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Abstract

We propose a modification to the concept of the potential of agame a la Hart—-Mas Colell to
determine a salary system for theassignment problem. We obtain explicit formulas for the
potentialof the assignment problem and for it's corresponding salarysystem. Also, we
establish some properties of this salary systemand we give an interpretation in terms of the
Shapley value.
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1. INTRODUCTION

Let us consider a finite set of workers, a set of jobs with equal cardinality and
values a;; which measure the efficiency of the assigning worker j to the job i. In
the assignment problem each worker is to be assigned to a different job in such a
way that the sum of corresponding efficiencies is maximum. In other words,

n n
max Zi:l Zj:l Qij Tij
s.t.
n .
Doieq Ty =1 ji=1....n
n .
D1 T =1 i=1,...,n
z;; =0or1

where x;; = 1 if the worker j is assigned to job ¢ and x;; = 0 otherwise.

In this work, we propose a fair salary system for the previous problem. We have
three main assumptions: First, we suppose that the maximum efficiency of the
system (the optimal value of the objective function) is equal to the amount to be
shared in salaries among the workers. Alternatively, the total amount to be shared
in salaries could be given exogenously and most of the results remain valid. Second,
we only consider problems where the number of workers is equal to the number of
jobs. Lastly, we suppose that each worker has the same right to be assigned to any
of the jobs, so every worker must agree with the final assignment.

Notice that as a general rule it is not fair to pay according to the efficiency that
each worker generates in the optimal solution since, in that case, some workers
are usually sacrificed for the sake of global efficiency. For example in the optimal
solution of the problem with the following matrix,

Workers
(1.1) S [8 0
Jobs 15 10

the first worker is assigned to job 1 and the second to job 2, however it is not fair
to pay 8 units to the first worker and 10 units to the second since the first worker
is more productive than the second worker, job by job. So, in order to define a
salary for the workers it will be necessary to consider their relative abilities to do
the different jobs.

Shapley and Shubik[4] suppose an optimal assignment of sellers to buyers in
two-sided markets and proposed a solution based on linear programming to share
the maximum total monetary payoff among sellers and buyers. In this work, we
suppose an optimal assignment of a set of workers to a set of jobs and propose a
solution to share the efficiency of the system only among the set of workers.

We use the concept of potential of a cooperative game to establish this salary
system. Hart and Mas-Colell ([2] and [3]) established a new form to generate the
value of a game. They start with the definition of a set of games in which a
real function is defined, called the potential of the game. This function must be
defined in such a way that the following two conditions are satisfied: i) the gain
or participation of each player is equal to the difference in potential between the
game that is considered and the one that results when he abandons the game, and,
ii) the sum of gains or participations add to what all the players get in that game.
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Surprisingly, these two conditions determine the gain or participation of the players
and also these participations coincide with it’s corresponding Shapley value.

For a brief revision of the concepts of cooperative games that are mentioned
here, such as the Shapley value, see Appendix A (Finite games and their values) in
Aumman and Shapley [1].

Now, we present the previous ideas formally. Let (INV,v) be a cooperative game
and let us denote by G = {(S,vg) : S C N and vg = v|g} the family of subgames
of (N,v). The potential of a game is defined as a function

P:G—R
such that

(1.2) > [P(S,vs) = P(S\{j},vs\(53)] = v(S)

jES
with the condition that P(0,vy) = 0. Furthermore, it is assumed that the loss of
potential

(1.3) P(S,vs) = P(S\{j},vs\(5})

when the player j abandons the game, is equal to the amount that corresponds to
this player in the game (5, vg).
Notice that (1.2) could be rewritten as

(1.4) s+ P(S,0s) = v(S) + Y P(S\{j}, vs\(53)
jes
where s = |S|. This expression determines P and allows it’s calculation in a recur-
sive form. Moreover, it turns out that the difference (1.3) is equal to the Shapley
value of player j in the game (S, vg).
Furthermore, Hart and Mas-Colell give an explicit formula for the potential of a
game:

(1.5) P(N,v)= Y D=9l g

n!
SCN

In section 2 we show that these ideas could be applied, with appropriate modi-
fication, to determine a salary system for the assignment problem. In section 3 we
present some properties of the salary system proposed in this work. First, we see
this salary system as a particular case of a more general framework and then we
consider the case where the workers do not have any bargaining power.

2. POTENTIAL FOR THE ASSIGNMENT PROBLEM

We assume that each worker is assigned to one and only one job. Let us also
suppose that we have defined a potential on the set of this problems, i.e., a real
function on this set.

We need to define the loss of potential when one worker abandons a problem,
so we need also to eliminate a job. A priori it could be any job, so we propose the
average loss of potential instead. Let us formalize this idea.

Denote by M the set of jobs, by A the set of workers and by A the matrix which
entry a;; represents the efficiency of the worker j doing the job i. Notice that rows
of A are indexed by the elements of M and its columns by the elements in N'. We
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suppose that M and N have the same cardinality and we will denote by A|(M, N)
the matrix A restricted to the rows in M and columns in N. The problem,

max > ieas dojen Gij Tij
s.t.
D ien Tij =1 JEN

jEinjzl 1eM
IijZOOI‘l

defined by the parameters M C M, N C N and A = A|(M, N) will be denoted

by (M, N, A). So that this does not produce confusion, we will use only (M, N)

instead of (M, N, A) and sometimes we will represent it just by it’s matrix A.
The set of problems that we will consider is as follows,

P={(M,N,A): M C M,N C N such that |M|=|N| and A = A|(M,N)},

It is well-known that these kinds of problems always have at least one optimal
solution, therefore the following function is well defined,

LP:PHR

where Lp(M,N) is the optimal value of the objective function for the problem
(M, N). Let us denote

PO - ¥ Pot(M\{:’l},N\{j}).

1eM

Definition 1. We define the potential of the assignment problem as a function,
Pot:P—R
such that Pot(0,0) =0 and
(2.1) > [Pot(M,N) — Pot(N\{j})] = Lp(M, N).
JEN
As in Hart and Mas-Colell [2] and [3], we will suppose that
Pot(M,N) — Pot(N\{j})

is the salary which corresponds to the worker j in the problem (M, N). This number
is the average of the loss of potential when the worker j abandons the system. It
is easy to see that (2.1) is equivalent to the following recursive expression,

n Lp(M,N)+ 3 jen 2ienr Pot(M\{i}, N\{j})

n2

(2.2)  Pot(M,N) =

which determines the potential of the assignment problem. We will denote in-
distinctly for (M, N) or for ¢(A) the vector of salaries that corresponds to the
problem (M, N, A), i.e., the vector with entry j is given by

(2.3) @j(M,N) = Pot(M,N) — Pot(N\{j})

and we will call it a salary system for the assignment problem (M, N).
3



Example. In this example, we calculate the salary system for the problem with
the following matrix,

9 10 2
(2.4) 7 8 6
0 1 3

For simplicity of the exposition we will represent the problem (M, N, A) in the

following form:
AL (M,N)
Pot(M,N)

In order to calculate Pot(M, N) using (2.2) we need to generate all sub problems
as the result of removing one worker and one job. We repeat this process in each
case until there are no workers. Then we calculate Lp for each of the obtained
problems and their potential beginning with the lower cardinality. Notice that for
matrices with one element, say A = [a], Lp(M,N) = Pot(M, N) = a. While if the
matrix is 2 x 2, then Pot(M, N) is equal to the sum of the entries of the matrix,
plus 2Lp(M, N), all divided by 4. Thus, the problems that are derived from (2.4)
when one worker is missing are:

When worker 1 is missing:

16 13 11
10 2 10 2 8 6
8 6 1 3 1 3
14.5 10.5 10
When worker 2 is missing:
9 21" 9 217 [7 61"
(2.6)
76 ] 103 ], 103 ],,5
When worker 3 is missing:
9 101" [9 107" 7 81"
(2.7)
LA P 101 |75 101 [ 55

The potential of the problem with matrix (2.4) is the result of adding 3 times
the optimal value of the objective function (3 -26) with the potential of each of the
nine previous problems and divide the result by 9. Thus,

9 10 21°
7 8 6
10 1 3 22.555

Now, we can calculate the salaries for the problem with matrix (2.4) using (2.3).

Pot(S\{1}) = (14.5 + 10.5 4+ 10)/3 = 11.667
Pot(S\{2}) = (13.5 + 12+ 14.5)/3 = 13. 333
Pot(S\{3}) = (17 + 17.5 + 15.5)/3 = 16.667

giving us
22.555 — 11.667 10. 888
p(A) = | 22.555—-13.333 | = 9.222
22.555 — 16. 667 5. 888
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As another example, the wages for the problem given in the introduction (see 1.1)
are 12.25 for worker 1 and 5.75 for worker 2.

3. PROPERTIES OF THE POTENTIAL OF THE ASSIGNMENT PROBLEM

The next theorem establishes an explicit expression for the potential of the as-
signment problem. We will denote by

(3.1) Lu($)= > Le(RS).
{RCM:|R|=|S|}

Theorem 1. For each (M,N) € P we have that

S n.:
SCN

2 —_—
(3.2) Pot(M,N) = > 1 [S'(",_S)'] La(S).

Theorem 2. The salary for worker j in the assignment problem (M, N) is given
by

NUSIEEDS 1[M]Q[W>—Lma.

S
{SCN:jeS}

The previous theorem provides us an alternative way to calculate the salary
system for the assignment problem. Using (3.1) and (2.5) - (2.7) we have that

LM(T1\23}):26
M({1,2}) =17+ 20 + 18 = 55
w({L3}) =15+12+16 = 43
({23} =16 +13+ 11 = 40
w({1}) = 9+7+10 =26
w({2) =10+8+1=19
w3 =2+6+3=11

and therefore,
(A) = 2(26 —40) + = (55 — 11) + — (43 — 10) + 26 = 10.888
P =g 18 18 375 T

The next result establishes a relation between the salary system given by (2.3)
and the Shapley value. Let us denote by

© ={6: N — M|0 bijective}
the set of the n! possible ways to assign the jobs to the workers. Let us select
€ © randomly (each case with probability =), in such a way that worker j
gets the job 0(j) and suppose the workers have the possibility of exchanging their
assigned jobs. The process of bargaining generates a cooperative game in a natural
way: when the coalition of workers S is formed they can generate an efficiency
v?(S) = L((S),S). Thus, when they distribute the efficiency according to the
value ¢, they get an average - >, #(v?). The next theorem establishes that the
salary system coincides with the previous process when they use the Shapley value.
We will denote by Sh(N,v) the Shapley value of the game (N, v).
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Theorem 3. For A € P we have that

ZSth ’Z

IS 0€O

The following theorem establishes some properties of the salary system. The
first property is that the solution does not change when re-naming the jobs. The
second one establishes the symmetry with regard to the workers, in particular for
two workers with corresponding equal columns, the same salary is obtained. Also
we have a change in the scale of efficiency that gives us an equivalent change in the
salary. Lastly, we establish a weak monotony property with respect to the efficiency
of the workers and a logical solution for permutation matrices.

Let P be a permutation matrix, i.e., a n X n matrix where n — 1 of the entries
of each column and of each row are zero and the other one is equal to one. It is
well known that for any matrix A, PA is a permutation of rows of A and AP is a
permutation of the columns of A. Let 1 be the column vector in R™ of all 1’s and
A; the column j of the matrix A.

Theorem 4. For A € P we have that

a) p(PA) = ( ) for every permutation matriz P.
b) p(AP) = Pp(A) for every permutation matrix P.
c) p(ANA) = Ap(A) for every real number A.

d) If Ap < A;j then op(A) < ¢;(A).
e) o(P) =1 for every permutation matric P.

In general, we have that p(diag(d)) # d, where d is a vector and diag(d) it’s
corresponding diagonal matrix.

It may also happen for the bargaining power of the workers that a positive salary
is assigned to a worker with zero efficiency in all jobs. For example in the problem

2 077
1o,
we get the salary system (1,7 — 3)T = (I )T This could be explained with

Theorem 3, with one of the 6 € © there is no bargaining but with the other, worker
2 has some bargaining power.

4. APPENDIX

Proof of Theorem 1. The proof is by induction on the common cardinality of M
and N. For |N| = |M| = 1, both (2.2) and (3.2) are equal to Lp(M, N). Let us
suppose that (2.2) and (3.2) are equal for (M\{i}, N\{j}) for every i € M and
j € N. Then,

% 33 Pot(M\{i}, N\{j}) =

i€M jEN

1 1[s!(n—s—1)77
P S M DI I ] P
i€ JEN SCN\{j} {RCM\{i}:|R|=s}
Now, since the double sum } 1/ > pean (i1:rj=s) 18 €quivalent t0 3 e penr gis) Dieanr

and the double sum 3,y ZSQN\{j} is equivalent to Z{SCN:S;éN} ZjeN\S we
have that
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®» | =

DD YD S S

T (SCNS£N} JEN\S {RCM:|R|=s} ic M\R

- =

{SCN:S#N} {RCM:|R|=s}

3 1 [W]ZLP(R,S):PM(M,N)—iLP(M,N)

O
Proof of Theorem 2. By the previous theorem we have that

Z Z Pot(M\{i}, N\{j}) = Z Z Z

161\/[ zEM SCN\{j} {RCM\{i}:|R|=s}

Since the double sum 37, r > pean (i) Rj=s} 15 €QUIValent to - p o nr pi—sy 2ican\ R

we have that

n—s)1[s(n—s—1)7>
oy SR e

SCN\{j} {RCM:|R|=s}
1[s!(n—s)?
>y e s
X n—ss n.
SCN\{j} {RCM:|R|=s}

y " 1[5!(1@—5)!}2@(\5)

SCNYE) n—ss n!
therefore .
(M, N) = Pot(M,N) = — % _ Pot(M\{i}, N\{;j})
€M
1[sl(n—s)1? —= 1[sl(n—s)1? —=
= Z s{n'] L (S) + Z s[n' Lu(5)
{SCN:jeS} SCN\{j}
1[sl(n—s)? —=
-y == [ Uk S)] L (5)
SCN\{j} '
1[s'(n—s)]? ——
-y ! {SW'S)] I (S)+
S n:
{SCN:jeS}
n 11 [s(n—s)]? —=
+ > [1— ]{ } L (S)
sCE) n—s|s n!
1{51(71_5)!]2/\ 1 [sl(n—9)]* —=
D e T E L (S)
(scvyesy 5L ™ st sl
1[s!(n—s)? —= 1[s!(n—s)1? ——
-y ! [S(H‘ﬂ VTS T S [M} Lar(NVS)
{SCN:jeS} 5 v {SCN:jeS} 5 w

-y TS - )

{SCN:jeS}
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O

Proof of Theorem 3. Let p be the cooperative game given by

T

0€O

- S

0€cO

Z sl(n nT S)!L(R,S)

{RCM:|R|=s}

then

Now, by (3.2) we have that

Pot(M,N) = > >

SCN {RCM:|R|=s}

W | =

[3!(n'—s)!]2L(R,5)

n!
s—1!(n—2s)! sl(n—s)!
X a2 T RS
SCN {RCM:|R|=s}

_ Z (s — 1);(!n— s)!lu(S)

SCN
which is the potential of the game pu.
In a similar way

Polh D) = - 3 Pot(M\{i}, N\(j}) =

1EM

SO0 DD DI o

| 2
stin—s—1)! L(R, S)
: , - (n—1)!
i€M SCN\{j} {RCM\{i}:|R|=s}

L e NS
SCN\{j}

i€M {RCM\{i}:|R|=s}

. ii[s!(n—s—.l)!]Q 3

=1 (n—s)L(R,S)
SCN\{j} {RCM:|R|=s}
s—D)(n—s—1!sl(n—2s)!
-y RIS s ns
SCN\{j} {RCM:|R|=s}
- > SRR = PG )
SCN\{j} '

O
Proof of Theorem 4.

a) It follows by Theorem 1 and using the fact that

Ly (S) = Loy (9)
for every 6 € O.

b) It follows by ¢(A) = Sh(N, 4 3, ¢ v?) and the symmetry of the Shapley
value.
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¢) The proof is straightforward since
Lp(R,S,AB) = ALp(R, S, B).

d) Notice that the marginal contributions are monotonic, so, d) follows by
Theorem 3.

e) Using b) and a) we have that
Po(I) = o(IP) = ¢(P) = ¢(PI) = ¢(I)

Thus, ¢;(I) = ¢;(I) for every i, j € N. By the efficiency property ¢;(I) =1
for every j € N. O

REFERENCES

[1] Aumann, R. J., and Shapley, L. (1974) Values of Non-Atomic Games. Princeton, NJ: Princeton
University Press.

[2] Hart, S., and Mas-Colell, A. (1988) “The potential of the Shapley value”, The Shapley value.
Essays in honor of Lloyd S. Shapley, 127-138.

[3] Hart, S., and Mas-Colell, A. (1989) “Potential, Value, and Consistency,” Econometrica, 57,
589-614. Co., New York.

[4] Shapley , L., and Shubik, M. (1972) “The Assignment Game I: The Core,” International
Journal of Game Theory, 111-130.

CIMAT, VALENCIANA GUANAJUATO, GTO., MEXICO.
E-mazil address: sanfco@cimat.mx



