. Again z is

equal to the outcome computed by the Nucleolus algorithm.

Case 2-2. When (N, T) is a tree with two branches we have p(2) = p(3) = 1. Without
loss of generality, let dy > d3. By Axiom 1 and the uniform lower bound for leaf 3 it follows
that x5 = %3. By Axiom 3 and case |[N| = 2, 25 = % and thus =1 = d; + % + d—;. Also in
this case we have that x is equal to the outcome computed by the Nucleolus algorithm.
Case 3, |N| > 3. We now proceed with induction. Consider a liability problem (N, T, d)
with |N| = n > 3. For any liability problem (N’,7",d") € £ with |N'| < n we assume
that (N',T',d") = Nuc(N',T',d"). To show that then z = Nuc(N,T,d) we consider two

possibilities, namely player j with minimal 7,;(N, T, d) is either a leaf or not.

Case 3-1. There exists i € L(T) such that 7;(N,T,d) = % = minjen 1y 7;(N, T, d).
Take this leaf i (if there are multiple, take an arbitrary one). By Axiom 1 and the individual
upper bound for leaf i it follows that x; = % This is also the outcome for 7 as computed by
the Nucleolus algorithm, and thus z; = Nuc;(N,T,d). Set N’ = N\ {i} and take d' € R
with dj = d; for j € N"\{p(i)} and d};) = dps) + di — x; = dps) + di — Nuc;(N, T, d).

Consider the lower bound liability game (N, vy ) corresponding to (N, L,d). Then the
lower bound liability game corresponding to (N', T'(N'),d’) is the game (N', v} ) where v
is given by setting for S C N,

(5) = { nggu {i}) — Nue(N,T,d) if p(i) €s,
v (S) otherwise.

It can be shown that (N’,v}) is the Davis-Maschler reduced game of (N,vr) on N’ with
respect to Nuc(N, L,d).!! By this observation and the fact that the nucleolus satis-
fies Davis-Maschler consistency'?, it holds that for every j € N’ that Nuc;(N,T,d) =
Nucj(N',T(N'),d"). Further, for every j € N’, we have by the induction hypothesis

UFor a game (N,v) € G, a vector = € R”Y and non-empty subset N’ of N, the Davis-Maschler reduced
game (Davis and Maschler, 1965) on N’ with respect to (N,v) and z is the game (N',w*) € G defined by
setting for all S C N’,

v(N) — Z x; if =N/,
iEN\N'
(S) = _ 1 /
w*(S) L [v(SUT) ;xz] if S # N',0,
0 it S =0.

12A solution f on a subclass G’ of G satisfies Davis-Maschler consistency (Davis and Maschler, 1965)
if for all (N,v) € G’ and every non-empty N’ C N it holds for z = f(N,v) that the DM reduced game
(N, w*) € G" and xn' = f(N',w"), where zn/ = (2;)ien’-
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that (N, T(N'),d") = Nuc;(N',T(N'),d). Hence, for every j € N’ it holds that
Nch(N T,d) = ¢;(N',T(N'),d'). With Axiom 3, it now follows that for every j € N’,
= p;(N', T(N'), d) Nucj(N,T,d).

Case 3-2: For all i € L(T), it holds that minjen\ (13 7;(N, T, d) < 74(N,T,d) = %
Let k be such that 74(N,T,d) = minjen\ 13 7;(N, T, d) and take some i € L(7T') such that
i € F2(k), thus i is subordinate of k. Since i # k, we have that also p(i) € F(k). From

the Nucleolus algorithm we obtain that
Nuc;(N,T,d) = Nucy;) (N, T,d) = 7(N, T, d). (5.2)

By Axiom 1, we have that z; > 74 (N, T, d) = Nuc;(N,T,d). Suppose that x; > Nuc;(N,T, d).
Set N/ = N\ {i} and take d’ € R" with d; = dj for j € N'\{p(i)} and d;y = dps)+di—
By Axiom 3, we have that

Tp(i) = Pp(a) (N, T(N), d') (5.3)
and by the induction hypothesis,
@p(i)(N,> T<N,)> d,) = Nucp(i)(N/’ T(N/)’ d/)' (5'4>

Take d’ € RN with dj = d; for j € N'\ {p(1)} and d,) = dpu) + di — Nuc;(N, T, d).

Since by assumption z; > Nuc;(N, T, d), and thus d ) < d ), it follows from applying the
Nucleolus algorithm that

Nucp(i) (NI, T(NI), dl) < Nucp(i)(N’, T(N/), d”). (55)

By the fact that the lower bound liability game corresponding to (N',T(N’),d") is the
Davis-Maschler reduced game of (N,vr) on N’ with respect to Nuc(N,T,d), it follows

with Davis-Maschler consistency that

Nucyi) (N', T(N'),d") = Nucyi) (N, T, d). (5.6)
From the (in)equalities (5.2)-(5.6) it follows that

Tpiy < Nucppy(N,T,d) = 14(N,T,d),

which contradicts Axiom 1. Therefore, for every i € L(T) N FA(k), z; = Nuc;(N, T, d). For
every i € L(T)NFA(k), let N' = N\ {i}. Then it follows similar as above and from Axiom
3 that for every j € N', z; = Nuc;(N,T,d). O

Theorem 5.2 shows that if a compensation scheme satisfies Axioms 1 and 3 and the

individual upper bound for the leafs, then it must be the nucleolus. On the other hand, we
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argue that the Nucleolus compensation scheme satisfies the Axioms 1, 2 and 3. First, from
Lemma 3.7 and the algorithm it follows that the nucleolus compensation scheme satisfies
Axiom 1. From the proof of Theorem 5.2 it follows that then Nucleolus compensation
scheme satisfies Axiom 3 and the individual upper bound for the leafs. It then follows by

Lemma 5.1 that Axiom 2 is satisfied. This yields our main result.

Main result
A compensation scheme p on the class L of liability problems satisfies Axioms 1, 2 and 3
if and only if ¢(N,T,d) = Nuc(N,T,d).

The main result says that there is a unique compensation scheme supported by tort law
bounds on the compensations (Axioms 1 and 2) and a type of case-system consistency (Ax-
iom 3). This compensation scheme assigns to every liability problem the Rawlsian outcome

given by the nucleolus. Finally, we check logical independence of the three axioms.

e Let ¢! be the compensation scheme that assigns to every (N, T,d) € £ compensations
given by ¢;(N,T,d) = minjen 13 7;(N,T,d) for every i # 1 and ¢j(N,T,d) =
dn — i1 i (N, T,d). Then ' satisfies Axioms 1 and 2, but not Axiom 3.

e Let ? be the compensation scheme that assigns to every (N, T, d) € £ compensations
given by ©?(N,T,d) = d;, for every i € N. Then (? satisfies Axioms 1 and 3, but

not Axiom 2.

e Let p® be the compensation scheme given by p*(N,T,d) = Sh(N,v;) for every
(N,T,d) € L. Then ¢?* satisfies Axiom 2 and Axiom 3 (see Katsev, 2009), but

not Axiom 1.

6 Concluding remarks

In this paper we considered the Nucleolus compensation scheme as a compensation scheme
for liability problems, where causation of the cumulative injury results from multiple se-
quences of wrongful acts by different parties. It appears that the Nucleolus compensation
scheme of a liability problem can be simply computed by using an algorithm for the nu-
cleolus of a corresponding liability game. A very appealing property of the Nucleolus
compensation scheme is that with respect to the additional damages of the coalitions, the
smallest cost saving over all coalitions is made as large as possible, then the second smallest
is made as large as possible, then the third smallest, and so on.

We also characterized the nucleolus compensation scheme by three axioms: a uniform

lower bound, an individual upper bound and an axiom on case-system consistency. All these
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three axioms are derived from stylized facts concerning tort law. As noticed in Section 3,
the class of lower-bound liability games is equivalent to the class of peer-group games.
For this latter class Katsev (2009, chapter 6) provides a characterization of the Shapley
value, namely the Shapley value is the unique efficient allocation rule on the class of peer-
group games that satisfies leaf consistency, the weak veto property, top monotonicity and
independence of non-subordinates.'® All these five axioms (including efficiency) are logically
independent. The weak veto property states that player ¢ pays at least the same as any
other player when d; = 0 for every j # ¢. Top monotonicity states that top player 1 pays at
least the same amount as any other player. Finally independendence of non-subordinates
states that if the damage of only one player ¢ changes, then the compensations to be paid
by the subordinates of ¢ do not change.

We are now ready to compare the Shapley compensation scheme and the nucleolus
compensation scheme by their sets of characterizing axioms. It is easy to verify that also the
Nucleolus compensation scheme satisfies the weak veto property and top monotonicity, but
not independence of non-subordinates. So, the Nucleolus compensation scheme satisfies
all above Shapley axioms, except the independence of non-subordinates. On the other
hand the Shapley compensation scheme satisfies leaf consistency and the individual upper
bound, but not the uniform lower bound. So, the two solutions have in common that
both satisfy leaf consistency, individual upper bound, the weak veto property and top
monotonicity. Then the Nucleolus compensation scheme satisfies uniform lower bound but
not independence of non-subordinates, whereas the Shapley compensation scheme satisfies
the latter but not the former. Although the two solutions differ in only one axiom, the
differences in the actual outcome for a specific liability problem might be quite big. When i
is a leaf of the tree, then equation (3.1) shows that according to the Shapley compensation
scheme the damage d; is equally shared by ¢ and all its superiors. In particular, in a linear
tree with n tortfeasors the last one pays only a share % of its own damage d;. On the
other hand, according to the Nucleolus compensation scheme the share of a leaf i in its
own damage d; can be % and this indeed happens when d; is relatively small compared to
the damages of its superiors. In fact, for a linear tree with n tortfeasors the uniform lower
bound implies that the damage d,, of leaf n is shared equally amongst all tortfeasors when
d; = 0 for every superior j of leaf n, whereas together with the individual upper bound it
also implies that n pays half of its own damage when d,, is small compared to the other
damages. So, while according to the Shapley compensation leaf n is always held responsible

for precisely share % of its own damage, according to the Nucleolus compensation scheme

13 Also in Ferey and Dehez (2015) an axiomatization of the Shapley value on the class of (linear) lower-
bound liability games is given. In fact, in this axiomatization leaf consistency, the weak veto property and
top monotonicity are replaced by the single axiom of zero immediate damage, saying that a player ¢ pays

the same as its predecessor p(i) if the damage of the predecessor is equal to zero.
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the responsibility of a leaf for its own damage is % when his damage is small, but it might
decrease to a share of only % (as in the Shapley compensation scheme) when his damage
is large compared to the damages of his superiors. In fact, we have seen in Section 3 that
both the Shapley compensation scheme and the nucleolus compensation scheme satisfy
weak monotonicity, saying that a tortfeasor never pays a higher compensation than his
predecessor.

Finally, we discuss what happens when the population of the tortfeasors is increasing.
Suppose that a new tortfeasor arrives at the end of a branch of the tree, so he is added as
new leaf to one of the leafs of the existing tree. One may wonder whether every original
tortfeasor pays in the new situation at least the same as in the original situation. If the
answer for this question is negative, then it might be that some of the original tortfeasors
have an incentive to increase the population of the tortfeasors, which leads to an increase of
the total damage. From this aspect, it is appropriate to require that a compensation scheme
satisfies leaf population monotonicity, stating that when a new tortfeasor arrives, in the
new situation every original tortfeasor pays at least the same as in the original situation.
If this property is satisfied, then no original tortfeasor has an incentive to increase the
population of the tortfeasors.

From equation (3.1) it follows immediately that the Shapley value satisfies the leaf
population property. When a new tortfeasor arrives, then his (additional) damage is equally
shared amongst himself and his superiors with no effect on how the other damages are
shared. So, the question is whether also the Nucleolus compensation scheme satisfies leaf
population monotonicity. This answer is affirmative and follows from a result in Katsev
(2009, chapter 6), who shows that when d and d’ are such that d; > d, for every i € N, then
every tortfeasor should pay at d' at least the same as at d. So, for a given tree with a fixed
set of tortfeasors, the compensations to be paid by the tortfeasors are non-decreasing in
the damages.'* Now, suppose a new tortfeasor is added. Then, according to the Nucleolus
compensation scheme this tortfeasor pays at most half of its damage and leaf consistency
says that the others have to pay according to the original situation, but with the damage of
the predecessor of the new leaf replaced by the sum of its own damage and the remaining
part of the damage of the new tortfeasor. So, the new situation reduces to the old situation,
but with higher damage for the predecessor of the new leaf. So, by the result of Katsev
it follows that every original tortfeasor pays at least the same as before. Hence also the

Nucleolus compensation scheme satisfies leaf population monotonicity.

141n the literature this is known as resource monotonicity, but here the resources are the damages.
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Abstract

For joint liability problems concerning tort law, a legal compensation scheme may be
based on lower and upper bounds of compensation for injury and on case-system consis-
tency. Introducing several properties inspired from this observation, we analyze compen-
sation schemes axiomatically under the situation where causation of the cumulative injury
appears in multiple sequences of wrongful acts. The situation underlying the model is
described by a rooted-tree graph. We show that there is a unique compensation scheme
that satisfies three axioms, one about lower bounds of individual compensations, one about
upper bounds of individual compensations, and one about case-system consistency. This

unique compensation scheme is the nucleolus of an associated liability game.
Keywords: Liability problems, Tort law, Rooted-tree graph, Axiomatization, Nucleolus,
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1 Introduction

In this paper we consider situations in which an injured party suffers damages caused by
wrongful acts performed subsequently by a sequence of injuring parties. The wrongful
acts are causally related in the sense that any wrongful act in the sequence would not
have occurred if any of the preceding wrongful acts would not have occurred. So, the
second (wrongful) act can only occur after the first (wrongful) act has occurred, the third
(wrongful) act can only occur when both the first and the second (wrongful) acts have
occurred and so on. Any wrongful act results in an amount of damage to the injured party.
The injuring parties are the tortfeasors who can be considered to be jointly liable for the
full damage. The problem is how to apportion the full damage amongst the tortfeasors. In
many real life situations, this problem is brought to court. This sharing problem is referred
to as the Liability problem.

Historically, common law did not accept any apportionment among the tortfeasors, but
evolution of common law in the 19th and 20th centuries led to the third Restatement of
Torts (May 1999), providing basic principles and rules to apportion the damages. How-
ever, a systematic apportionment method is still the subject of research. In the existing
literature on law and economics, it is a central topic to clarify whether or not a legal
compensation scheme for liability problems is useful, see for instance Landes and Posner
(1980), Shavell (1983), and Parisi and Singh (2010). These authors analyze the functioning
of compensation schemes from the viewpoint of incentives. On the other hand, the view-
point of fairness is also important. In fact, tort law prescribes an award of damages to
achieve fair compensation for injury, see Boston (1995-1996). Although a few researchers
have investigated the normative topic of liability problems (for instance, see Dehez and
Ferey (2013) and Ferey and Dehez (2015)), this topic still needs further investigation.

In this paper, we analyze the functioning of compensation schemes from the viewpoint
of fairness. For this purpose, we take an axiomatic approach.! The axioms proposed in this
paper are derived by taking into account tort law. Furthermore, we are interested in the
situation where the determination of causal weights between the injuring parties is difficult
in the following two senses. First, since a judge determines causal weights subjectively, fair
compensation for injury may be difficult. Second, if the judge’s transaction cost of this
determination is high, then the determination may be impossible. Under this situation,
we axiomatize the compensation scheme associated with the ‘difference principle of social
justice’ a la Rawls (1971).

The liability problem as described in Dehez and Ferey (2013) has a linear structure in

the sense that the agents are linearly ordered: the wrongful act of agent ¢ can only occur

I Axiomatic approaches to economic allocation problems, where the axioms are based on principles of
distributive justice have been described in, e.g. Moulin (2003)



when all agents j < ¢ behave wrongfully. In this paper, we consider the more general class
of liability problems with rooted-tree structure. As an example, we consider the case where
the injured party suffers an injury that is caused by four agents, agents 1, 2, 3, and 4.
Agent 1 has taken a wrongful act that is the root of the injury. After agent 1’s wrongful
act, agents 2 and 3 have taken wrongful acts. Without agent 1’s wrongful act, agents 2
and 3’s wrongful acts would not have occurred. On the other hand, agent 2’s wrongful
act does not affect agent 3’s wrongful act and reversely. After agent’s 1 wrongful act, the
wrongful act of agent 3 might occur without the wrongful act of agent 2 and reversely, the
wrongful act of agent 2 might occur without the wrongful act of agent 3. Without the
wrongful acts of both agents 1 and 2, agent 4’s wrongful act would not have occurred. The
situation underlying this example can be modeled by the rooted-tree graph of Figure 1. In
this graph, agent 1 is located at the root and has two branches, at one branch agent 1 is
succeeded by agent 2 and agent 2 is succeeded by agent 4, at the other branch agent 1 is
succeeded by agent 3. Agents 3 and 4 are the leafs of the tree. The rooted-tree represents

the hierarchical structure of causation of the cumulative injury.

4

Figure 1: Rooted tree with two branches.

Formally, the liability problem is how to share the total damage amongst the n tortfea-
sors, called the agents and indexed by ¢ = 1,...,n. A compensation scheme is a sharing
rule that determines for every liability problem the compensations that have to be paid
by the individual tortfeasors. Note that a compensation scheme is a procedure (algorithm)
that can be applied to every liability problem.

Following the existing literature, we use several notions of damages. Here, we explain
the notions by using the case of liability problems with linear structure. Analogously to
this case, it is easy to understand the notions of damages in the case of liability problems
with rooted-tree structure. It is supposed that all damages can be measured monetary.
Every agent i has taken a wrongful act that causes an amount of damage d;. However, the
wrongful act of agent 7 can only occur when all agents 1,...,7—1 have taken wrongful acts.

So, if at least one of the wrongful acts of the agents 1,...,7 — 1 would not have occurred,



then the wrongful act of agent ¢ would not have occurred. In the existing literature, see for
instance Dehez and Ferey (2013)?, the amount d; is called the direct damage resulting from
the wrongful act of . Furthermore, for every ¢ the cumulative damage up to i is defined
as ¢; = 22:1 dy and the additional damage of i is defined as e; = ¢, — ;-1 = > p_; dy.
So, the cumulative damage up to agent n is the total damage of the tortfeasors, while the
additional damage of i is the sum of all damages that would not have occurred without the
wrongful act of 7. Finally, we have the notion of potential damage. This type of damage
is defined for every subset S C {1,...,n} of tortfeasors. Define k(S) = 0 if agent 1 is not
a member of S. Otherwise, define k(S) as the highest indexed member of S such that all
consecutive agents 1,...,k(S) also belong to S. Then the potential damage of S is the
cumulative damage cy(g), with ¢g = 0, i.e. it is sum of the damages that the members of S
cause when the members outside S do not behave wrongfully.

Dehez and Ferey (2013) introduce a certain compensation scheme formalized by causal
weights between the injuring parties and the list of additional damages. They show that
for every liability problem this compensation scheme yields the (weighted) Shapley value
of the corresponding transferable utility game (for short TU game) that assigns worth
v(S) = cy(s) to every subset S of tortfeasors, i.e., the worth of S is the potential damage of
S. The (weighted) Shapley value (Shapley 1953; Kalai and Samet 1987) is an established
solution for TU games, and it is a game theoretic expression of fairness. Several notions of
fairness underlying the Shapley value are proposed in the existing literature, for instance
see Myerson (1980) and van den Brink (2001). In Ferey and Dehez (2015) a characterization
of the compensation scheme yielding the Shapley value for liability problems is given.

As Dehez and Ferey (2013) point out, for a legal compensation scheme concerning tort
law it should be required that for every liability problem it yields individual compensations

that satisfy the following properties:

(i) Every injuring party should pay at least the potential damage that he would

have caused alone.

(ii) Every injuring party should pay at most the additional damage that he
would have caused. This principle is supported by the third Restatement of

Torts, which is formulated by the American Law Institute.

For a liability problem with rooted-tree structure, based on these two properties we
define in this paper two TU games, the lower-bound liability game and the upper-bound
liability game. The first one assigns to every subset S of tortfeasors a worth vy (S) that is
equal to the potential damage of S. For problems with linear structure this game reduces

to the liability game as defined in Dehez and Ferey (2013). The upper-bound liability game

2Here and in the sequel when we refer to Dehez and Ferey (2013), see also Ferey and Dehez (2015)
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assigns to every subset S of tortfeasors a worth vy (.S) that is equal to the additional damage
of S.3 It appears that these two games are the duals of each other in the game-theoretic
sense.

A vector z = (z1,...,x,) of individual compensations, in the sequel shortly outcome,
is in the core of the lower-bound game if for every S it holds that >, cx; > vr(5), ie.,
the total compensation to be paid by the members of S is at least equal to their potential
damage. Also, for every S C N, z satisfies ) ..o ; > v (S) if and only if ), oz < vy (),
so an outcome in the core of the lower-bound liability game satisfies the Properties (i) and
(i) mentioned above. In fact, an outcome is in the core if and only if it satisfies this type of
properties for every subset of tortfeasors. Generalizing a result of Dehez and Ferey (2013)
for linear liability games, also for liability games with rooted tree structure the lower-bound
liability game is convex.

In this paper, we propose three axioms and we show that these three axioms determine
a unique compensation scheme that yields for every liability problem with rooted-tree
structure an outcome in the core of the lower-bound liability game. As Property (i), the
first axiom sets for every tortfeasor a uniform lower bound. This lower bound is the same for
every tortfeasor, and for an individual tortfeasor the best possible outcome is an outcome
in which he has to pay this lower bound. As Property (ii), the second axiom sets for every
tortfeasor an individual upper bound. This upper bound differs over the tortfeasors and
gives for every tortfeasor its worst possible outcome. In order to set the lower and upper
bound axioms, per capita criteria are employed. This is because in liability problems it
is often impossible to determine the causal weights between the injuring parties. In this
situation, per capita criteria might be justified. The third and last axiom stems from the
stylized fact that in the UK and America, a legal compensation scheme is based on so-called
case system consistency, see for instance Ito (1978). This requires that the compensation
scheme has the property that for every liability problem it provides an outcome that
is consistent with the outcome that the same procedure generates for a different, but
similar liability problem. In this paper, we propose leaf consistency. This type of case
system consistency requires that for every liability problem with rooted-tree structure the
compensation scheme is invariant when a leaf of the tree pays his compensation and leaves.

We show that the three axioms uniquely determine a compensation scheme. This
scheme assigns to every liability problem with rooted-tree structure the so-called nucleolus
of the lower bound liability game as outcome. The Nucleolus compensation scheme has
two appealing properties.

First, the nucleolus (Schmeidler, 1969) is an established outcome for TU games. In

fact, it is a game-theoretic expression of the ‘difference principle of social justice’ a la Rawls

3The additional damage of a subset S of tortfeasors will be defined formally in the next section.



(1971). So, when it is desirable that a legal compensation scheme for liability problems is
to attain a Rawlsian outcome, the three axioms yield a useful compensation scheme.
Second, it is well known that the nucleolus of a game is in the core if the core is non-
empty. Using the fact that the upper bound liability game is the dual of the lower bound
liability game, it follows that the nucleolus of the lower bound liability game lexicographi-
cally maximizes the differences vy (S) — ), 7 of all subsets S of tortfeasors, i.e. it makes
the smallest difference over all subsets S as high as possible, then the second smallest one,
then the third smallest one, and so on. So, it maximizes (lexicographically) over all differ-
ent subsets S of tortfeasors the differences between the additional damage vy (S) and the
actual compensation ) .o x; to be paid by the members of S. Loosely speaking, it min-
imizes (lexicographically) the dissatisfactions over the subsets of tortfeasors with respect
to their ‘worst-case’ outcomes, i.e. the outcome in which S has to pay the total amount

vy (S) of its additional damage.

The remainder of the paper is organized as follows. In Section 2, preliminaries are
given. In Section 3, the liability problem with rooted-tree structure and the corresponding
liability games are given. In Section 4, we state and discuss the three axioms to be satisfied
by a compensation scheme. In Section 5, we show that the compensation scheme that
satisfies the axioms of Section 4 assigns to every liability problem the nucleolus of the
corresponding lower-bound liability game. Section 6 contains concluding remarks, and
discusses a comparison between the Shapley and nucleolus compensation schemes, and an

incentive problem in the situation where the population of the tortfeasors is increasing.

2 Preliminaries

A cooperative game with transferable utility, or simply a TU game, is a pair (N, v), where
N C N is a finite set of players, and v: 2V — R is a characteristic function that assigns
a worth v(S) € R to every subset (usually called coalition) S of N, satisfying v()) = 0.
A TU game (N,v) is convex if v(SUT) +ov(SNT) > v(S) +v(T) for all S, C N. It
is concave if these inequalities are reversed. We denote by G the class of all TU games.
The subclass of all convex TU games is denoted by G"** and the subclass of all concave
TU games by G, For a game (N, v) € G, the dual game, denoted by (N, v?), assigns to
every coalition S what the ‘grand coalition’” N loses if the players in S stop cooperating,
and thus is defined by v¥(S) = v(N) — v(N \ S) for all S C N. Note that v¥()) = 0 and
v¢(N) = v(N). Further it holds that (N,v) € G*® if and only if (N,v?) € Geave.

A payoff vector of TU game (N,v) is a vector z € R" giving a payoff 2; € R to
every player i € N. A payoff vector is efficient if ). \ z; = v(IV). Given (NV,v) € G, the



preimputation set of (N, v), denoted by PI(N,v), is the set of all efficient payoff vectors.
Further, the imputation set, denoted by I(N,v), is the subset of all vectors in PI(N,v) that
satisfy z; > v({i}) for every ¢ € N (individual rationality); the anti-imputation set, denoted
by AI(N,v), is the subset of all vectors in PI(N,v) that satisfy z; < v({i}) for every
i € N. Note that these sets are not-empty if and only if v(N) > >"._ v({i}), respectively
v(N) < 3 ,cn v({i}). We denote by G the class of all TU-games with nonempty I(N, v),
and by GA! the class of all TU-games with nonempty AI(N,v). Note that G**® is a subset
of GI and G¢ is a subset of G4,

The core of a game (N, v), denoted by C(N,v), is the set of (efficient) payoff vectors
that are group stable, and is given by

C(N,v) = {a: € PI(N,v)

in > v(S) forall S C N}.
ics

Note that C'(N,v) is a subset of I(N,v) and that it might be empty. Every game (N,v) €
G¥“* has a non-empty core. A vector xz € C(N,v) satisfies the requirement that for every
coalition S the total payoff is at least equal to its own worth. This is reasonable when
(N,v) is a profit game, i.e., the worth v(S) is the total revenue that the members of S
can achieve by cooperating. However, when v is a cost game, i.e., coalition S has costs
v(S) when it stands alone, then the worth should be considered as upper bounds on the
contributions. For a cost game it makes sense to apply the anti-core of a game (N, v),

denoted by AC(N,v). This set of efficient payoff vectors is given by

AC(N,v) = {x e PI(N,v)

Za:i < w(S) for alngN}.
icS

The anti-core AC(N,v) is a subset of AI(N,v) and might be empty, but every game
(N,v) € G°* has a non-empty anti-core.

For a given subset G’ of the class G of all TU-games, a (single-valued) solution is a
function f that assigns to every game (N,v) in G' a payoff vector f(N,v) € PI(N,v).
Note that in this paper we require that a solution assigns to each game an efficient payoff
vector. The best-known solution on the class G of all TU-games is the Shapley value
(Shapley, 1953), denoted Sh. This solution assigns to every game (N,v) € G the payoff
vector Sh(N,v) given by?

Shi(N,U) = Z

SCN:eS

(INT = [SPHST = 1)!
V]!

(v(S) —v(S\{i})) forallie N.

So, for every player ¢ € N the payoff is a weighted sum of its marginal contributions
v(S) —wv(S\ {i}) to the coalitions S containing ;. When (V, v) is convex, then Sh(N,v) €

4For a finite set A, we denote by |A| the number of elements in A (cardinality of A).
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C(N,v). However, in general, on the domain of TU games with non-empty cores it might
be that the Shapley value is not in the core. Further it holds that the Shapley value is
self-dual (see Kalai and Samet (1987)), saying that for every (IV,v) € G it holds that
Sh(N,v?) = Sh(N,v).?

Another well-known solution on the class of all TU-games is the prenucleolus. Given a
TU game (N,v) € G, we define for payoff vector x € PI(N,v) and coalition S C N the

excess of S with respect to x as

e(S,z,v) =v(S) — le
i€S

When the payoffs are revenues, i.e., the payoffs are payments to the players, the excess
e(S, z,v) can be seen as a measure of dissatisfaction of coalition S. The bigger the excess of
S and thus the bigger the difference between its own worth v(S) and its payoff ) . ¢ x; re-
ceived by the members of S, the more dissatisfied coalition S is. Now, let §(z,v) € R?" be
the vector obtained by arranging all the excesses in non-increasing order, so the first com-
ponent of f(x, v) is the excess of a coalition with the highest excess, the second component
is the excess of a coalition with the highest excess under the remaining coalitions, and so on.
Then the prenucleolus is the solution on G that assigns to every game (N, v) € G the unique
vector in PI(N,v) that minimizes lexicographically the dissatisfactions. To be precise, the
prenucleolus assigns to every game (N, v) the unique payoff vector x € PI(N,v) such that
for every y € PI(N,v)\ {z} there exist a component k such that 0y (z,v) = 6,(y,v) for all
h < k, and Oy(x,v) < Ox(y,v), i.e. the prenucleolus assigns to (N, v) € G the unique payoff
vector € PI(N,v), such that for every other vector y € PI(N,v) there exists a number
k such that the k — 1 biggest excesses of x and y are equal and the next biggest excess of x
is smaller than the next biggest excess of y. We denote the prenucleolus of a game (N, v)
by PNuc(N,v).

The nucleolus is a solution defined for every game with I(V,v) not-empty, so on the
subclass of games G'. It assigns to every (N, v) € G! the unique individually rational payoff
vector x € I(N,v) that minimizes lexicographically the dissatisfactions over all vectors in
I(N,v). We denote the nucleolus of a game (NN,v) by Nuc(N,v). When the core is non-
empty, Nuc(N,v) € C(N,v). Further, on the class of games with non-empty C'(N,v) the
nucleolus coincides with the prenucleolus (Schmeidler, 1969). In particular it holds that
Nuc(N,v) = PNuc(N,v) when (N, v) is convex.

Similarly, for a game (IV,v) we define the anti-prenucleolus, denoted AP Nuc(N,v), and
for a game (IV,v) in the subclass GAT the anti-nucleolus, denoted ANuc(N,v). The anti-
prenucleolus is the unique payoff vector x € PI(N,v) such that —6(v, x) is lexicographically

5The notion of (self-)duality plays an important role in axiomatizing solutions for TU games. For
instance, see Oishi, Nakayama, Hokari, and Funaki (2016).
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smaller than —0(v,y) for every y € PI(N,v), i.e., it is the unique vector in PI(N,v) that
minimizes lexicographically the vector of negative excesses ) ..qx; — v(S) for all S C N.
So, for a cost game, the anti-prenucleolus lexicographically maximizes the cost savings
v(S) = Y,cq i for all S C N. The anti-nucleolus assigns to every (N,v) € G4 the unique
payoff vector x € I(N,v) that minimizes lexicographically the vector of negative excesses
over all vectors in AI(NN,v). When the anti-core is non-empty, ANuc(N,v) € AC(N,v).
When (N, v) € G it holds that ANuc(N,v) = AP Nuc(N,v).

In the next sections the following proposition, which follows from Oishi and Nakayama
(2009), will appear to be useful. Recall that (N,v) € G*** if and only if (N,v?) € Geae.

Proposition 2.1 For every (N,v) € G it holds that
(i) AC(N, ") = C(N,v),
(ii) ANuc(N,v?) = Nuc(N,v).

We now introduce rooted trees. First, a directed graph or digraph is a pair (N, D), where
N is a set of nodes and the collection of ordered pairs D C {(i,7)|i,j € N,i # j} is a set
of arcs. In this paper, the nodes represent the players in a game, and therefore we refer to
the nodes as players. We denote the set of all digraphs by D. For (N, D) € D, a sequence
of k different players (i1, ...,1) is a (directed) path if (i;,441) € D for I = 1,...,k — 1.
For i € N, a player j € N is a subordinate of ¢ if there is a path (i1, ...,43;) with i; = ¢
and iy = j. Player ¢ is a superior of j if and only if j is a subordinate of i. We denote
Fp(i) as the set of subordinates of i and Pp(i) as the set of superiors of i in (N, D).
We also denote F5(i) = Fp(i) U {i} and P2(i) = Pp(i) U {i}. Also for all S C N we
define Fp(S) = Uies Fp(i) and similarly Pp(S) = Uses Pp(i), F5(S) = Uses F2 (i) and
Pp(S) = Uies Pp(i).

A node i € N is called a top player in (N, D) if Pp(i) = 0. A digraph (N, D) is a
(directed) rooted tree with root ¢ when (i) player ¢ is the unique top player and (ii) for all
j # 1 there is a unique path from i to j. In the sequel we denote by D; the class of rooted
trees and an element of D, by (N,T). Note that for a rooted tree (N,T') with root i it
holds that Fr(i) = N\ {i} and for every node j # i there is precisely one player k € Pr(j)
such that (k,7) € T. This player is called the predecessor of j and denoted by p(j). A
player is called a leaf of (N, T) if Fr(i) = 0. We denote the set of all leafs by L(T'). We
say that a tree (IV,T) is linear if |L(T")| = 1. In this case it holds that for every player k
not in L(T") there is precisely one h such that (k,h) € T. For a tree (N, T) with root 4, let
M C N be such that (i) |[M| > 2, (ii) ¢ € M, (iii) for every j € M \ {i} all nodes on the
(unique) directed path from i to j are also in M. Then (M, T(M)) denotes the subtree of
(N, T) restricted to M and 7 denotes the collection of all subtrees (M,T(M)) of (N,T).



A permission tree game is a triple (N, v, T') with N C N a finite set of players, (N,v) € G
a TU-game and (N, T) € D, a rooted tree on N. In those games, it is assumed that the
tree represents a hierarchy that imposes restrictions on the forming of coalitions. Solutions
for permission tree games have been discussed in for instance van den Brink, Herings, van
der Laan and Talman (2016) and van den Brink, Dietz, van der Laan and Xu (2015). One
of these solutions is the permission value, based on the so-called conjunctive approach to
permission structures as developed in Gilles, Owen and van den Brink (1992). In this
approach, it is assumed that a coalition is feasible if and only if for every player in the

coalition all its predecessors are also in the coalition. feasible coalitions is given by
S ={SCN|Ppr(i) CSforaliecS}.

In this paper we only consider triples (N, v,T) with the permission structure (N,T") € D; a
rooted tree. We denote by Gr the collection of all permission tree games. A (single-valued)
solution f on Gz assigns a unique payoff vector f(N,v,T) € RY to every (N,v,T) € Gr.
For S € N, let o7 (S) = Upep,.rcs R be the largest feasible subset® of S. Following Gilles
Owen and van den Brink (1992), the induced permission restricted game of (N,v,T) is the

game (N, 7y, 1) € G given by
rner(S) =v(or(S)) for all S C N,

and the permission value 1) on Gr is the solution that assigns to every (N,v,T') € Gr the

Shapley value of the associated permission restricted game, thus

Y(N,v,T) = Sh(N,rn,r) for all (N,v,T) € Gr.

3 Liability problems with rooted-tree structure

A liability problem with rooted-tree structure (shortly a liability problem) is a triple (N, T, d)
with (N,T) € D; a rooted tree on N and d € ]Rf a profile of non-negative damages, with
d; the (direct) damage caused by tortfeasor ¢ € N. We denote the class of all liability
problems by £. We also define the following notions.

Total damage For S C N, the total damage of S is dg = ZjeS d;.

Cumulative damage For S C N, the cumulative damage up to S is cg = > JePY(S) d;.
Additional damage For S C N, the additional damage of S is eg = ) | JeF9(S) d;.
Potential damage For every subset S C N, the potential damage of S'isbg = ) | jeS:Pr(j)CS d;.

6Every coalition having a unique largest feasible subset follows from the fact that ® is union closed,
i.e. for every E, F € @ it holds that F U F € &



The total damage of S is the sum of the damages of the players in S. The cumulative
damage of S is the sum of the damages of the players in S and all their superiors. The
additional damage of S is the sum of the damages of the players in S and all their sub-
ordinates and can be seen as the sum of all damages that would have been avoided when
none of the members of S exercised a wrongful act. The potential damage of .S is the sum
of all damages that the members of S cause when the members outside S do not behave
wrongfully. In case the tree is linear and S = {j} for some j € N, these notions coincide
with the notions of Dehez and Ferey (2013) as discussed in the Introduction. For ease
of notation we denote dg = d; if S = {i} and similarly for the other notions. Note that
dy = ¢y = ey = by, and for the root 7, d; = ¢; = b; and e; = Zjng(i) d; = dyn. The

following example illustrates the different notions of damages mentioned above.

Example 3.1 Consider six players and rooted-tree (N,T) with N = {1,2,3,4,5,6} and
T ={(1,2), (2,3), (2,4), (1,5), (5,6)}, see Figure 2. Table 1 gives the four notions of
damages for two different sets S. Note that dy =) .. d;.

6

Figure 2: Rooted tree with six players.
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Table 1. Four notions of damages for the tree of Figure 2.

S =1{1,4,6} S ={2,6}
Total damage dg dy + dy + dg dy + dg
Cumulative damage cs || dy — ds dy +dy + ds + ds
Additional damage es || dy do + ds + d4 + dg
Potential damage bg dy 0

Given (N,T,d) € L, an allocation for (N,T,d) is a non-negative vector = € ]Rf such
that ) ..y 2; = dy. A compensation scheme for liability problems is a mapping ¢ on £
that associates with every problem (N, T, d) € £ an allocation (N, T,d) € RY.

We generalize the liability game as defined by Dehez and Ferey (2013) for liability
problems with linear structure to the class of liability problems with rooted tree structure.
For liability problem (N,T,d) € L the corresponding lower-bound liability game is the

game (N, vy) where the worth of a coalition S is its potential damage, i.e. for all S C N,
UL(S) = bs.

Dehez and Ferey (2013) focus on the Shapley value of the (lower-bound) liability game.
In the sequel we define the Shapley value of a liability problem (N, T,d) as the Shapley
value of the corresponding lower-bound liability game. Formally we have the following

definition.

Definition 3.2 The Shapley compensation scheme is the mapping Sh on L that associates
with every problem (N, T, d) € L the Shapley value of its corresponding lower-bound liability
game (N,vp):

Sh(N,T,d) = Sh(N,vr).

In the literature on game theory, the lower-bound liability game is known as the peer-
group game associated to peer-group situation (N, T, d), see e.g. Branzei, Fragnelli and
Tijs (2002). A peer-group game, and so the game (N,vp), is convex. Further it holds
that (V,vr) is the permission restricted game (N, ry, r) of the additive game (N, v) with
characteristic function defined as v(S) = dg for all S C N. Therefore, the Shapley value
of game (N,vr) is equal to the permission value of the permission tree game (N,T,v).
Since (N, vy) is convex, its Shapley value is in its core: Sh(N,vr) € C(N,vr). It follows
that ) ..o Shi(N,T,d) = > ,.s Shi(N,vr) > v (S) for every S € N and thus the Shapley
compensation scheme satisfies the requirement that for every S C N the total compensation

paid by its members is at least equal to vy (S), being the potential damage of S. The
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Shapley compensation scheme thus satisfies Property (i) of the Introduction as required in
Dehez and Ferey (2013).

While Dehez and Ferey (2013) focus on the Shapley value of the (lower-bound) liability
game, in this paper we consider the nucleolus. We define the nucleolus compensation
scheme as the mapping that assigns to every liability problem (N, T d) the nucleolus of its

corresponding lower-bound liability game (N, vy).

Definition 3.3 The nucleolus compensation scheme is the mapping Nuc on L that as-
sociates with every problem (N,T,d) € L the nucleolus of its corresponding lower-bound

liability game (N,vp):
Nuc(N,T,d) = Nuc(N,vyp).

Since the nucleolus of a game is in its core (if the latter is non-empty), the Nu-
cleolus compensation scheme satisfies the requirement that for every S C N the to-
tal compensation paid by its members is at least equal to the potential damage of S
(> ies Nuci(N,T,d) = > g Nuc;(N,vr) > vi(S) for every S C N) and thus respects
Property (i) of the Introduction. Nevertheless, we now run into a difficulty about the
interpretation of the core and nucleolus. Typically it is considered to be desirable that
a payoff vector is in the core of the game. This is called core-stability, saying that every
coalition S gets at least its own worth v(S) and so the members of S don’t have an incen-
tive to deviate from the grand coalition N. However, this holds for profit games in which
v(S) is the worth that the members of S can earn by themselves without cooperating with
the others, and the entries of x yield payoffs that are paid to the players. In contrast to
this usual situation, the Shapley value or the nucleolus of a liability game gives a vector
of compensations to be paid by the players in the game, i.e., by the tortfeasors. They are
not looking for core stability, on the contrary they want to pay as little as possible.

Therefore, the lower-bound liability game should not be considered as a game that is
played by the tortfeasors themselves, but as a model to help the court to determine the
compensations to be paid to the injured party. With this interpretation the game gives
for every subset (coalition) of tortfeasors, the lower-bounds of their compensations and for
instance the Shapley value or the nucleolus can be applied to determine how much every
coalition has to pay in addition to its lower bound vy, (S). According to the Shapley value,
these additional payments are determined by the marginal contributions of the players.”
In contrast, the nucleolus is determined by the excesses of the coalitions. However, for

a liability game (IV,vy) the excess e(S,z,v;) = v(S) — D ,cg i is now a measure of

"Since the marginal contributions of a player do not depend on the damages of his superiors in the
tree, this also implies that the Shapley value satisfies the property that the compensation to be paid by a

tortfeasor does not depend on the damages of its superiors, see Ferey and Dehez (2015).
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satisfaction of S at x, because the bigger the excess is, the lower the total amount of
compensation that the members of S have to pay. So, while in a game in which the payoff
vector yields payments to the players the nucleolus minimizes lexicographically the vector
of dissatisfactions, in the liability game the nucleolus minimizes lexicographically the vector
of satisfactions. This is counterintuitive. Even if we consider the game as a model used by
the court to determine the compensations, there is no a priori reason to do so.

Nevertheless, the Nucleolus compensation scheme is justified as a reasonable solution
when we consider the second requirement of Dehez and Ferey (2013), namely that every
tortfeasor should pay at most the additional damage that he would have caused, see Prop-
erty (ii) in the Introduction. This principle is supported by the third Restatement of Torts
as formulated by the American Law Institute. Based on this property, we define for a
liability problem (N,T,d) € L the corresponding upper-bound liability game as the game
(N, vy) defined by setting, for all S C N,

vy (S) = es,

i.e. the worth of a coalition S is the additional damage that the agents in S might cause.®

The next lemma states that (N, vy) is the dual game of (N, vy). Because (N, vy,) is convex

this implies that (N, vy) is concave.

Lemma 3.4 For a liability problem (N,T,d) € L, the upper-bound liability game (N, vy)
is the dual of the lower-bound liability game (N,vr).

Proof. For S C N, we have that vr(S) = bs = > cq.p,(jjcs @j- Now, note that
{7€5:Pr(j) €S} =5\Fr(N\5S),

i.e., for every S C N, the set of players in S such that all their predecessors are also in S
coincides with the set of players in S that are not subordinates of the players in N \ S.
With F2(N\ S) = Fr(N\ S)U (N \ S) it follows that S\ Fr(N\ S) =N\ FAN\S).
Hence for every S C N we obtain that vy (S) = deNgngO(N\S) d; and thus

VE(S) = vor(N) —op(N\S) =D di— > d; =

JEN JEN:GEFL(N\(N\S))

Z Z d; =es = vy(9).

jeF%(N\(N\S)) JEFR(S)

8For a liability problem with linear structure the game (N, vy) is a so-called airport game, see Littlechild
and Owen (1973).
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We now have the following proposition, where statement (i) follows because the Shap-
ley value is self-dual and the other two statements follow from applying Proposition 2.1 to

the convex game (N, vy) and its dual (V, vy).

Proposition 3.5 For every liability problem (N, T, d) € L the corresponding games (N, vy,)
and (N,vy) satisfy the following statements:

(Z) Sh(N, UL) = Sh(N, UU);
(ii) C(N,vr) = AC(N,vy),
(#i) Nuc(N,vr) = ANuc(N,vy).

Statement (i) implies that the Shapley value of the lower-bound liability game is equal
to the Shapley value of the upper-bound liability game. Since (N,vy) convex and thus
Sh(N,v) € C(N,vr), statement (ii) implies that Sh(N,v;) € AC(N,vy), and thus
i€S 'Shz(N7 UL) <
es. This also holds for Nuc(N,vy). From statement (iii) it follows that Nuc(N,vy) lexico-

graphically maximizes the cost savings vy (S) — >

Sh(N,vp) satisfies for every coalition S the upper-bound requirement that »

eg Ti with respect to the upper-bound
liability game. So, when the court decides to implement Nuc(N,vy) = ANuc(N,vy), the
smallest cost saving over all coalitions S is made as large as possible, then the second
smallest is made as large as possible, then the third smallest, and so on. This is a very

desirable property and gives a strong motivation for the use of the nucleolus.

We now consider the computation of the compensations for both the Shapley value and
the nucleolus. The Shapley value is easy to compute for liability games. Recall that (IV, vy)
is the peer-group game associated to the peer-group situation (N, 7T, d) and also that it is
the permission restricted game (N, 7y, 1) of the additive game (IV, v) with its characteristic
function defined as v(S) = dg for all S C N. For these games, it is well-known that the
Shapley value distributes the damage d; of a player ¢ € N equally amongst player ¢ and
all its superiors in (N, T'). This gives the following expression for the compensation to be

paid by a tortfeasor j € N according to the Shapley compensation scheme:

d;
|Pp(i)]

Shi(N,T,d) = )

i€F2(4)

(3.1)

So, when applying the Shapley value the compensation to be paid by tortfeasor j is the
sum of all his shares in the damages of himself and his subordinates.

There is no explicit formula available for the nucleolus, but the nucleolus compensations
can be computed by the algorithm given in Branzei, Solymosi and Tijs (2005) for peer-
group games. Given a liability problem (N, T,d) € L, we assume without loss of generality
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that 1 € N is the root of (N,T). For a subtree (M,T(M)) € T (see Section 2), let
(M, T(M),a), ac ]R{‘f be a liability problem on M. We define for every j € M \ {1},

ZkeFO

T(M

TG >| =

Tj(M7T(M)>

The Nucleolus compensation scheme is obtained by the following algorithm, where x =
Nuc(N,T,d) = Nuc(N,vr). Recall that p(j) is the predecessor of j in (N,T') and so also
in every subtree (M,T(M)) containing j.

Nucleolus algorithm:

Step 0: Set M = N and a =d.

Step 1: Find a j € M \ {1} such that 7,;(M,T(M),a) = min,ecan 13 Tm (M, T (M), a).
Step 2: For every k € Fg(M)(j), set v = 7,;(M,T(M),a). If |M\ Fﬁ(M)(j)| > 2, go to
Step 3. Otherwise, set 1 = dy — ZkeN\{l} xp, and stop.

Step 3: Set M = M\ Fp,(j) and set ap(j) = ap(j) + 2;. Return to Step 1.

Note that in Step 2, if |M \ Fp,(d)] = 1, then M\ Fp () = {1}. In the next

Example we illustrate the above procedure.

Example 3.6 Let (N, T,d) be the liability problem with rooted tree as given in Figure 2
and with vector of damages given by d = (0, 12,40, 36, 12, 30).

Using formula (3.1) we have the following computations for the Shapley compensa-
tion scheme, starting with the leafs: Sha(N,T,d) = %@ = 2 Shy(N,T,d) = %4 = 12,
She(N,T,d) = % = 10. Next we obtain Sho(N,T,d) = d2 + Shg(N T,d) + Sh4(N T,d) =

6+12+ 2 =2 Gy (N, T,d) = L + She(N,T,d) =6+ 10 = 16 and finally Shy(N, T, d) =
d1+Sho(N, T, d)+5h5(N, T,d) = 0+934+16 = 12, Thus Sh(N,T,d) = (152, 5%, ¥,12,16,10).

To apply the algorithm for computing the nucleolus payoffs, let x = Nuc(N, T, d). Then

the algorithm performs as follows.

Step 0: Set M = N and a = d.

Iteration 1:

Step 1: min{ %}, 1230 35 23 12204368 — 14 — 75 (M, T(M), a).

Step 2: x5 = x5 = 14.

Step 3: Set M = {1,2,3,4} and a = (d; + 14, da, d3, dy) = (14,12, 40, 36).
Iteration 2:

Step 1: min{28, 40 120404636} — 18 — 7, (M, T(M), a).
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Step 2: z, = 18.

Step 3: Set M ={1,2,3} and a = (dy + 14,d, + 18, d3) = (14, 30, 40).
Iteration 3:

Step 1: min{42, 340} — 20 = 73(M, T(M), a).

Step 2: z3 = 20.

Step 3: Set M = {1,2} and a = (d; + 14, d> + 18 + 20) = (14, 50).
Iteration 4:

Step 1: 7o(M,T(M),a) = 3 = 25.

Step 2: w9 = 25 and 11 = dy — ZkeN\{l} 2, = 39. Stop.

We have found that Nuc(N,T,d) =z = (39, 25,20, 18,14, 14).

From formula (3.1) it follows immediately that the Shapley compensation scheme sat-
isfies monotonicity in the sense that for every player j € N \ L(T) it holds that j has to
pay at least as much as any of his subordinates (and strictly more when d; > 0). This
property also holds for the nucleolus compensation scheme, albeit that compensations can

be equal when d; > 0. We call this weak monotonicity.’

Lemma 3.7 Weak Monotonicity
The compensation scheme Nuc on the class L of liability problems satisfies that for every
(N, T,d) € L it holds for every j € N\ L(T) that

Nucj(N,T,d) > Nucy(N,T,d) for every k € Fr(j).

Proof. The proof follows from the algorithm. In the first iteration the algorithm starts
with (N, T,d). Let k € N\{1} be the player such that 7;(V, T, d) = minjen 13 7,;(N, T, d).
Then Nucy,(N,T,d) = 7, (N, T,d) for every h € F(k) and so the property holds for k and
all his subordinates. In the second iteration we have M = N \ F2(k) and the reduced
liability problem (M,T(M),a) with aywy = dpwy + Tk(N,T,d), and a, = dj, for every
h € M\ {p(k)}. We show that the minimal 7,(M,T(M),a) in the second iteration is
at least equal to 74(N,T,d). For simplicity of notation, denote A; = 7;(N,T,d) and
n; = |F(j)| for every j € N\ {1}.

First, consider a player h € M that is neither a subordinate of k in (N, T,d), nor
a superior of k in (N,T,d). Then 7,(M,T(M),a) = 7,(N,T,d) = A, > A (since Ay
was minimal in the previous iteration). Second, consider a superior h of k in (N, T, d).
Now note that in the first iteration ny players (k and its subordinates) have left and that

all these players paid compensation Ay, while ap) = dyx) + Ax. Further note that h is

9This property is called structural monotonicity in van den Brink and Gilles (1996) who use it to

axiomatize the conjunctive (Shapley) permission value for permission restricted games.
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either p(k) itself, or it is a superior of p(k) and that A, = ﬁ Zing(h) a;. From this and
Ay, > A, it follows that

(nh + 1)Ah — ’I”LkAk > (nh + 1>Ah — ’I’LkAh

M, T(M =
Th( ’ ( ),CL) nh—nk+1 - nh—nk+1

= A, > A

So, at the second iteration we have for every h € M \ {1} that 7,(M,T(M),a) is at
least equal to the compensation Ay assigned to k and each of its subordinates in the first
iteration. So, the players that leave in the second iteration have to pay at least the same
amount as the players that have left in the first iteration.

Continuing in this way we obtain that the assigned payoffs are non-increasing in the
iterations. The result now follows from the fact that for any two players k& and h with k a
subordinate of h, player h gets assigned its payoff either in the same iteration as k or in a

later iteration. O

4 Axioms

In this section, we propose three axioms of a compensation scheme for liability problems
with rooted-tree structure. These properties are inspired from the observations concerning
tort law and case-system consistency, see Ito (1978). We then prove that the Nucleo-
lus compensation scheme is the unique compensation scheme on the class £ of liability
problems with rooted-tree structure that satisfies the three properties. Without loss of
generality, we assume that for every (N,T,d) € L it holds that 1 € N is the top of root
(N, T).

The first axiom takes into account the tort law principle that all tortfeasors are held
jointly responsible for the total damage dy = > jen dj, and therefore every tortfeasor
should pay a fair share of this total damage. According to this principle the first property
sets a uniform lower bound on the compensation to be paid by an individual tortfeasor.
The axiom is obtained by considering for tortfeasor i € N \ {1} the additional damage
€ = D ke FO.(i) dj that has been caused by agent ¢ and his subordinates. Without the
wrongful act of agent i’s predecessor p(i), the sequentially wrongful acts by agent i and his
subordinates would not have occurred. From this viewpoint, all agents in F2(i) and p(i)
are jointly responsible for the additional damage e; of agent i. We assume the case of torts
where the causal weights between the agents in F2(i) and p(i) cannot be determined and

therefore a per capita criterion is justified.'® For i € N \ {1}, this yields the per capita

YFor instance, Ni and Wang (2007) use a per capita criterion to introduce the upstream equal respon-

sibility sharing method for polluted river problems.
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contribution 7;(N,T,d) given by

e.
T N: T7 d) = -—Za
D= EGi
i.e., 7;(N,T,d) is the equal division of the additional damage e; between 4, all his subordi-
nates and his predecessor.
Now, the first axiom requires that every tortfeasor i should pay at least the smallest
per capita contribution minjen\ 13 7;(N, 7, d), i.e., the smallest per capita contribution is

considered as a guarantee of every injuring party’s compensation for the total damage.

Axiom 1 (Uniform lower bound) A compensation scheme ¢ on L satisfies the uni-
form lower bound if for every (N, T,d) € L and every i € N,

(N.T.d)> min 7,(N.T.d).
©;(N, T, )—jer?vi?l}”( T,d)

We stress that this is a very weak lower bound. Note that it does not require that ¢
contributes at least its own per capita contribution, but the minimal per capita contribution
over all tortfeasors (except the first tortfeasor). In Example 3.6 it requires that every

tortfeasor pays at least the per capita contribution of agent 5, being 14.

The second axiom puts for every tortfeasor an individual upper bound on his compen-
sation. Also this axiom is obtained by considering for tortfeasor i € N\ {1} the additional
damage e; that has been caused by agent ¢ and his subordinates. Again this damage
would not have occurred without the wrongful act of agent i’s predecessor p(i). From this
viewpoint, agent ¢ and his predecessor can be held jointly responsible for the damage e;.
Assuming again the case of torts, the causal weights between i and p(i) cannot be deter-
mined. This yields an equal division of e; between i and p(i). The second axiom requires
that every tortfeasor i # 1 should be held responsible for at most the half of his additional
damage e;. Since agent 1 has no predecessor, he should be held responsible for at most his

full additional damage ey, which is equal to the total damage dy.

Axiom 2 (Individual upper bounds) A compensation scheme ¢ on L satisfies the
individual upper bounds if for every (N,T,d) € £ and every i € N \ {1},

1
LIO’L(NJ Tv d) < §€i'

In Example 3.6 the vector of additional damages is given by e = (e, €2, €3, €4,€5) =
(130, 88,40, 36, 42, 30), so the upper bounds for agents 2 to 6 are, respectively, 44, 20, 18, 21
and 15.
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The third and last axiom is a type of case system consistency. Given a compensation
scheme ¢, consider a liability problem (N,T,d) € L and a tortfeasor i € L(T') (thus a
tortfeasor that does not have subordinates). Since such a tortfeasor can be held responsi-
ble for at most his own damage d;, we may assume that he has to pay at most d;. Now
consider the related liability problem (N \ {i}, T(N \ {i}), d?), where d* € R" is the vector
of damages given by d} ;) = dyu) + di — ¢;(N,T,d) and dj, = dj for every k # p(i) in
N\ {i}. So, this is the liability problem obtained from (N, T, d) by removing leaf i and
by adding the remaining damage d; — ¢;(NV,d, T') not paid by i to the damage d,;) caused
by his predecessor p(i). The consistency axiom requires that the outcome chosen by a
compensation scheme for every agent j € N \ {i} should be invariant under the departure
of a leaf i € L(T) of the tree.

Axiom 3 (Leaf consistency) A compensation scheme ¢ on L satisfies leaf consistency
if for every (N, T,d) € L, every i € L(T) and every j € N \ {i}

ij(N \ {Z}7T(N \ {Z})7dz) = (Pj(Na T, d)

In Example 3.6, leaf consistency, for example, implies that when agent 6 leaves and pays
its nucleolus contribution 14, and we consider the new damage vector where the damage
of agent 5 is d5 + dg — 14 = 42 — 14 = 28 and the other damages do not change, and in
the structure we just leave agent 6, then the nucleolus payoffs of the other agents do not

change.

5 Characterization of the Nucleolus compensation scheme

In this section, we show that there is a unique compensation scheme on the class £ of
liability problems that satisfies the Axioms 1-3 and that this is the Nucleolus compensation
scheme as defined in Definition 3.2. First, note that for an agent i € L(T), e; = d;, and thus
for i € L(T'), Axiom 2 requires that ¢;(N,T,d) < 3d;. The next lemma states that when a
compensation scheme satisfies Axiom 3 and the individual upper bound requirement for all
leafs, then it also satisfies the individual upper bound requirement for all the other agents.

In fact, the condition for the leafs and Axiom 3 imply Axiom 2 (for all agents).

Lemma 5.1 Let ¢ on L be a compensation scheme that satisfies Axiom 3 and p;(N,T,d) <
1d; for every i € L(T). Then ¢ satisfies Aziom 2.

Proof. We prove that the upper bound holds for every other agent not being a leaf. Let j
be a player such that j € N\ ({1} U L(T)). Let d’ € R" such that d} = d; for i € N\ F)(T)
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and d; =e; = p. ) 0p(N,T,d) < e;. By subsequently applying Axiom 3 for all players
in Fr(j), it follows that (N \ Fr(j),T(N \ Fr(j)),d) € L and

0;(N,T,d) = ¢;(N \ Fr(j),T(N \ Fr(j)),d).
Since j is a leaf on the subtree (N \ Fr(j),T(N \ Fr(j)), it follows that

U

1
2

N | —

0;(N\ Fr(j), T(N \ Fr(j)),d) <

The next theorem states that the Nucleolus compensation scheme is the unique com-
pensation scheme that satisfies Axiom 1 and 3 and the individual upper bounds (of Axiom

2) for the leafs. It is the main step to reach our main theorem.

Theorem 5.2 Let ¢ on the class L of liability problems be a compensation scheme that
satisfies Axioms 1 and 8 and for every (N,T,d) € L the individual upper bound requirement
©;(N,T,d) < 3e; for every i € L(T). Then ¢(N,T,d) = Nuc(N,T,d).

Proof. We prove that for every liability problem, the Axioms 1 and 3 and the upper bound
requirements for the leafs determine the outcome computed by the Nucleolus algorithm.
To simplify notation, let z = (N, T, d). Without loss of generality, it is assumed that 1 is
the root of the tree (N, T"). We subsequently consider liability problems with respectively
IN| =2, |[N| =3 and |[N| > 3.

Case 1, |[N| = 2. Consider a liability problem (N,T,d) € £ with |[N| = 2. Then, by
Axiom 1 it follows that xo > 7o(N,T,d) = %d2 and by the upper bound requirement that
T < %62 = %dg. Hence z5 = %dg, and thus z; = d; + %dg. This is equal to the outcome

computed by the Nucleolus algorithm.
Case 2, |[N| = 3. For a liability problem (N,T,d) € £ with |[N| = 3 there are two

possibilities: either (N, T) is a line tree (one branch) or (N, T') is a tree with two branches.

Case 2-1. First, we consider a line tree. Without loss of generality, we assume that
p(2) =1 and p(3) = 2. Now either % < %+ or not.

Case 2-1-1, % < ‘12;3‘13. By Axiom 1 and the individual upper bound requirement
for leaf 3, it follows that x3 = %3. Next, it follows by Axioms 1 and 3 and the uniform
lower bound for leaf 2 in the subtree after removing agent 3 that xo = W, and finally
1 = dy — x93 — x3. S0 7 is equal to the outcome computed by the Nucleolus algorithm.

Case 2-1-2, %3 > %. By Axiom 1, we must have that z; > @ for j = 1,2,3.

The individual upper bound for leaf 3 requires that x3 = %3 — ¢ for some ¢ > 0, and thus
d—; —c2> %. This yields ¢ < d6—3 — %2. By Axioms 1 and 3 and the uniform lower bound

for leaf 2 in the subtree after removing agent 3, it follows that zo = W, and thus
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Ty = d2+d23*””3 > d2§d3. Substituting x3 = %3 — ¢ in this inequality gives ¢ > %3 — %2 and
thus ¢ = %3 — %2. This implies that 2o = 23 = % and thus z; = d; + ‘b;?)d?’. Again z is

equal to the outcome computed by the Nucleolus algorithm.

Case 2-2. When (N, T) is a tree with two branches we have p(2) = p(3) = 1. Without
loss of generality, let dy > d3. By Axiom 1 and the uniform lower bound for leaf 3 it follows
that x5 = %3. By Axiom 3 and case |[N| = 2, 25 = % and thus =1 = d; + % + d—;. Also in
this case we have that x is equal to the outcome computed by the Nucleolus algorithm.
Case 3, |N| > 3. We now proceed with induction. Consider a liability problem (N, T, d)
with |N| = n > 3. For any liability problem (N’,7",d") € £ with |N'| < n we assume
that (N',T',d") = Nuc(N',T',d"). To show that then z = Nuc(N,T,d) we consider two

possibilities, namely player j with minimal 7,;(N, T, d) is either a leaf or not.

Case 3-1. There exists i € L(T) such that 7;(N,T,d) = % = minjen 1y 7;(N, T, d).
Take this leaf i (if there are multiple, take an arbitrary one). By Axiom 1 and the individual
upper bound for leaf i it follows that x; = % This is also the outcome for 7 as computed by
the Nucleolus algorithm, and thus z; = Nuc;(N,T,d). Set N’ = N\ {i} and take d' € R
with dj = d; for j € N"\{p(i)} and d};) = dps) + di — x; = dps) + di — Nuc;(N, T, d).

Consider the lower bound liability game (N, vy ) corresponding to (N, L,d). Then the
lower bound liability game corresponding to (N', T'(N'),d’) is the game (N', v} ) where v
is given by setting for S C N,

(5) = { nggu {i}) — Nue(N,T,d) if p(i) €s,
v (S) otherwise.

It can be shown that (N’,v}) is the Davis-Maschler reduced game of (N,vr) on N’ with
respect to Nuc(N, L,d).!! By this observation and the fact that the nucleolus satis-
fies Davis-Maschler consistency'?, it holds that for every j € N’ that Nuc;(N,T,d) =
Nucj(N',T(N'),d"). Further, for every j € N’, we have by the induction hypothesis

UFor a game (N,v) € G, a vector = € R”Y and non-empty subset N’ of N, the Davis-Maschler reduced
game (Davis and Maschler, 1965) on N’ with respect to (N,v) and z is the game (N',w*) € G defined by
setting for all S C N’,

v(N) — Z x; if =N/,
iEN\N'
(S) = _ 1 /
w*(S) L [v(SUT) ;xz] if S # N',0,
0 it S =0.

12A solution f on a subclass G’ of G satisfies Davis-Maschler consistency (Davis and Maschler, 1965)
if for all (N,v) € G’ and every non-empty N’ C N it holds for z = f(N,v) that the DM reduced game
(N, w*) € G" and xn' = f(N',w"), where zn/ = (2;)ien’-
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that (N, T(N'),d") = Nuc;(N',T(N'),d). Hence, for every j € N’ it holds that
Nch(N T,d) = ¢;(N',T(N'),d'). With Axiom 3, it now follows that for every j € N’,
= p;(N', T(N'), d) Nucj(N,T,d).

Case 3-2: For all i € L(T), it holds that minjen\ (13 7;(N, T, d) < 74(N,T,d) = %
Let k be such that 74(N,T,d) = minjen\ 13 7;(N, T, d) and take some i € L(7T') such that
i € F2(k), thus i is subordinate of k. Since i # k, we have that also p(i) € F(k). From

the Nucleolus algorithm we obtain that
Nuc;(N,T,d) = Nucy;) (N, T,d) = 7(N, T, d). (5.2)

By Axiom 1, we have that z; > 74 (N, T, d) = Nuc;(N,T,d). Suppose that x; > Nuc;(N,T, d).
Set N/ = N\ {i} and take d’ € R" with d; = dj for j € N'\{p(i)} and d;y = dps)+di—
By Axiom 3, we have that

Tp(i) = Pp(a) (N, T(N), d') (5.3)
and by the induction hypothesis,
@p(i)(N,> T<N,)> d,) = Nucp(i)(N/’ T(N/)’ d/)' (5'4>

Take d’ € RN with dj = d; for j € N'\ {p(1)} and d,) = dpu) + di — Nuc;(N, T, d).

Since by assumption z; > Nuc;(N, T, d), and thus d ) < d ), it follows from applying the
Nucleolus algorithm that

Nucp(i) (NI, T(NI), dl) < Nucp(i)(N’, T(N/), d”). (55)

By the fact that the lower bound liability game corresponding to (N',T(N’),d") is the
Davis-Maschler reduced game of (N,vr) on N’ with respect to Nuc(N,T,d), it follows

with Davis-Maschler consistency that

Nucyi) (N', T(N'),d") = Nucyi) (N, T, d). (5.6)
From the (in)equalities (5.2)-(5.6) it follows that

Tpiy < Nucppy(N,T,d) = 14(N,T,d),

which contradicts Axiom 1. Therefore, for every i € L(T) N FA(k), z; = Nuc;(N, T, d). For
every i € L(T)NFA(k), let N' = N\ {i}. Then it follows similar as above and from Axiom
3 that for every j € N', z; = Nuc;(N,T,d). O

Theorem 5.2 shows that if a compensation scheme satisfies Axioms 1 and 3 and the

individual upper bound for the leafs, then it must be the nucleolus. On the other hand, we
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argue that the Nucleolus compensation scheme satisfies the Axioms 1, 2 and 3. First, from
Lemma 3.7 and the algorithm it follows that the nucleolus compensation scheme satisfies
Axiom 1. From the proof of Theorem 5.2 it follows that then Nucleolus compensation
scheme satisfies Axiom 3 and the individual upper bound for the leafs. It then follows by

Lemma 5.1 that Axiom 2 is satisfied. This yields our main result.

Main result
A compensation scheme p on the class L of liability problems satisfies Axioms 1, 2 and 3
if and only if ¢(N,T,d) = Nuc(N,T,d).

The main result says that there is a unique compensation scheme supported by tort law
bounds on the compensations (Axioms 1 and 2) and a type of case-system consistency (Ax-
iom 3). This compensation scheme assigns to every liability problem the Rawlsian outcome

given by the nucleolus. Finally, we check logical independence of the three axioms.

e Let ¢! be the compensation scheme that assigns to every (N, T,d) € £ compensations
given by ¢;(N,T,d) = minjen 13 7;(N,T,d) for every i # 1 and ¢j(N,T,d) =
dn — i1 i (N, T,d). Then ' satisfies Axioms 1 and 2, but not Axiom 3.

e Let ? be the compensation scheme that assigns to every (N, T, d) € £ compensations
given by ©?(N,T,d) = d;, for every i € N. Then (? satisfies Axioms 1 and 3, but

not Axiom 2.

e Let p® be the compensation scheme given by p*(N,T,d) = Sh(N,v;) for every
(N,T,d) € L. Then ¢?* satisfies Axiom 2 and Axiom 3 (see Katsev, 2009), but

not Axiom 1.

6 Concluding remarks

In this paper we considered the Nucleolus compensation scheme as a compensation scheme
for liability problems, where causation of the cumulative injury results from multiple se-
quences of wrongful acts by different parties. It appears that the Nucleolus compensation
scheme of a liability problem can be simply computed by using an algorithm for the nu-
cleolus of a corresponding liability game. A very appealing property of the Nucleolus
compensation scheme is that with respect to the additional damages of the coalitions, the
smallest cost saving over all coalitions is made as large as possible, then the second smallest
is made as large as possible, then the third smallest, and so on.

We also characterized the nucleolus compensation scheme by three axioms: a uniform

lower bound, an individual upper bound and an axiom on case-system consistency. All these
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three axioms are derived from stylized facts concerning tort law. As noticed in Section 3,
the class of lower-bound liability games is equivalent to the class of peer-group games.
For this latter class Katsev (2009, chapter 6) provides a characterization of the Shapley
value, namely the Shapley value is the unique efficient allocation rule on the class of peer-
group games that satisfies leaf consistency, the weak veto property, top monotonicity and
independence of non-subordinates.'® All these five axioms (including efficiency) are logically
independent. The weak veto property states that player ¢ pays at least the same as any
other player when d; = 0 for every j # ¢. Top monotonicity states that top player 1 pays at
least the same amount as any other player. Finally independendence of non-subordinates
states that if the damage of only one player ¢ changes, then the compensations to be paid
by the subordinates of ¢ do not change.

We are now ready to compare the Shapley compensation scheme and the nucleolus
compensation scheme by their sets of characterizing axioms. It is easy to verify that also the
Nucleolus compensation scheme satisfies the weak veto property and top monotonicity, but
not independence of non-subordinates. So, the Nucleolus compensation scheme satisfies
all above Shapley axioms, except the independence of non-subordinates. On the other
hand the Shapley compensation scheme satisfies leaf consistency and the individual upper
bound, but not the uniform lower bound. So, the two solutions have in common that
both satisfy leaf consistency, individual upper bound, the weak veto property and top
monotonicity. Then the Nucleolus compensation scheme satisfies uniform lower bound but
not independence of non-subordinates, whereas the Shapley compensation scheme satisfies
the latter but not the former. Although the two solutions differ in only one axiom, the
differences in the actual outcome for a specific liability problem might be quite big. When i
is a leaf of the tree, then equation (3.1) shows that according to the Shapley compensation
scheme the damage d; is equally shared by ¢ and all its superiors. In particular, in a linear
tree with n tortfeasors the last one pays only a share % of its own damage d;. On the
other hand, according to the Nucleolus compensation scheme the share of a leaf i in its
own damage d; can be % and this indeed happens when d; is relatively small compared to
the damages of its superiors. In fact, for a linear tree with n tortfeasors the uniform lower
bound implies that the damage d,, of leaf n is shared equally amongst all tortfeasors when
d; = 0 for every superior j of leaf n, whereas together with the individual upper bound it
also implies that n pays half of its own damage when d,, is small compared to the other
damages. So, while according to the Shapley compensation leaf n is always held responsible

for precisely share % of its own damage, according to the Nucleolus compensation scheme

13 Also in Ferey and Dehez (2015) an axiomatization of the Shapley value on the class of (linear) lower-
bound liability games is given. In fact, in this axiomatization leaf consistency, the weak veto property and
top monotonicity are replaced by the single axiom of zero immediate damage, saying that a player ¢ pays

the same as its predecessor p(i) if the damage of the predecessor is equal to zero.
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the responsibility of a leaf for its own damage is % when his damage is small, but it might
decrease to a share of only % (as in the Shapley compensation scheme) when his damage
is large compared to the damages of his superiors. In fact, we have seen in Section 3 that
both the Shapley compensation scheme and the nucleolus compensation scheme satisfy
weak monotonicity, saying that a tortfeasor never pays a higher compensation than his
predecessor.

Finally, we discuss what happens when the population of the tortfeasors is increasing.
Suppose that a new tortfeasor arrives at the end of a branch of the tree, so he is added as
new leaf to one of the leafs of the existing tree. One may wonder whether every original
tortfeasor pays in the new situation at least the same as in the original situation. If the
answer for this question is negative, then it might be that some of the original tortfeasors
have an incentive to increase the population of the tortfeasors, which leads to an increase of
the total damage. From this aspect, it is appropriate to require that a compensation scheme
satisfies leaf population monotonicity, stating that when a new tortfeasor arrives, in the
new situation every original tortfeasor pays at least the same as in the original situation.
If this property is satisfied, then no original tortfeasor has an incentive to increase the
population of the tortfeasors.

From equation (3.1) it follows immediately that the Shapley value satisfies the leaf
population property. When a new tortfeasor arrives, then his (additional) damage is equally
shared amongst himself and his superiors with no effect on how the other damages are
shared. So, the question is whether also the Nucleolus compensation scheme satisfies leaf
population monotonicity. This answer is affirmative and follows from a result in Katsev
(2009, chapter 6), who shows that when d and d’ are such that d; > d, for every i € N, then
every tortfeasor should pay at d' at least the same as at d. So, for a given tree with a fixed
set of tortfeasors, the compensations to be paid by the tortfeasors are non-decreasing in
the damages.'* Now, suppose a new tortfeasor is added. Then, according to the Nucleolus
compensation scheme this tortfeasor pays at most half of its damage and leaf consistency
says that the others have to pay according to the original situation, but with the damage of
the predecessor of the new leaf replaced by the sum of its own damage and the remaining
part of the damage of the new tortfeasor. So, the new situation reduces to the old situation,
but with higher damage for the predecessor of the new leaf. So, by the result of Katsev
it follows that every original tortfeasor pays at least the same as before. Hence also the

Nucleolus compensation scheme satisfies leaf population monotonicity.

141n the literature this is known as resource monotonicity, but here the resources are the damages.
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