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Abstract The ancient problems of bankruptcy, contested garment, and rights arbi-
tration have generated many studies, debates, and controversy. The objective of this
paper is to show that the Shapley value from game theory, measuring the power of
each player in a game, may be consistently applied for getting the general one-step
solution of all these three problems viewed as n-person games. The decision mak-
ing is based on the same tool, namely the game theory logic based on the use of the
Shapley value, but the specific games involved are slightly different in each problem.
The kind of claims of the players, the relationship between the given claims and the
given resources available, and the particular way of calculating the generalized char-
acteristic function of the game determine the specific type of game which has to be
solved in each of the three ancient problems mentioned. The iterative use of the Shap-
ley value may also justify the well-known Aumann—Maschler step-by-step procedure
for solving the bankruptcy problem.

Keywords Bankruptcy problem - Contested garment problem - Rights arbitration
problem - Shapley value - Cumulative and maximal generalized characteristic
functions

1 Introduction
Three ancient problems, whose intriguing solutions were given without any justifica-

tion back then, generated many studies with very different interpretations, debates,
and controversy. Heuristic procedures and new concepts have been introduced, just to
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justify the numerical solutions given very long ago, but a uniform method for solving
these three ancient problems was still missing.

1.1 The bankruptcy problem

As mentioned by Gura (2009), in the ancient bankruptcy problem, known also as
the Talmudic problem of three wives, a man married three women and promised
them in their marriage contract the sum of d; = 100, d> =200, and d3 = 300 units of
money to be given to them upon his death. The man died but his estate £ amounted
to less then 600 units. The Mishna, attributed to Rabbi Nathan, treats the cases in
which the estate £ was worth 100, 200, and 300 units of money. The division of
the estate among the three wives, corresponding to these three cases, is shown in
Table 1.

In the modern law, a division of the estate proportionally with the correspond-
ing debts is the common practice. Table 1 shows both a uniform distribution of the
estate (for E =100), and a proportional distribution (for E = 300), whereas the dis-
tribution corresponding to £ =200 has raised question marks and objections about
how it was obtained and how it could be rationalized and justified. As noted by
Aumann and Maschler (1985): “The figures for £ =200 look mysterious; but what-
ever they may mean, they do not fit any obvious extension of either equal or pro-
portional division. A common rationale for all three cases is not apparent. Over
two millennia, [the data set from Table 1] has spawned a large literature. Many
authorities disagree with it outright. Others attribute the figures to special
circumstances not made explicit [in the Talmud]. A few have attempted direct ratio-
nalization of the figures as such, mostly with little success. One modern scholar, exas-
perated by his inability to make sense of the text, suggested errors in transcription.
In brief, the passage [i.e. Table 1] is notoriously difficult.” In the end, Aumann and
Maschler (1985) proposed the following heuristic procedure for justifying the solu-
tions for the bankruptcy problem from Table 1: Assuming that there are n creditors
and that the estate satisfies the inequality £ < (d; + - - - +d,) /2, for instance, “when
[the estate] E is small, all n claimants divide it equally. This continues until 1 has
received dj/2; for the time being [claimant 1] stops receiving payments, and each
additional dollar is divided equally between the remaining n — 1 claimants. This, in
turn, continues until claimant 2 has received d /2, at which point [claimant 2] stops
receiving payments for the time being, and each additional dollar is divided equally
between the remaining n — 2 claimants. The process continues until each claimant has
received half his claim. This happens when E = (d; + - - - 4+ d,)/2.” This procedure

Table 1 Bankruptcy problem in

the Babylonian Talmud Estate Debt
100 200 300
1 1 1
100 333 333 333
200 50 75 75
300 50 100 150
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Table 2 Contested garment

problem in the Babylonian Estate Claim
Talmud 12 1
1 1/4 3/4
Table 3 Rights arbitration Estate Claim
problem
30 40 60 120
1 5 5 5
120 7} 102 20z 803

works for explaining heuristically how the solutions from Table 1 (for £ =200 and
E =300) and Table 2 may be obtained. The entire procedure seems to favour the cred-
itors with smaller claims. But no justification was given why a small estate £ = 100
has to be divided equally among claimants, and why the claimants whose claims are
smaller than the available resources are successively awarded half of their respective
claims. Also, if this procedure is applied to the rights arbitration problem, the results
are completely different from those given in Table 3.

1.2 The contested garment problem

This is another ancient problem from the Babylonian Talmud which, according to
O’Neill (1982), was formulated in a very simple way: “Two hold a garment. If one
of them says, ‘It is all mine’, and the other says, ‘Half of it is mine’, then the former
receives three quarters and the latter receives one quarter.” How can such a solution,
shown in Table 2, be justified?

1.3 The rights arbitration problem

According to O’Neill (1982), around 1140 A.D., Abraham Ibn Ezra formulated the
following inheritance problem: “Jacob died and his son Reuben produced a deed
duly witnessed that Jacob willed to him the entire estate on his death, son Simeon
also produced a deed that his father willed to him half of the estate, Levi produced
a deed giving him one third and Judah brought forth a deed giving one quarter. All
of them bear the same date.” The wills seem equally valid but are mutually incon-
sistent because they give away more than the total estate. Assuming that the estate
is £ =120, in whatever units, Ibn Ezra mentioned that one solution would be to
divide the estate in proportion to each son’s claim but rejected such a proportional
solution in favour of another one, according to which the four sons Judah, Levi,
Simeon, and Reuben have to get: 7%, 10%, 20%, and 80%, respectively, as shown in
Table 3.

The general decision process of arbitration is very complex and the decision maker,
called here the judge, can be very subjective in his final ruling. The many ways of
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solving the bankruptcy and rights arbitration problems are amply presented in the
extensive survey paper Thomson (2003). Here, on the other hand, we focus only on
the three ancient problems just mentioned and the objective is to show that the Shap-
ley value (Shapley 1953) from the n-person game theory, measuring the power of
the different players involved in a game, can be used for justifying, in a uniform and
unambiguous way, the ancient solutions given to all these three problems. In the next
section, the Shapley value method is used for getting the general solution, in one step,
of these three ancient problems viewed as n-person games.

It is not without interest to note that the concept of Shapley value was mentioned
both in the context of the bankruptcy problem in Aumann and Maschler (1985), Moulin
(1992), Moulin (2003), Thomson (2003), Alcade et al. (2005), De Mesnard (2008), and
in the analysis of the rights arbitration problem (O’Neill 1982). In particular, (Moulin
2003, p. 57) pointed clearly that the Shapley value applied to a two-claimant game
gives the same solution as that of the contested garment problem. On the other hand,
Aumann and Maschler (1985) showed that the games corresponding to the bankruptcy
problem for £ =200 and E = 300 may be solved by applying the solution of the con-
tested garment problem to each pair of contestants. However, the game corresponding
to the bankruptcy problem for the case E =100 and the game corresponding to the
rights arbitration problem cannot be solved by using the solution of the contested
garment problem. O’Neill (1982) also discussed several decision methods and pro-
posed the method of recursive completion which is in fact the Shapley value of the
cooperative game corresponding to the bankruptcy problem. Recently, De Mesnard
(2008) showed that the Shapley value method applied to the bankruptcy problem,
viewed as a regular three-person game, gives a solution for £ =200 different from the
Talmudic solution, implying the conclusion that the use of the Shapley value cannot
fully justify all the ancient solutions shown in Tables 1-3. The present paper arrives
to a different conclusion.

The objective of this paper is to show that the Shapley value from game theory, mea-
suring the power of each player in a game, may be consistently applied for getting the
general one-step solution of all these three problems, namely the bankruptcy problem,
the contested garment problem, and the rights arbitration problem, viewed as n-person
games. The decision making is based on the same tool, namely the game theory logic
based on the iterative use of the Shapley value, but the specific games involved are
slightly different in each problem. The kind of claims of the players, the relationship
between the given claims and the given resources available, and the particular way of
calculating the generalized characteristic function of the game determine the specific
type of game which has to be solved in each of the three ancient problems mentioned.
Ignoring the specific kind of game induced by the relationship between the values of
the claims and the value of the estate involved in each problem could give misleading
results like De Mesnard (2008) counterexample which seemed to compromise the
possibility of solving the bankruptcy problem as a three-person game by using the
Shapley value in the case £ = 200.

The Shapley value may be calculated only if we know the generalized characteristic
function of the respective game. The delicate point is that the given claims and the
estate do not determine completely the values of the generalized characteristic func-
tion for the proper possible coalitions of the game. This opens the door to different
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ways for filling this gap and, therefore, to different possible solutions of the game.
This paper shows that the division of the estate from Tables 1-3 may be obtained by
using only the Shapley value, as a mathematical tool, if the bankruptcy problem is
viewed as being a cumulative game and the rights arbitration problem is viewed as
being a maximal game. A cumulative game is the classic case of an n-person game in
which the values of the characteristic function for the proper coalitions are calculated
additively, reflecting the fact that the members are not willing to reach a compromise
and share their claims. A maximal game is the classic case of an n-person game in
which the values of the characteristic function for the proper coalitions are calculated
by taking the maximum claim into account, reflecting the fact that the members are
willing to reach a compromise and share their claims.

Section 2 contains the general one-step solutions of the three ancient problems
viewed as n-person games, using the Shapley value method. Section 3 shows that the
well-known Aumann and Maschler (1985) solutions for the bankruptcy and contested
garment problems may be obtained and justified by an iterative application of the
Shapley value method when, at each step, the creditor with the lowest claim competes
against all the other remaining creditors.

2 General, one-Step solutions of the ancient problems viewed as n-person
games

2.1 Shapley value

Let N = {1, ..., n} be the set of players. Every subset S C N is a possible coalition.
There are 2" possible subsets S of N, including the empty set . To give an n-person
game means to give the set N of players and, for each subset S € N, a real number
v(S) representing the value of the coalition S, such that:

v(@) =0, v(S) >0, v(S)) <v(S) if S C9. €))

In an n-person game with the generalized characteristic function v, the amount
v(SU{i}) — v(S) measures the contribution of player {i} to the increase in the value of
coalition § if this player joins in. The Shapley value is the average of players’ marginal
contributions over all permutations. Thus, the Shapley value of player i is:

w; = Z (S Ui} —v($)] pa(S), (2
SCN.,i¢S
where:
S|ln—|S| -1
pucsy = 2L IZDE 3)
n:

and | S | is the number of players from the coalition § € N. The Shapley value shows
the power of the respective player (Shapley 1953; Winston 1994).
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The nonnegative monotonic set function v is called the generalized characteristic
function of the game. The monotonicity property simply states that if a coalition S,
contains more players than coalition S, then S cannot have a smaller value than
S1. The set function v, satisfying (1), is called the generalized characteristic function
because, normally, it is required to be a supperadditive set function, which means that
the value of a union of disjoint coalitions, v(S] U S>) is supposed to be larger than or
equal to v(S1)+v(S2). If anonnegative set function is superadditive then, obviously, it
is monotonic. The converse is not necessarily true. One of the qualities of the Shapley
value over other solutions of an n-person game is that it uses only the monotonicity
of v and not superadditivity.

2.2 The games induced by the claims of the players and the estate

Let us assume that we have a set of players, N = {1, ..., n}. Their claims are d| <

- < dy, and the total resource available is the estate £ < (d; + --- + d,;) /2. The
assumption that the claims are different, as it is the case in the three ancient problems,
is not essential but simplifies the analysis.

If the values v({1}), ..., v({n}) of the generalized characteristic function v assigned
to each player are given, then the corresponding n-person game is cumulative if the
value of the generalized characteristic function v for each subset of players {i1, . . ., ix}
is calculated according to:

v({ir, ..o =minfv{@i) + - +v{id), E},

for all k = 2,...,n. In such a game the claim of each coalition is the sum of the
claims of its members if it does not exceed the estate E. It corresponds to the case
when the players stick to their own claims and are not willing to compromise and
share the claims.

Ifthe values v({1}), . .., v({n}) of the generalized characteristic function v assigned
to each player are given, then the corresponding n-person game is maximal if the value
of the generalized characteristic function v for each subset of players {iy, ..., it} is
calculated according to:

v({in, ..., i) = minfmax{v({i1}), ..., v({ix D}, E},

forall k = 2, ..., n. In such a game the claim of each coalition is the maximum of
the claims of its members if it does not exceed the estate E. It corresponds to the case
when the players are willing to compromise and share the maximum claim.

In our context, in a cumulative game the claim of a coalition is the sum of the
claims of its members or the entire estate if this sum exceeds the estate. In such a
game, the members of a coalition make no compromise; each sticks to his own claim
and is not willing to share parts of it with other members of the respective coalition.
The members of a coalition expect the judge to give them their respective claim. In a
maximal game, the claim of a coalition is the maximum claim of its members and they
are supposed to share this maximum among them. In such a game, the judge expects
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the members of a coalition to cooperate and reach a compromise, sharing the amount
awarded to the respective coalition.

The division of the estate in the three wives problem, as given in Table 1, may be
justified if the judge looks at the corresponding game as being a cumulative game with
the wives unwilling to compromise and share parts of their claims.

The division of the estate in the rights arbitration problem, as given in Table 3, may
be justified if the judge looks at the corresponding game as being a maximal game,
assuming that the four brothers are willing to reach a compromise and share parts of
their claims when they form a coalition.

On the other hand, the contested garment problem is very simple. The two claims
di, dy and the estate E completely determine the corresponding game because there
are no proper coalitions in the total set N = {1, 2}.

Remark Letus take an arbitrary cumulative or maximal game in which the generalized
characteristic function v assigns to each player his claim, if it does not exceed the estate,
namely v({i}) = min{d;, E}, (i = 1,...,n).If E < dy < --- < d,, which means
that no claim is smaller than the estate, then, according to their Shapley values, the
players get the same reward w; = E/n, (i =1, ..., n), sharing the estate E.

This result, which is true both for cumulative and maximal games, is often accepted
as being obvious; nevertheless, it may be justified using the Shapley value and plays
an important role in what follows. Indeed, if the game is cumulative,

v({i}) =min{d;, E} = E, (i=1,...,n);
v({ir, ... i) =min{v({i1}) + - +v{i), E} = E, (k=2,...,n).

If the game is maximal,

v({{i}) =min{d;, E} = E, (i=1,...,n);
v({i1, ..., ig}) = min{max{v({i1}),....,v{ixD}, E}=E, (k=2,...,n).

The Shapley value of player i is:

wj=(E—-0)p,?)+(E—-E) Z pn(S) =EO0(n—0—-1)!/n!=E/n.
SCN.i¢S,S£0

The result just discussed shows that if a player wants to get the entire estate when
his claim exceeds the estate, cannot do this because if no claim is smaller than the
current estate available, it has to be shared equally among the players. Based on this
essential fact, we define the generalized characteristic function of the game such that
the value which is assigned to a player reflects the maximum claim he can ask for,
subject to the restrictions induced by the relationship between all the claims and the
portion of the estate available. Taking into account the result just proved, when we
define the generalized characteristic function of the game, we have to make a distinc-
tion between the players whose claims are smaller than the estate and those whose
claims are not smaller than the estate.
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Based on this essential remark, we set the following axiom: In the general case, if

dy < <dy_1<E<d,; <--<d,, we define:
v(@) =0, v({ih=di, (=1,....m—1), “)
v({i) =dm-1+ (E—dp-1)/(n —m+1), (@=m,... n). )
According to (4), the generalized characteristic function v assigns the value d; to
the player i, if his claim is smaller than the estate, whereas, according to (5), the other
n — m + 1 players whose claims exceed the estate E, cannot claim more than d,,, |

plus the excess of the resource E — d,,—1 equally divided among them, as shown at
the beginning of this Subsection.

2.3 Solution of the bankruptcy problem

There are three players, N = {1, 2, 3}, and we have three possible cases which gen-
eralize the Talmudic variants of the bankruptcy problem.

Casel If £ <d| < dy < d3, we have n = 3 and m = 1. According to the remark
discussed at the beginning of Sect. 2.2, the Shapley value implies that the solution is:

wi =E/3, w»=E/3, w;=E/3. (6)

In the Talmudic problem, E = 100, d; = 100, d» = 200, d3 = 300 and the solution
(6) becomes: w; = wy = w3 = 100/3 = 33(1/3).

Case2 Ifd| < E <dj < d3, we have n = 3 and m = 2. According to (4) and (5),
the generalized characteristic function of the corresponding three-person cumulative
game has the values:

v(@) =0, v({1}) =di, v({2}) =di +(E—d1)/2, v({3}) =d +(E—d)/2,
v({1,2}) = min{d; + d», E} = E, v({1,3}) = min{d| + d3, E} = E,
v({2,3}) = min{d> + d3, E} = E, v({1,2,3)) = min{d) + d> + d3, E} = E.

For this three-person game, the Shapley values of the players are:

w1 = (d1 —0)(2/6) + [(E —d1)/2](1/6) + [(E — d1)/2](1/6) + (E — E)(2/6)
= (E+dy)/6.
wy = w3 = {[d| + (E —d1)/2] — 0}(2/6) + (E — d1)(1/6)
+[E —di — (E —d1)/2]1(1/6) + (E — E)(2/6) = (SE — d1)/12,

Obviously, w1 + w2 + w3 = E.

Therefore, the solution is:

w = (E+d)/6, wr=E—d)/12, ws=(E —dp)/12. (7
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In the Talmudic problem, E =200, d; = 100, d» =200, d3 =300 and the solution
(7) becomes: w; =50, wr =75, w3 =75.

Case3 Ifd; <dy < E <d3 <,wehaven = 3 and m = 3. According to (4) and (5),
the generalized characteristic function of the corresponding three-person cumulative
game has the values:

v(i@) =0, v({lh) =di, v({2}) =dz, v({3) =dr+(E—-dr))/1=EFE,
di+dy, if di+dy <E,
E, if di+dy>E,

v({1,3)) = min{d; + d3, E} = E,
v({2,3) = min{dr + d5, E} = E, v({1,2,3)) = min{d, +d» + d5, E} = E.

v({1,2}) = min{d, + dp, E} =

(a) Let us assume that dj + d» < E. Then, in this three-person game, the Shapley
values of the players are:

wi=(d1 —0)(2/6) + [(di +d2) —d2](1/6) + (E — E)(1/6) + (E — E)(2/6) =d1/2,
wy = (d2 = 0)(2/6) + [(d1 +d2)— d1](1/6) + (E — E)(1/6) + (E—E)(2/6) =d2/2,
w3 =(E—0)(2/6) + (E —d)(1/6) + (E — d)(1/6)

+[E — (d1 +d2)1(2/6) = E — [(d1/2) + (d2/2)].

Therefore, if di + d» < E, the solution is:
w1 =d1/2, wy=dy/2, w3=E—[(d1/2)+ (d2/2)] (3

(b) Let us assume that di + d» > E. Then, in this three-person game, the Shapley
values of the players are:

w) = (di —0)(2/6) + (E — d2)(1/6) + (E — E)(1/6) + (E — E)(2/6)
= (E +2d, — d)/6,

wy = (d2 — 0)(2/6) + (E — d1)(1/6) + (E — E)(1/6) + (E — E)(2/6)
= (E —2dy — d1)/6,

w3 = (E —0)(2/6) + (E —di)(1/6) + (E — d2)(1/6) + (E — E)(2/6)
= (4E —d, — dy)/6.

Therefore, if d; + dp» > E, the solution is:

w) = (E+2d) —dy)/6, wp = (E —2dy —d))/6, w3 = (4E —d| — d2)/6.
©)

In the Talmudic problem, £ = 300,d; = 100,d> = 200, d; = 300 and the
solution (9) becomes: w; = 50, wy = 100, w3 = 150.
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Remarks 1. Each of the solutions (6)—(9) is monotonic because, in each of them,
the Shapley values wi, @z, and w3, when they depend on the estate E, are linear
functions of E, with the coefficients of E positive. Therefore, no player (claimant)
loses from an increase in the estate E.

2. Each of the solutions (6)—(9) is order-preserving because, in each of them, the
Shapley values w1, w;, and w3, satisfy:

o) Zw Zw3, 0<d —w <d—w <d3 — w3,

showing that a player with a higher claim than another gets an award that is no
smaller and suffers a loss that is no smaller; both the awards and the loose preserve
the order of the claims.

3. De Mesnard (2008) used the Shapley value for solving the bankruptcy problem
as a three-person game assuming, as an axiom, that the values of the generalized
characteristic function v are v({i}) = min{d;, E}, for all players, making no dif-
ference between the players whose claims are smaller than the estate and those
whose claims are not smaller than the estate. For the case E = 200, the solution
obtained by him (& = 331, w, = 831, w3 = 831) is not the Talmudic solu-
tion (w1 = 50,wy = 75, w3 = 75), casting a serious doubt over any attempt
of getting all the Talmudic solutions using the Shapley value of the correspond-
ing three-person game. Nothing is wrong with De Mesnard’s computations and
he correctly looked at the corresponding three-person game as being a cumula-
tive game, without explicitly stating this, but he followed Aumann and Maschler
(1985) and assumed that the ‘truncation’ (Moulin 2003, pp. 37-38, 262) is done
before sharing, which means that he used a different axiom than that used in this
paper.

4. Letusnotethat (E 4d;)/6 = d;/2ifand only if E 4+d; = 3d; or E = 2d. This
happens in the Talmudic case when E = 200 and d; = 100.

2.4 Solution of the contested garment problem
There are two players N = {1,2} and di < E = d», which means that n = 2 and
m = 2. According to (4) and (5), the values of the generalized characteristic function
assigned to the two players are:
v(@) =0, v({1h) =di, v{2h) =di +(E—-d)/1 =E,
and, if the two-person game is viewed as being either cumulative or maximal, we have:
v({1,2}) = min{d; + E, E} = min{max{d;, E}, E} = E.

The Shapley values of the two players are:

w = (d; —0)(1/2) + (E — E)(1/2) = d1/2,
wy = (E=0)(1/2) + (E —d)(1/2) = E — (d1/2).
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Therefore, the solution of the general contested garment problem is:
w1 =di/2, wy=E—(d1/2). (10)

In the Talmudic version, £ = 1,d; = 1/2, and d = E = 1. Introducing these
values in (10), we get: w; = 1/4and wr = 1 — (1/4) = 3/4.

Remark The solution (10) is obviously monotonic and order-preserving.

2.5 Solution of the rights arbitration problem

Let us assume that we have a maximal four-player game where the players are N =
{1, 2, 3, 4}, and the claims are such that d| < d» < d3 < E = dy. Therefore, n = 4
and m = 4. According to (4) and (5), the values of the generalized characteristic
function of the game assigned to the players are:

v({#) =0, v({1) =di, v({2) =d2, v({3}) =d;,
v({4) =ds +(E—d3)/1 =E =ds

The game being maximal, the values of the generalized characteristic function for the
proper subsets of players are:

v({1,2}) = min{max{d;, d>}, E} = d>,

v({1, 3}) = min{max{d;, d3}, E} = d3,

v({l,4}) = min{max{d,, ds}, E} = ds = E,

v({2, 3}) = min{max{d>, d3}, E} = d3,

v({2,4}) = min{max{d>, ds}, E} = ds = E,
v({3,4}) = min{max{d3, ds}, E} = ds = E,

v({l, 2, 3}) = min{max{dy, d2, d3}, E} = d3,
v({1, 2,4}) = min{max{d,, d»,ds}, E} = ds = E,
v({1, 3,4}) = min{max{d,, d3, ds}, E} = dy = E,
v({2, 3,4}) = min{max{d>, d3,ds}, E} =ds = E,

Taking into account that:

pa(?) = 01(4 — 0 — 1)1/4! = 1/4,
pa({i}) = pa({i, jH = AH2YH /A =1/12 if i =,
pal{i, j kD) =31@ =3 —D/al =1/4 if i#j#k,

the Shapley values of the players are:

ol =di /4, wr = (4dy —d)/12, w3y = (6ds —di —2dx)/12,  (11)
ws = (12dy — dy — 2d> — 6d3)/12 (12)
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Going back to the ancient rights arbitration problem from Table 3, the respective
claims are: d1=30, d, = 40, d3 = 60, d4=120, corresponding to a quarter, a third,
a half, and all of the estate E = 120, respectively. Introducing these values in the
general solution (11), (12), we get:

1 5 5 5
=7-, = 10—, =20-, = 80—,
w] 7 w) 5 w3 5 w4 5

which is the Talmudic solution.

3 Iterative, step-by-step solutions of the ancient problems

In Sect. 2, the three ancient problems have been solved in one step, viewed as three-
person, two-person, and four-person games, respectively. There is an alternative way
of solving them, in an iterative way, following a step-by-step approach.

3.1 The iterative solution of the bankruptcy problem

Aumann and Maschler (1985) proposed an iterative, step-by-step solution of the bank-
ruptcy problem, as explained in Sect.l. It is based on two assumptions, taken as
postulates:

Assu1~npti0n 1 If no claim is smaller than the current available estate E , each creditor
gets E/n.

Assumption 2 If i is the first creditor whose claim d; is smaller than the remain-
ing estate available E;_1, where Ey is the initial estate E, he is awarded d;/2; the
remaining creditors get E; = E;_1 — d; /2.

Except these explicit assumptions, the Aumann—Maschler solution implicitly
assumes that the judge gives the awards sequentially, starting with the creditor which
has the lowest claim. We notice also that Assumption 2 mentioned above is equivalent
to the application of the contested garment solution at each step, as long as there is a
claim smaller than the current remaining estate.

The Shapley value method implies the Aumann—Maschler solution. Indeed, as
proved in Sect. 2.4, the Shapley value gives the contested garment solution. This fact
has been also noticed by (Moulin 2003, p. 57). Therefore, at each step, the creditor
with the smallest claim smaller than the current remaining estate available, competes
against all the other creditors, taken together, in a two-person game. The Shapley
value assigned to him is indeed half of his claim. On the other hand, as shown in
the remark from the beginning of Sect. 2.2, the Shapley value justifies Assumption 1,
postulated by Aumann—Maschler, showing that if there is no claim smaller than the
current available estate, the remaining creditors have to share it equally.
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3.2 The iterative solution of the rights arbitration problem

Let us assume that we have a four-player game where the players are N = {1, 2, 3, 4},
and the claims are such that d; < d» < d3 < E = d4. The entire estate may be split
in four disjoint parts: (0, E] = (0, d;] U (d1, d2] U (d2, d3] U (d3, d4].

Assuming that all players are willing to share the portion of the estate to which they
are entitled, we have four steps:

Step 1 For the first portion, £y = d; —0 =djand E| = d; < dy < d3 < d4. Accord-
ing to the remark proved in the beginning in Sect. 2.2, the Shapley value implies the fol-
lowing solution of the corresponding subgame: w11 = w21 = w3,1 = w41 = d1 /4.

Step 2 For the second portion, we have E» = dy — dy and Ey = dy < d3 < ds. As
shown in the remark from the beginning of Sect. 2.2, the Shapley value implies the
following solution of the corresponding subgame: w2 2 = w32 = wa2 = (d2 —d1)/3.

Step 3 For the third portion, E3 = d3 —d; and E3 = d3 < d4. As shown in the remark
from the beginning of Sect. 2.2, the Shapley value implies the following solution of
the corresponding subgame: w3 3 = w43 = (d3 — d2) /2.

Step 4 For the fourth portion, E4 = dy — d3 and E4 = ds. As shown in the remark
from the beginning of Sect. 2.2, the Shapley value implies the following solution of
the corresponding subgame: w4 4 = (d4 — d3)/1.

Taking all four steps into account, the iterative solution of the rights arbitration
problem is:

wr=w1,1 =di/4, wm=w+wip=di/4+ (dr—d1)/3, (13)

w3 =w31+tw3p+wsz=di/4+ (dr—di)/3+ (dz3—dr)/2, (14)
W4 = w41 + 042 + 043 + W44

=di1/4+ (d2 —d1)/3+ (d3 —d2)/2 + (ds — d3) /1, (15)

which is just the solution (11), (12), given in Sect. 2.

Going back to the ancient rights arbitration problem from Table 3, the respective
claims are: di = 30,d, = 40,d3 = 60,ds = 120, corresponding to a quarter, a
third, a half, and all of the estate £=120, respectively. Introducing these values in the
general solution (13)—(15), we get:

—71 =10 —205 —805
CU] - 25 CL)Z— 65 w3_ 65 Cl)4— 65

which is the Talmudic solution.
Remark For the rights arbitration problem with dy = 30, d» =40, d3 =60, ds = 120,

E =120, the Aumann—Maschler solution (w; =15, wy =20, w3 =30, wqg =55) is
different from the Talmudic solution.
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4 Conclusion

Today, all the cases mentioned in the three ancient problems would be probably solved
using the division of the estate proportionally with the respective claims and perhaps
very few people would object to such a solution. But the main purpose of this paper,
and of so many other papers about this topic, is to find a rationale for the ancient
solutions. The objective of this paper is to show that the game theory logic based on
the Shapley value may be consistently applied for solving, in a uniform way, all three
ancient problems, namely the three wives problem, the contested garment problem,
and the rights arbitration problem. The main conclusion is that using the concept of
Shapley value from the n-person game theory, all the numerical solutions to these
ancient problems, as mentioned in Tables 1-3, may be obtained in a straightforward
way. Before using this tool, however, it is essential to identify what kind of games
are involved in each of these problems. The decision making is based on the same
tool, namely the game theory logic based on the Shapley value, but the specific games
involved are slightly different. The kind of claims of the players and the relationship
between the given claims and the given resources available, on one hand, and the
specific way of evaluating the value of each possible coalition, on the other hand,
determine the particular type of game which has to be solved in each of the three
ancient problems mentioned.

In order to apply the Shapley value of the players, the generalized characteristic
function of each game has to be defined. The essential point is that the value of this
generalized characteristic function assigned to a player has to reflect the maximum
claim this player can make, subject to the restrictions induced by the relationship
between all the claims and the given estate. Each player with a claim smaller than
the estate may ask for that claim but, as discussed in Sect. 2.2, if no claim is smaller
than the current portion of the estate still available, the respective players have to share
equally this surplus. As a consequence, when the generalized characteristic function of
the corresponding game is defined, we have to make a distinction between the players
whose claims are smaller than the estate and those whose claims are not smaller than
the estate.

The value of each proper potential coalition, however, is not uniquely determined
by the given claims and estate. It may be calculated either by summing up the claims
of the members of the respective coalition or by taking the maximum of these claims,
to the extent to which they do not exceed the estate. The decision based on the first
kind of computation induces a cumulative game. The decision based on the second
kind of computation induces a maximal game. In a cumulative game the players do
not cooperate and are not willing to share or reach a compromise when they join a
coalition. In a maximal game the players are supposed to be willing to compromise,
and share parts of their claims when they join a coalition. The ancient division of
the estate shown in Tables 1-3 may be obtained by using the Shapley value, as the
unique mathematical tool, if the game corresponding for the three wives problem is
cumulative and the game corresponding to the rights arbitration problem is maxi-
mal. Finally, the contested garment problem is very simple and contains no proper
coalitions; it may be solved, as a simple two-person game, in one straightforward
step.
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Section 2 contains the general, one-step solutions of the three ancient problems,
viewed as n-person games. Section 3 contains the iterative, step-by-step solution
of the bankruptcy problem and the right arbitration problem. It is shown that the
Shapley value method implies the well-known Aumann—Maschler iterative solution
of the bankruptcy problem.

Examining today the old solutions given to the three ancient problems, the numbers
from Table 1 look like they were obtained by Rabbi Nathan using the Shapley value,
knowing that the three wives hated each other, whereas the numbers from Table 3
look like they were obtained by Abraham Ibn Ezra using the same Shapley value but
assuming that the four brothers were willing to compromise and share parts of their
claims!

Acknowledgements The author is indebted to Dr. Wiebe van der Hoek, the Editor-in-Chief, for his con-
structive comments, and to the two referees for their criticism and very valuable suggestions that have
essentially contributed to make the final version of the paper better. The author thanks Dr. Eli Brettler, who
gave him the seminal paper Aumann and Maschler (1985).

References

Alcade, J., Marco, M. del C., & Silva, J. A. (2005). Bankruptcy games and the Ezra’s proposal. Economic
Theory, 26, 103-114.

Aumann, R. J., & Maschler, M. (1985). Game-theoretic analysis of a bankruptcy problem from the
Talmud. Journal of Economic Theory, 36, 195-213.

De Mesnard, L. (2008). On the Talmud division: Equity and robustness. Congres AFSE (Social Science
Research Network SSRN), 1-27.

Gura, E.-Y. (2009). Insights into the game theory: An alternative mathematical experience. In Quaderni
di Ricerca Didattica. G.R.I.M. (Department of Mathematics, University of Palermo, Italy), n. 19,
pp. 172-183.

Moulin, H. J. (1992). An application of the Shapley value to fair division with money. Economet-
rics, 60, 1331-1349.

Moulin, H. J. (2003). Fair division and collective welfare. Cambridge, MA: MIT Press.

O’Neill, B. (1982). A problem of rights arbitration from the Talmud. Mathematical Social Sciences, 2,
345-371.

Shapley, L. S. (1953). A value for n-person games. Annals of Mathematical Studies, 28, 307-317.

Thomson, W. (2003). Axiomatic and game-theoretic analysis of bankruptcy and taxation problems:
A survey. Mathematical Social Sciences, 45, 249-297.

Winston, W. L. (1994). Operations research. Applications and algorithms (3rd ed.). Belmont CA: Duxbury
Press, Wadsworth Publishing Co.

[193] @ Springer



	Three ancient problems solved by using the game theory logic based on the Shapley value
	Abstract
	1 Introduction
	1.1 The bankruptcy problem
	1.2 The contested garment problem
	1.3 The rights arbitration problem

	2 General, one-Step solutions of the ancient problems viewed as n-person  games
	2.1 Shapley value
	2.2 The games induced by the claims of the players and the estate
	2.3 Solution of the bankruptcy problem
	2.4 Solution of the contested garment problem
	2.5 Solution of the rights arbitration problem

	3 Iterative, step-by-step solutions of the ancient problems
	3.1 The iterative solution of the bankruptcy problem
	3.2 The iterative solution of the rights arbitration problem

	4 Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


