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an
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an
d
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p
u
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A

m
sterd

am
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h
t
t
p
:
/
/
w
w
w
.
i
l
l
c
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u
v
a
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l
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l
l
e
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t
e
a
c
h
i
n
g
/
e
c
a
i
-
2
0
1
0
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o
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p
u
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n
a
l
S
o
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l
C
h
o
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E
C
A
I-2
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T
a
b
le

o
f
C
o
n
te

n
ts

In
tro

d
u
ctio

n
.....................................................

3

P
referen

ce
A

g
g
reg

atio
n

.........................................
1
0

M
an

ip
u
latio

n
o
f
V
o
tin

g
P
ro

ced
u
res

..............................
1
8

V
o
tin

g
in

C
o
m

b
in

atorial
D

o
m

ain
s

...............................
3
7

Ju
d
g
m

en
t

A
g
g
reg

atio
n

..........................................
4
6

F
air

D
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n
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5
5
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o
n
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sio
n
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C
o
m

p
u
ta

tio
n
a
l
S
o
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l
C
h
o
ice

E
C
A
I-2

0
1
0

In
tro

d
u
ctio

n
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riss
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

S
o
cia

l
C
h
o
ice

T
h
e
o
ry

S
C
T

stu
d
ies

collective
d
ecision

m
akin

g:
h
ow

sh
ou

ld
w
e

aggregate
th

e

preferen
ces

of
th

e
m

em
b
ers

of
a

grou
p

to
ob

tain
a

“so
cial

preferen
ce”?

△
≻

1
#

≻
1

�

�
≻

2
△

≻
2

#

#
≻

3
�

≻
3

△

?

S
C
T

is
trad

ition
ally

stu
d
ied

in
E
con

om
ics

an
d

P
olitical

S
cien

ce,
b
u
t

n
ow

also
by

“u
s”:

C
om

p
u
tation

al
S
o
cial

C
h
oice

.
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

T
h
e

R
e
se

arch
A

re
a

S
o
cial

ch
oice

th
eory

stu
d
ies

m
ech

an
ism

s
for

collective
d
ecision

m
akin

g:

votin
g,

preferen
ce

aggregation
,
fair

d
ivision

,
ju

d
gm

en
t

aggregation
,

m
atch

in
g,

coalition
form

ation
...

•
P
recu

rsors:
C
on

d
orcet,

B
ord

a
(18th

cen
tu

ry)
an

d
oth

ers

•
seriou

s
scien

tifi
c

d
iscip

lin
e

sin
ce

1950s

•
C
lassics:

B
lack,

A
rrow

,
M

ay,
S
en

,
G

ib
b
ard

,
S
atterth

w
aite,

...

C
om

p
u
tation

al
so

cial
ch

oice
ad

d
s

a
com

p
u
tation

al
p
ersp

ective
to

th
is,

an
d

also
exp

lores
th

e
u
se

of
con

cep
ts

from
so

cial
ch

oice
in

com
p
u
tin

g.

•
“classical”

p
ap

ers:
∼

1990
(B

arth
old

i,
T
ovey,

T
rick,

O
rlin

)

•
active

research
area

w
ith

regu
lar

con
trib

u
tion

s
sin

ce
∼

2002

•
n
am

e
“C

O
M

S
O

C
”

an
d

b
ian

n
u
al

w
orksh

op
sin

ce
2006

Y
.

C
h
eva

leyre,
U

.
E
n
d
riss,

J
.

L
a
n
g
,

a
n
d

N
.

M
a
u
d
et.

A
S
h
o
rt

In
tro

d
u
c
tio

n
to

C
o
m

p
u
ta

tio
n
a
l
S
o
c
ia

l
C
h
o
ic

e.
P
ro

c.
S
O

F
S
E
M

-2
0
0
7
.
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

T
h
e

C
O

M
S
O

C
R
e
se

arch
C
o
m

m
u
n
ity

•
In

tern
ation

al
W

orksh
op

on
C
om

p
u
tation

al
S
o
cial

C
h
oice:

–
1st

ed
ition

:
C
O

M
S
O

C
-2006

in
A

m
sterd

am
,
D

ecem
b
er

2006

48
p
ap

er
su

b
m

ission
s

an
d

80
p
articip

an
ts

(14
cou

n
tries)

–
2n

d
ed

ition
;
C
O

M
S
O

C
-2008

in
L
iverp

o
ol,

S
ep

tem
b
er

2008

55
p
ap

er
su

b
m

ission
s

an
d
∼

80
p
articip

an
ts

(∼
20

cou
n
tries)

–
3rd

ed
ition

:
C
O

M
S
O

C
-2010

in
D

ü
sseld

orf,
S
ep

tem
b
er

2010

58
p
ap

er
su

b
m

ission
s

•
S
p
ecial

issu
es

in
in

tern
ation

al
jou

rn
als:

–
M

ath
em

atical
L
ogic

Q
u
arterly,

vol.
55,

n
o.

4,
2009

–
Jou

rn
al

of
A

u
ton

om
ou

s
A

gen
ts

an
d

M
u
ltiagen

t
S
ystem

s
(2011)

–
M

ath
em

atical
S
o
cial

S
cien

ces
(in

prep
aration

)

•
Jou

rn
als

an
d

con
feren

ces
in

A
I,

M
A

S
,
T

C
S
,
L
ogic,

E
con

,
...

•
C
O

M
S
O

C
w
eb

site:
h
t
t
p
:
/
/
w
w
w
.
i
l
l
c
.
u
v
a
.
n
l
/
C
O
M
S
O
C
/
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

S
o
cia

l
C
h
o
ice

a
n
d

A
I
(1

)

S
o
cial

ch
oice

th
eory

h
as

n
atu

ral
ap

p
lication

s
in

A
I:

•
S
earch

E
n
gin

es:
to

d
eterm

in
e

th
e

m
ost

im
p
ortan

t
sites

b
ased

on

lin
ks

(“votes”)
+

to
aggregate

th
e

ou
tp

u
t
of

several
search

en
gin

es

•
R
ecom

m
en

d
er

S
ystem

s:
to

recom
m

en
d

a
pro

d
u
ct

to
a

u
ser

b
ased

on
earlier

ratin
gs

by
oth

er
u
sers

•
M

u
ltiagen

t
S
ystem

s:
to

aggregate
th

e
b
eliefs

+
to

co
ord

in
ate

th
e

action
s

of
grou

p
s

of
au

ton
om

ou
s

softw
are

agen
ts

•
A

I
C
om

p
etition

s:
to

d
eterm

in
e

w
h
o

h
as

d
evelop

ed
th

e
b
est

trad
in

g
agen

t
/

S
A
T

solver
/

R
ob

oC
u
p

team

B
u
t

n
ot

all
of

th
e

classical
assu

m
p
tion

s
w

ill
fi
t

th
ese

n
ew

ap
p
lication

s.

S
o

A
I
n
eed

s
to

d
evelop

n
ew

m
o
d
els

an
d

ask
n
ew

q
u
estion

s.
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

S
o
cia

l
C
h
o
ice

a
n
d

A
I
(2

)

V
ice

versa,
tech

n
iq

u
es

from
A

I,
an

d
com

p
u
tation

al
tech

n
iq

u
es

in

gen
eral,

are
u
sefu

l
for

ad
van

cin
g

th
e

state
of

th
e

art
in

so
cial

ch
oice:

•
A

lgorith
m

s
an

d
C
om

p
lexity

:
to

d
evelop

algorith
m

s
for

(com
p
lex)

votin
g

pro
ced

u
res

+
to

u
n
d
erstan

d
th

e
h
ard

n
ess

of
“u

sin
g”

th
em

•
K

n
ow

led
ge

R
epresen

tation
:

to
com

p
actly

represen
t

th
e

preferen
ces

of
in

d
ivid

u
al

agen
ts

over
large

sp
aces

of
altern

atives

•
L
ogic

an
d

A
u
tom

ated
R
eason

in
g
:

to
form

ally
m

o
d
el

prob
lem

s
in

so
cial

ch
oice

+
to

au
tom

atically
verify

(or
d
iscover)

th
eorem

s

In
d
eed

,
you

w
ill

fi
n
d

m
an

y
p
ap

ers
on

so
cial

ch
oice

at
A

I
con

feren
ces

(e.g.,
IJC

A
I,

E
C
A

I,
A

A
A

I,
A

A
M

A
S
)

an
d

m
an

y
A

I
research

ers

p
articip

ate
in

even
ts

d
ed

icated
to

so
cial

ch
oice

(e.g.,
C
O

M
S
O

C
).
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o
m

p
u
ta
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n
a
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o
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C
h
o
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0
1
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T
h
is

T
u
to

ria
l

T
h
e

aim
of

th
is

tu
torial

is
to

give
a

ten
tative

overview
of

th
e

C
O

M
S
O

C

research
area,

h
igh

ligh
tin

g
con

trib
u
tion

s
of

an
d

op
p
ortu

n
ities

for
A

I.

W
e

w
ill

con
cen

trate
on

th
ese

top
ics:

•
P
referen

ce
A

ggregation

•
M

an
ip

u
lation

of
V
otin

g
P
ro

ced
u
res

•
V
otin

g
in

C
om

b
in

atorial
D

om
ain

s

•
Ju

d
gm

en
t

A
ggregation

•
F
air

D
ivision
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

P
re

fe
re

n
ce

A
g
g
re

g
a
tio

n

U
lle

E
n
d
riss

1
0

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

P
re

fe
re

n
ce

A
g
g
re

g
a
tio

n
:

F
o
rm

a
l
F
ra

m
e
w
o
rk

P
rob

lem
:

H
ow

can
w
e

am
algam

ate
th

e
preferen

ces
of

a
grou

p
of

in
d
ivid

u
als

in
to

a
collective

preferen
ce

ord
er?

B
asic

term
in

ology
an

d
n
otation

:

•
fi
n
ite

set
of

in
d
ivid

u
als

N
=

{1,...,n
}

•
(u

su
ally

fi
n
ite)

set
of

altern
atives

X
=

{x
1 ,x

2 ,x
3 ,...}

•
D

en
ote

th
e

set
of

lin
ear

ord
ers

on
X

by
L

(X
).

P
referen

ces
are

assu
m

ed
to

b
e

elem
en

ts
of

L
(X

).

A
so

cial
w
elfare

fu
n
ction

is
a

fu
n
ction

F
:
L

(X
)
n
→

L
(X

),
m

ap
p
in

g

profi
les

of
in

d
ivid

u
al

preferen
ce

ord
ers

to
a

so
cietal

preferen
ce

ord
er.

U
lle

E
n
d
riss

1
1

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

A
xio

m
s:

S
o
m

e
N

a
tu

ra
l
D

e
sid

e
ra

ta

It
seem

s
reason

ab
le

to
p
ostu

late
th

at
an

y
aggregator

F
sh

ou
ld

satisfy

th
e

follow
in

g
list

of
axiom

s:

•
(W

P
)
F

sh
ou

ld
satisfy

th
e

w
eak

P
areto

con
d
ition

:
if

every

in
d
ivid

u
al

prefers
x

over
y
,
th

en
so

sh
ou

ld
so

ciety.

•
(IIA

)
F

sh
ou

ld
satisfy

in
d
ep

en
d
en

ce
of

irrelevan
t

altern
atives:

th
e

relative
so

cial
ran

kin
g

of
x

an
d
y

sh
ou

ld
d
ep

en
d

on
ly

on
th

e

relative
in

d
ivid

u
al

ran
kin

gs
of
x

an
d
y
.

•
(N

D
)
F

sh
ou

ld
b
e

n
on

d
ictatorial:

n
o

sin
gle

in
d
ivid

u
al

sh
ou

ld
b
e

ab
le

to
im

p
ose

th
e

so
cial

preferen
ce

ord
erin

g.
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1
2

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

A
rro

w
’s

T
h
e
o
re

m

T
h
is

is
w

id
ely

regard
ed

as
th

e
sem

in
al

resu
lt

in
S
o
cial

C
h
oice

T
h
eory.

K
en

n
eth

J.
A

rrow
received

th
e

N
ob

el
P
rize

in
E
con

om
ics

in
1972

.

T
h
e
o
re

m
1

(A
rro

w
,
1
9
5
1
)

T
h
ere

exists
n
o

so
cial

w
elfare

fu
n
ction

for
>

3
altern

atives
th

at
satisfi

es
all

of
(W

P
),

(IIA
)

an
d

(N
D

).

R
em

arks:

•
N

ote
th

at
th

is
is

a
su

rprisin
g

resu
lt!

•
N

ote
th

at
th

e
th

eorem
d
o
es

n
ot

h
old

for
tw

o
altern

atives.

K
.J

.
A

rro
w

.
S
o
c
ia

l
C
h
o
ic

e
a
n
d

In
d
iv

id
u
a
l
V
a
lu

e
s.

2
n
d

ed
itio

n
.

C
o
w

les
F
o
u
n
d
a
tio

n
,

Y
a
le

U
n
iversity

P
ress,

1
9
6
3
.

J
.
G

ea
n
a
ko

p
lo

s.
T

h
ree

B
rief

P
ro

o
fs

o
f
A

rro
w

’s
Im

p
o
ssib

ility
T

h
eo

rem
.

E
c
o
n
o
m

ic

T
h
e
o
ry,

2
6
(1

):2
1
1
–
2
1
5
,
2
0
0
5
.

U
lle

E
n
d
riss

1
3

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

L
o
g
ic

a
n
d

A
u
to

m
a
te

d
R
e
a
so

n
in

g

L
ogic

h
as

lon
g

b
een

u
sed

to
form

ally
sp

ecify
com

p
u
ter

system
s,

facilitatin
g

form
al

or
even

au
tom

atic
verifi

cation
of

variou
s

prop
erties.

C
an

w
e

ap
p
ly

th
is

m
eth

o
d
ology

also
to

so
cial

ch
oice

m
ech

an
ism

s?

•
W

h
at

logic
fi
ts

b
est?

•
W

h
ich

au
tom

ated
reason

in
g

m
eth

o
d
s

are
u
sefu

l?

U
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E
n
d
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1
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

C
o
m

p
u
te

r-a
id

e
d

P
ro

o
f
o
f
A

rro
w

’s
T

h
e
o
re

m

T
an

g
an

d
L
in

(2009)
prove

tw
o

in
d
u
ctive

lem
m

as:

•
If

th
ere

exists
an

A
rrovian

aggregator
for

n
in

d
ivid

u
als

an
d
m

+
1

altern
atives,

th
en

th
ere

exists
on

e
for

n
an

d
m

(if
n

>
2,
m

>
3).

•
If

th
ere

exists
an

A
rrovian

aggregator
for

n
+

1
in

d
ivid

u
als

an
d
m

altern
atives,

th
en

th
ere

exists
on

e
for

n
an

d
m

(if
n

>
2,
m

>
3).

T
an

g
an

d
L
in

th
en

sh
ow

th
at

th
e

“b
ase

case”
of

A
rrow

’s
T

h
eorem

w
ith

2
in

d
ivid

u
als

an
d

3
altern

atives
can

b
e

m
o
d
elled

in
prop

osition
al

logic
.

A
S
A
T

solver
can

verify
A

r
r
o
w

(2,3)
to

b
e

correct
in
<

1
secon

d
—

th
at’s

(3!)
3
!×

3
!
≈

10
2
8

aggregators
to

ch
eck.

D
iscu

ssion
:

O
p
en

s
u
p

op
p
ortu

n
ities

for
q
u
ick

san
ity

ch
ecks

of

h
yp

oth
eses

regard
in

g
n
ew

im
p
ossib

ility
th

eorem
s.

P
.

T
a
n
g

a
n
d

F
.

L
in

.
C
o
m

p
u
ter-a

id
ed

P
ro

o
fs

o
f

A
rro

w
’s

a
n
d

o
th

er
Im

p
o
ssib

ility

T
h
eo

rem
s.

A
rtifi

c
ia

l
In

te
llig

e
n
c
e,

1
7
3
(1

1
):1

0
4
1
–
1
0
5
3
,
2
0
0
9
.

U
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n
d
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1
5

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

R
e
la

te
d

W
o
rk

•
Å

gotn
es

et
al.

(2010)
prop

ose
a

m
o
d
al

logic
to

m
o
d
el

preferen
ces

an
d

th
eir

aggregation
th

at
can

express
A

rrow
’s

T
h
eorem

.

•
A

rrow
’s

T
h
eorem

h
old

s
iff

th
e

set
T

A
r
r
o
w

of
F
O

L
form

u
las

(d
efi

n
ed

in
th

e
p
ap

er)
h
as

n
o

fi
n
ite

m
o
d
els

(G
ran

d
i
an

d
E
.,

2009).

•
N

ip
kow

(2009)
form

alises
an

d
verifi

es
a

kn
ow

n
pro

of
of

A
rrow

’s

T
h
eorem

in
th

e
H

O
L

pro
of

assistan
t
Isa

b
e
l
l
e
.

T
.
Å

g
o
tn

es,
W

.
va

n
d
er

H
o
ek

,
a
n
d

M
.
W

o
o
ld

rid
g
e.

O
n

th
e

L
o
g
ic

o
f
P
referen

ce
a
n
d

J
u
d
g
m

en
t

A
g
g
reg

a
tio

n
.

J
.
A

u
to

n
.
A

g
e
n
ts

a
n
d

M
u
ltia

g
e
n
t

S
y
s.

In
p
ress

(2
0
1
0
).

U
.

G
ra

n
d
i
a
n
d

U
.

E
n
d
riss.

F
irst-o

rd
e
r

L
o
g
ic

F
o
rm

a
lisa

tio
n

o
f

A
rro

w
’s

T
h
e
o
re

m
.

P
ro

c.
2
n
d

In
tern

a
t.

W
o
rk

sh
o
p

o
n

L
o
g
ic,

R
a
tio

n
a
lity

a
n
d

In
tera

ctio
n

(L
O

R
I-2

0
0
9
).

T
.

N
ip

ko
w

.
S
o
cia

l
C
h
o
ice

T
h
eo

ry
in

H
O

L
.

J
o
u
rn

a
l

o
f

A
u
to

m
a
te

d
R
e
a
so

n
in

g
,

4
3
(3

):2
8
9
–
3
0
4
,
2
0
0
9
.

U
lle

E
n
d
riss

1
6



C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

L
ite

ra
tu

re

A
rrow

’s
T

h
eorem

is
th

e
sem

in
al

exam
p
le

for
th

e
u
se

of
th

e
axiom

atic

m
eth

o
d

in
so

cial
ch

oice
th

eory.
T
o

learn
m

ore,
refer

to
th

e
textb

o
oks

by
G

aertn
er

(2009)
an

d
T
aylor

(2005).

A
com

preh
en

sive
ap

proach
for

form
alisation

(w
ith

sym
b
olic

lan
gu

ages)

of
con

cep
ts

from
so

cial
ch

oice
th

eory
an

d
ap

p
lication

s
of

au
tom

ated

reason
in

g
tech

n
ology

is
yet

to
b
e

d
evelop

ed
.

F
or

a
h
ost

of
id

eas
alon

g

(rou
gh

ly)
th

ose
lin

es,
read

P
arikh

(2002)
on

“so
cial

softw
are”

.

W
.
G

a
ertn

er.
A

P
rim

e
r
in

S
o
c
ia

l
C
h
o
ic

e
T

h
e
o
ry.

R
evised

ed
itio

n
.

L
S
E

P
ersp

ectives

in
E
co

n
o
m

ic
A

n
a
lysis.

O
xfo

rd
U

n
iversity

P
ress,

2
0
0
9
.

A
.D

.
T
aylo

r.
S
o
c
ia

l
C
h
o
ic

e
a
n
d

th
e

M
a
th

e
m

a
tic

s
o
f

M
a
n
ip

u
la

tio
n
.

C
a
m

b
rid

g
e

U
n
iversity

P
ress,

2
0
0
5
.

R
.
P
arik

h
.

S
o
cia

l
S
o
ftw

are.
S
y
n
th

e
se,

1
3
2
(3

):1
8
7
–
2
1
1
,
2
0
0
2
.

U
lle

E
n
d
riss

1
7

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

M
a
n
ip

u
la

tio
n

o
f
V
o
tin

g
P
ro

ce
d
u
re

s

U
lle

E
n
d
riss

1
8

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

E
xa

m
p
le

S
u
p
p
ose

th
e

p
lu

rality
ru

le
is

u
sed

to
d
ecid

e
an

election
:

th
e

can
d
id

ate

receivin
g

th
e

h
igh

est
n
u
m

b
er

of
votes

w
in

s.

A
ssu

m
e

th
e

preferen
ces

of
th

e
p
eop

le
in

,
say,

F
lorid

a
are

as
follow

s:

49%
:

B
u
sh

≻
G

ore
≻

N
ad

er

20%
:

G
ore

≻
N

ad
er

≻
B

u
sh

20%
:

G
ore

≻
B

u
sh

≻
N

ad
er

11%
:

N
ad

er
≻

G
ore

≻
B

u
sh

S
o

even
if

n
ob

o
d
y

is
ch

eatin
g,

B
u
sh

w
ill

w
in

th
is

election
.

B
u
t:

•
In

a
p
airw

ise
con

test,
G

ore
w
ou

ld
h
ave

d
efeated

an
yon

e.

•
It

w
ou

ld
h
ave

b
een

in
th

e
in

terest
of

th
e

N
ad

er
su

p
p
orters

to

m
an

ip
u
late

,
i.e.,

to
m

isrepresen
t

th
eir

preferen
ces.

Is
th

ere
a

b
etter

votin
g

pro
ced

u
re

th
at

avoid
s

th
ese

prob
lem

s?

U
lle

E
n
d
riss

1
9

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

V
o
tin

g
P
ro

ce
d
u
re

s

T
h
ere

are
m

an
y

d
iff

eren
t

votin
g

pro
ced

u
res,

in
clu

d
in

g
th

ese:

•
P
lu

rality
:

elect
th

e
can

d
id

ate
ran

ked
fi
rst

m
ost

often

•
S
in

gle
T
ran

sferab
le

V
ote

(S
T

V
):

keep
elim

in
atin

g
th

e
p
lu

rality

loser
u
n
til

som
eon

e
h
as

an
ab

solu
te

m
ajority

•
B

ord
a:

each
voter

gives
m
−

1
p
oin

ts
to

th
e

can
d
id

ate
th

ey
ran

k

fi
rst,

m
−

2
to

th
e

can
d
id

ate
th

ey
ran

k
secon

d
,
etc.

•
C
op

elan
d
:

aw
ard

1
p
oin

t
to

a
can

d
id

ate
for

each
p
airw

ise
m

ajority

con
test

w
on

an
d

12
p
oin

ts
for

each
d
raw

•
A

p
proval:

voters
can

ap
prove

of
as

m
an

y
can

d
id

ates
as

th
ey

w
ish

,

an
d

th
e

can
d
id

ate
w

ith
th

e
m

ost
ap

provals
w

in
s

S
.J

.
B

ra
m

s
a
n
d

P
.C

.
F
ish

b
u
rn

.
V
o
tin

g
P
ro

c
e
d
u
re

s.
In

K
.J

.
A

rro
w

e
t

a
l.

(ed
s.),

H
a
n
d
b
o
o
k

o
f
S
o
c
ia

l
C
h
o
ic

e
a
n
d

W
e
lfa

re,
E
lsevier,

2
0
0
2
.

U
lle

E
n
d
riss

2
0

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

V
o
tin

g
:

F
o
rm

a
l
F
ra

m
e
w
o
rk

B
asic

term
in

ology
an

d
n
otation

:

•
fi
n
ite

set
of

voters
N

=
{1,...,n

},
th

e
electorate

•
(u

su
ally

fi
n
ite)

set
of

altern
atives/can

d
id

ates
X

=
{x

1 ,x
2 ,x

3 ,...}

•
D

en
ote

th
e

set
of

lin
ear

ord
ers

on
X

by
L

(X
).

P
referen

ces
are

assu
m

ed
to

b
e

elem
en

ts
of

L
(X

).
B

allots
are

elem
en

ts
of

L
(X

).

A
votin

g
pro

ced
u
re

is
a

fu
n
ction

F
:
L

(X
)
n
→

2
X
\
{∅},

m
ap

p
in

g

profi
les

of
b
allots

to
n
on

em
p
ty

sets
of

altern
atives

(w
in

n
ers).

F
is

called
resolu

te
if
F

(b)
is

a
sin

gleton
for

an
y

profi
le
b
∈
L

(X
)
n
.

R
em

ark:
A
V

d
o
es

n
ot

fi
t

in
th

is
fram

ew
ork;

everyth
in

g
else

d
o
es.

U
lle

E
n
d
riss

2
1

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

S
tra

te
g
y-P

ro
o
fn

e
ss

L
et

≻
i

b
e

th
e

tru
e

preferen
ce

of
voter

i
an

d
let

b
i
b
e

th
e

b
allot

of
i.

A
resolu

te
votin

g
pro

ced
u
re
F

is
strategy-pro

of
if

th
ere

exist
n
o

profi
le

b
=

(b
1 ,...,b

n
)

an
d

n
o

voter
i

s.t.
F

(b)
≻

i
F

(b
1 ,...,≻

i ,...,b
n
),

w
ith

≻
i

lifted
from

altern
atives

to
sin

gleton
s

in
th

e
n
atu

ral
m

an
n
er.

T
h
at

is:

•
A

votin
g

pro
ced

u
re

is
strategy-pro

of
if

it
n
ever

gives
a

voter
an

in
cen

tive
to

m
isrepresen

t
h
er

tru
e

preferen
ces.

R
em

arks:

•
W

e
h
ave

seen
th

at
th

e
p
lu

rality
ru

le
is

n
ot

strategy-pro
of.

•
A

n
y

d
ictatorial

ru
le

(w
h
ere

th
e

u
n
iq

u
e

w
in

n
er

is
alw

ays
th

e
top

ch
oice

of
th

e
d
ictator)

clearly
is

strategy-pro
of.

U
lle

E
n
d
riss

2
2

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

T
h
e

G
ib

b
ard

-S
a
tte

rth
w
a
ite

T
h
e
o
re

m

A
resolu

te
votin

g
pro

ced
u
re
F

is
su

rjective
if

for
an

y
altern

ative
x

th
ere

exists
a

b
allot

profi
le
b

su
ch

th
at
F

(b)
=

{x
}.

T
h
e
o
re

m
2

(G
ib

b
ard

-S
a
tte

rth
w
a
ite

)
A

n
y

resolu
te

votin
g

pro
ced

u
re

for
>

3
altern

atives
th

at
is

su
rjective

an
d

strategy-pro
of

is
d
ictatorial.

R
em

arks:

•
A

gain
,
su

rprisin
g
.

A
gain

,
n
ot

ap
p
licab

le
for

tw
o

altern
atives.

•
R
an

d
om

pro
ced

u
res

d
on

’t
cou

n
t

(b
u
t

m
igh

t
b
e

“strategy-pro
of”).

A
.
G

ib
b
ard

.
M

a
n
ip

u
la

tio
n

o
f

V
o
tin

g
S
ch

em
es:

A
G

en
era

l
R
esu

lt.
E
c
o
n
o
m

e
tric

a
,

4
1
(4

):5
8
7
–
6
0
1
,
1
9
7
3
.

M
.A

.
S
a
tterth

w
a
ite.

S
tra

teg
y-p

ro
o
fn

ess
a
n
d

A
rro

w
’s

C
o
n
d
itio

n
s.

J
o
u
rn

a
l
o
f
E
c
o
-

n
o
m

ic
T

h
e
o
ry,

1
0
:1

8
7
–
2
1
7
,
1
9
7
5
.

J
.-P

.
B

en
ô
ıt.

T
h
e

G
ib

b
ard

-S
a
tterth

w
a
ite

T
h
eo

rem
:

A
S
im

p
le

P
ro

o
f.

E
c
o
n
o
m

ic

L
e
tte

rs,
6
9
:3

1
9
–
3
2
2
,
2
0
0
0
.

U
lle

E
n
d
riss

2
3

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

W
h
a
t

to
d
o
?

T
h
e

G
ib

b
ard

-S
atterth

w
aite

tells
u
s

(essen
tially)

th
at

th
ere

are
n
o

reason
ab

le
votin

g
pro

ced
u
res

th
at

are
strategy-pro

of.
T

h
at’s

very
b
ad

!

W
e

w
ill

con
sid

er
th

ree
p
ossib

le
aven

u
es

to
circu

m
ven

t
th

is
prob

lem
:

•
R
estrictin

g
th

e
d
om

ain
(th

e
classical

ap
proach

)

•
C
h
an

gin
g

th
e

form
al

fram
ew

ork
a

little

•
M

akin
g

m
an

ip
u
lation

com
p
u
tation

ally
h
ard

U
lle

E
n
d
riss

2
4



C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

D
o
m

a
in

R
e
strictio

n
:

S
in

g
le

-P
e
a
k
e
d

P
re

fe
re

n
ce

s

A
n

electorate
N

h
as

sin
gle-p

eaked
preferen

ces
if

th
ere

exists
a

“left-to-righ
t”

ord
erin

g
≫

on
th

e
altern

atives
su

ch
th

at
an

y
voter

prefers
x

to
y

if
x

is
b
etw

een
y

an
d

h
er

top
altern

ative
w

rt.
≫

.

T
h
e

sam
e

d
efi

n
ition

can
b
e

ap
p
lied

to
profi

les
of

b
allots.

R
em

arks:

•
Q

u
ite

n
atu

ral:
classical

sp
ectru

m
of

p
olitical

p
arties;

d
ecision

s

in
volvin

g
agreein

g
on

a
n
u
m

b
er

(e.g.,
legal

d
rin

kin
g

age);
...

•
B

u
t

certain
ly

n
ot

u
n
iversally

ap
p
licab

le.

U
lle

E
n
d
riss

2
5

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

B
la

ck
’s

M
e
d
ia

n
V
o
te

r
T

h
e
o
re

m

F
or

sim
p
licity,

assu
m

e
th

e
n
u
m

b
er

of
voters

is
o
d
d
.

F
or

a
given

left-to-righ
t

ord
erin

g
≫

,
th

e
m

ed
ian

voter
ru

le
asks

each

voter
for

th
eir

top
altern

ative
an

d
elects

th
e

altern
ative

prop
osed

by

th
e

voter
corresp

on
d
in

g
to

th
e

m
ed

ian
w

rt.
≫

.

T
h
e
o
re

m
3

(B
la

ck
’s

T
h
e
o
re

m
,
1
9
4
8
)

If
an

o
d
d

n
u
m

b
er

of
voters

su
b
m

it
sin

gle-p
eaked

b
allots,

th
en

th
ere

exists
a

C
on

d
orcet

w
in

n
er

(=
an

altern
ative

b
eatin

g
an

y
oth

er
altern

ative
in

p
airw

ise
con

tests)

an
d

it
w

ill
get

elected
by

th
e

m
ed

ian
voter

ru
le.

A
n
d
:

if
an

o
d
d

n
u
m

b
er

of
voters

h
ave

sin
gle-p

eaked
preferen

ces,
th

en

th
e

m
ed

ian
voter

ru
le

is
strategy-pro

of
(G

ib
b
ard

-S
atterth

w
aite

fails).

D
.
B

la
ck

.
O

n
th

e
R
a
tio

n
a
le

o
f

G
ro

u
p

D
ecisio

n
-M

a
k
in

g
.

T
h
e

J
o
u
rn

a
l
o
f

P
o
litic

a
l

E
c
o
n
o
m

y,
5
6
(1

):2
3
–
3
4
,
1
9
4
8
.

U
lle

E
n
d
riss

2
6

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

B
e
yo

n
d

C
la

ssica
l
V
o
tin

g
T

h
e
o
ry

A
n
oth

er
p
oten

tial
w
ay

ou
t

is
to

relax
th

e
con

fi
n
em

en
ts

of
classical

votin
g

th
eory,

an
d

to
con

sid
er

oth
er

typ
es

of
preferen

ces
an

d
b
allots.

In
on

e
su

ch
ap

proach
(E

.
et

al.,
2009),

•
preferen

ces
an

d
b
allots

can
b
e

d
iff

eren
t

stru
ctu

res;
an

d

•
a

n
otion

of
sin

cerity
rep

laces
th

e
stan

d
ard

n
otion

of
tru

th
fu

ln
ess

(b
ecau

se
th
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p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

V
o
tin

g
in

C
o
m

b
in

a
to

ria
l
D

o
m

a
in

s

B
esid

es
th

e
com

p
lexity-th

eoretic
prop

erties
of

votin
g

pro
ced

u
res,

an
oth

er
com

p
u
tation

al
con

cern
in

votin
g

is
raised

by
th

e
fact

th
at

th
e

altern
atives

to
vote

for
often

h
ave

a
com

b
in

atorial
stru

ctu
re

:

•
E
lectin

g
a

com
m

ittee
of
k

m
em

b
ers

from
am

on
gst

n
can

d
id

ates.

•
D

u
rin

g
a

referen
d
u
m

(in
S
w

itzerlan
d
,
C
aliforn

ia,
p
laces

like
th

at),

voters
m

ay
b
e

asked
to

vote
on

several
prop

osition
s.

W
e

w
ill

see
an

exam
p
le

an
d

lo
ok

in
to

several
p
ossib

le
ap

proach
es

...

B
ased

on
J.

L
an

g’s
“5

solu
tion

s”.
R
ead

it
in

C
h
evaleyre

et
al.

(2008).

Y
.
C
h
eva

leyre,
U

.
E
n
d
riss,

J
.
L
a
n
g
,
a
n
d

N
.
M

a
u
d
et.

P
referen

ce
H

a
n
d
lin

g
in

C
o
m

-

b
in

a
to

ria
l
D

o
m

a
in

s:
F
ro

m
A

I
to

S
o
cia

l
C
h
o
ice.

A
I
M

a
g
a
z
in

e,
2
9
(4

):3
7
–
4
6
,
2
0
0
8
.

U
lle

E
n
d
riss

3
8

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

E
xa

m
p
le

S
u
p
p
ose

13
voters

are
asked

to
each

vote
yes

or
n
o

on
th

ree
issu

es;

an
d

w
e

u
se

th
e

p
lu

rality
ru

le
for

each
issu

e
in

d
ep

en
d
en

tly
to

select
a

w
in

n
in

g
com

b
in

ation
:

•
3

voters
each

vote
for

Y
N

N
,
N

Y
N

,
N

N
Y

.

•
1

voter
each

votes
for

Y
Y

Y
,
Y

Y
N

,
Y

N
Y

,
N

Y
Y

.

•
N

o
voter

votes
for

N
N

N
.

B
u
t

th
en

N
N

N
w

in
s:

7
ou

t
of

13
vote

n
o

on
each

issu
e.

T
h
is

is
an

in
stan

ce
of

th
e

p
arad

ox
of

m
u
ltip

le
election

s:
th

e
w

in
n
in

g

com
b
in

ation
receives

th
e

few
est

n
u
m

b
er

of
votes.

S
.J

.
B

ra
m

s,
D

.M
.
K

ilg
o
u
r,

a
n
d

W
.S

.
Z
w

icker.
T

h
e

P
ara

d
o
x

o
f
M

u
ltip

le
E
lectio

n
s.

S
o
c
ia

l
C
h
o
ic

e
a
n
d

W
e
lfa

re,
1
5
(2

):2
1
1
–
2
3
6
,
1
9
9
8
.

U
lle

E
n
d
riss

3
9

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

B
a
sic

S
o
lu

tio
n

A
tte

m
p
ts

•
S
olu

tion
1:

ju
st

vote
for

com
b
in

ation
s

d
irectly

–
on

ly
feasib

le
for

very
sm

all
prob

lem
in

stan
ces

–
E
xam

p
le:

3-seat
com

m
ittee,

10
can

d
id

ates
;

(

1
03

)

=
120

•
S
olu

tion
2:

vote
for

top
k

com
b
in

ation
s

on
ly

(e.g.,
k

=
1)

–
d
o
es

ad
d
ress

com
m

u
n
ication

prob
lem

of
S
olu

tion
1

–
p
ossib

ly
n
ob

o
d
y

gets
m

ore
th

an
on

e
vote

(tie-breakin
g

d
ecid

es)

•
S
olu

tion
3:

m
ake

a
sm

all
preselection

of
com

b
in

ation
s

to
vote

on

–
d
o
es

solve
th

e
com

p
u
tation

al
prob

lem
s

–
b
u
t

w
h
o

sh
ou

ld
select?

(strategic
con

trol)

U
lle

E
n
d
riss

4
0



C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

C
o
m

b
in

a
to

ria
l
V
o
te

Id
ea:

A
sk

voters
to

rep
ort

th
eir

b
allots

by
m

ean
s

of
expression

s
in

a

com
p
act

preferen
ce

represen
tation

lan
gu

age
an

d
ap

p
ly

you
r

favou
rite

votin
g

pro
ced

u
re

to
th

e
su

ccin
ctly

en
co

d
ed

b
allots

received
.

L
an

g
(2004)

calls
th

is
ap

proach
com

b
in

atorial
vote

.

D
iscu

ssion
:

T
h
is

seem
s

th
e

m
ost

prom
isin

g
ap

proach
so

far,
alth

ou
gh

n
ot

to
o

m
u
ch

is
kn

ow
n

to
d
ate

w
h
at

w
ou

ld
b
e

go
o
d

ch
oices

for

preferen
ce

represen
tation

lan
gu

ages
or

votin
g

pro
ced

u
res,

or
w

h
at

algorith
m

s
to

u
se

to
com

p
u
te

th
e

w
in

n
ers.

A
lso,

com
p
lexity

can
b
e

exp
ected

to
b
e

very
h
igh

.

J
.

L
a
n
g
.

L
o
g
ica

l
P
referen

ce
R
ep

resen
ta

tio
n

a
n
d

C
o
m

b
in

a
to

ria
l
V
o
te.

A
n
n
a
ls

o
f

M
a
th

e
m

a
tic

s
a
n
d

A
rtifi

c
ia

l
In

te
llig

e
n
c
e,

4
2
(1

–
3
):3

7
–
7
1
,
2
0
0
4
.

U
lle

E
n
d
riss

4
1

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

E
xa

m
p
le

U
se

th
e

lan
gu

age
d
efi

n
ed

by
th

e
lexim

in
ord

erin
g

over
prioritised

goals

w
ith

th
e

B
ord

a
ru

le
(goals

are
lab

elled
by

th
eir

ran
k):

•
V
oter

1:
{A

:0,B
:1}

in
d
u
ces

ord
er
A
B

≻
1
A
B̄

≻
1
Ā
B

≻
1
Ā
B̄

•
V
oter

2:
{A

∨
¬
B

:0}
in

d
u
ces

ord
er
A
B̄

∼
2
A
B

∼
2
Ā
B̄

≻
2
Ā
B

•
V
oter

3:
{¬
A

:0,B
:0}

in
d
u
ces

ord
er
Ā
B

≻
3
Ā
B̄

∼
3
A
B

≻
3
A
B̄

A
s

th
e

in
d
u
ced

ord
ers

n
eed

n
ot

b
e

strict
lin

ear
ord

ers,
w
e

u
se

a

gen
eralisation

of
th

e
B

ord
a

ru
le

:
a

can
d
id

ate
gets

as
m

an
y

p
oin

ts
as

sh
e

d
om

in
ates

oth
er

can
d
id

ates.
S
o

w
e

get
th

ese
B

ord
a

cou
n
ts:

A
B

:
3

+
1

+
1

=
5

Ā
B

:
1

+
0

+
3

=
4

A
B̄

:
2

+
1

+
0

=
3

Ā
B̄

:
0

+
1

+
1

=
2

S
o

com
b
in

ation
A
B

w
in

s.

C
om

b
in

atorial
vote

prop
er

w
ou

ld
b
e

to
com

p
u
te

th
e

w
in

n
er

d
irectly

from
th

e
goal

b
ases,

w
ith

ou
t

th
e

d
etou

r
via

th
e

in
d
u
ced

ord
ers.

U
lle

E
n
d
riss

4
2

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

P
re

fe
re

n
ce

R
e
p
re

se
n
ta

tio
n

L
a
n
g
u
a
g
e
s

S
everal

lan
gu

ages
h
ave

b
een

prop
osed

for
th

e
com

p
act

represen
tation

of
preferen

ce
ord

ers.
S
ee

L
an

g
(2004)

for
an

overview
.

E
xam

p
les:

•
W

eigh
ted

goals:
u
se

prop
osition

al
logic

to
express

goals;
assign

w
eigh

ts
to

express
im

p
ortan

ce;
aggregate

(e.g.,
lexicograp

h
ically)

•
C
P
-n

ets:
u
se

a
d
irected

grap
h

to
express

d
ep

en
d
en

ce
b
etw

een

issu
es;

u
se

con
d
ition

al
preferen

ce
tab

les
to

sp
ecify

preferen
ces

on

issu
e

assu
m

in
g

th
ose

it
d
ep

en
d
s

on
are

fi
xed

J
.

L
a
n
g
.

L
o
g
ica

l
P
referen

ce
R
ep

resen
ta

tio
n

a
n
d

C
o
m

b
in

a
to

ria
l
V
o
te.

A
n
n
a
ls

o
f

M
a
th

e
m

a
tic

s
a
n
d

A
rtifi

c
ia

l
In

te
llig

e
n
c
e,

4
2
(1

–
3
):3

7
–
7
1
,
2
0
0
4
.

C
.
B

o
u
tilier,

R
.I.

B
ra

fm
a
n
,
C
.
D

o
m

sh
la

k
,
H

.H
.
H

o
o
s,

a
n
d

D
.
P
o
o
le.

C
P
-n

ets:
A

T
o
o
l
fo

r
R
ep

resen
tin

g
a
n
d

R
ea

so
n
in

g
w

ith
C
o
n
d
itio

n
a
l
C
e
te

ris
P
a
rib

u
s

P
referen

ce

S
ta

tem
en

ts.
J
o
u
rn

a
l
o
f
A

I
R
e
se

a
rc

h
,
2
1
:1

3
5
–
1
9
1
,
2
0
0
4
.

U
lle

E
n
d
riss

4
3

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

O
th

e
r

A
p
p
ro

a
ch

e
s

V
ote

on
each

issu
e

sep
arately

b
u
t

—

•
id

en
tify

con
d
ition

s
u
n
d
er

w
h
ich

th
is

d
o
es

n
ot

lead
to

u
n
d
esirab

le

ou
tcom

es
(“sep

arab
le

preferen
ces”)

•
fi
n
d

a
n
ovel

w
ay

of
aggregatin

g
th

e
b
allots

to
select

a
w

in
n
er

–
E
xam

p
le:

elect
th

e
com

b
in

ation
m

in
im

isin
g

th
e

m
axim

al

H
am

m
in

g
d
istan

ce
to

an
y

of
th

e
b
allots

(B
ram

s
et

al.,
2007)

•
vote

seq
u
en

tially
rath

er
th

an
sim

u
ltan

eou
sly

–
E
xam

p
le:

L
an

g
an

d
X

ia
(2009)

u
se

C
P
-n

ets
to

represen
t

b
allots

an
d

u
se

th
e

u
n
d
erlyin

g
grap

h
as

an
agen

d
a

S
.J

.
B

ra
m

s,
D

.M
.
K

ilg
o
u
r,

a
n
d

M
.R

.
S
a
n
ver.

A
M

in
im

a
x

P
ro

ced
u
re

fo
r

E
lectin

g

C
o
m

m
ittees.

P
u
b
lic

C
h
o
ic

e,
1
3
2
:4

0
1
–
4
2
0
,
2
0
0
7
.

J
.

L
a
n
g

a
n
d

L
.

X
ia

.
S
eq

u
en

tia
l
C
o
m

p
o
sitio

n
o
f

V
o
tin

g
R
u
les

in
M

u
lti-issu

e
D

o
-

m
a
in

s.
M

a
th

e
m

a
tic

a
l
S
o
c
ia

l
S
c
ie

n
c
e
s,

5
7
(3

):3
0
4
–
3
2
4
,
2
0
0
9
.

U
lle

E
n
d
riss

4
4

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

L
ite

ra
tu

re

C
h
evaleyre

et
al.

(2008)
give

an
in

tro
d
u
ction

to
so

cial
ch

oice
in

com
b
in

atorial
d
om

ain
s.

A
n

im
p
ortan

t
referen

ce
is

th
e

p
ap

er
by

L
an

g
(2004),

w
h
ich

also

in
clu

d
es

a
lot

of
in

form
ation

regard
in

g
th

e
com

p
act

represen
tation

of

(ord
in

al)
preferen

ces.

Y
.
C
h
eva

leyre,
U

.
E
n
d
riss,

J
.
L
a
n
g
,
a
n
d

N
.
M

a
u
d
et.

P
referen

ce
H

a
n
d
lin

g
in

C
o
m

-

b
in

a
to

ria
l
D

o
m

a
in

s:
F
ro

m
A

I
to

S
o
cia

l
C
h
o
ice.

A
I
M

a
g
a
z
in

e,
2
9
(4

):3
7
–
4
6
,
2
0
0
8
.

J
.

L
a
n
g
.

L
o
g
ica

l
P
referen

ce
R
ep

resen
ta

tio
n

a
n
d

C
o
m

b
in

a
to

ria
l
V
o
te.

A
n
n
a
ls

o
f

M
a
th

e
m

a
tic

s
a
n
d

A
rtifi

c
ia

l
In

te
llig

e
n
c
e,

4
2
(1

–
3
):3

7
–
7
1
,
2
0
0
4
.

U
lle

E
n
d
riss

4
5

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

J
u
d
g
m

e
n
t

A
g
g
re

g
a
tio

n

U
lle

E
n
d
riss

4
6

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

T
h
e

D
o
ctrin

a
l
P
ara

d
o
x

S
tory:

th
ree

ju
d
ges

h
ave

to
d
ecid

e
w

h
eth

er
th

e
d
efen

d
an

t
is

gu
ilty

...

p
p
→
q

q

Ju
d
ge

1:
Y
es

Y
es

Y
es

Ju
d
ge

2:
N

o
Y
es

N
o

Ju
d
ge

3:
Y
es

N
o

N
o

M
ajority:

Y
es

Y
es

N
o

P
arad

ox:
each

in
d
ivid

u
al

ju
d
gm

en
t

set
is

con
sisten

t,
b
u
t

th
e

collective

ju
d
gm

en
t

arrived
at

u
sin

g
th

e
m

ajority
ru

le
is

n
ot

L
.A

.
K

o
rn

h
a
u
ser

a
n
d

L
.G

.
S
a
g
er.

T
h
e

O
n
e

a
n
d

th
e

M
a
n
y:

A
d
ju

d
ica

tio
n

in
C
o
lleg

ia
l

C
o
u
rts.

C
a
lifo

rn
ia

L
a
w

R
e
v
ie

w
,
8
1
(1

):1
–
5
9
,
1
9
9
3
.

U
lle

E
n
d
riss

4
7

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

J
u
d
g
m

e
n
t

A
g
g
re

g
a
tio

n
:

F
o
rm

a
l
F
ra

m
e
w
o
rk

N
otation

:
∼
α

:=
β

if
α

=
¬
β

an
d
∼
α

:=
¬
α

oth
erw

ise
(com

p
lem

en
t)

A
n

agen
d
a

Φ
is

a
fi
n
ite

n
on

em
p
ty

set
of

prop
osition

al
form

u
las

(w
/o

d
ou

b
le

n
egation

)
closed

u
n
d
er

com
p
lem

en
tation

:
α
∈

Φ
⇒

∼
α
∈

Φ
.

A
ju

d
gm

en
t

set
J

on
an

agen
d
a

Φ
is

a
su

b
set

of
Φ

.
W

e
call

J
:

•
com

p
lete

if
α
∈
J

or
∼
α
∈
J

for
all
α
∈

Φ

•
com

p
lem

en
t-free

if
α
6∈
J

or
∼
α
6∈
J

for
all
α
∈

Φ

•
con

sisten
t

if
th

ere
exists

an
assign

m
en

t
satisfyin

g
all
α
∈
J

L
et

J
(Φ

)
b
e

th
e

set
of

all
com

p
lete

an
d

con
sisten

t
su

b
sets

of
Φ

.

N
ow

a
fi
n
ite

set
of

in
d
ivid

u
als

N
=

{1,...,n
}

w
ith

n
>

3
express

ju
d
gm

en
ts

on
Φ

,
givin

g
rise

to
a

profi
le

J
=

(J
1 ,...,J

n
).

A
n

aggregation
pro

ced
u
re

for
agen

d
a

Φ
an

d
a

set
of
n

in
d
ivid

u
als

is
a

fu
n
ction

m
ap

p
in

g
a

profi
le

of
com

p
lete

an
d

con
sisten

t
in

d
ivid

u
al

ju
d
gm

en
t

sets
to

a
sin

gle
collective

ju
d
gm

en
t

set:
F

:
J

(Φ
)
n
→

2
Φ
.

U
lle

E
n
d
riss

4
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

A
xio

m
s

U
se

axiom
s

to
express

d
esid

erata
for

F
.

E
xam

p
les:

A
n
on

ym
ity

(A
):

F
or

an
y

profi
le

J
an

d
an

y
p
erm

u
tation

σ
:
N

→
N

w
e

h
ave

F
(J

1 ,...,J
n
)

=
F

(J
σ
(1

) ,...,J
σ
(
n
) ).

N
eu

trality
(N

):
F
or

an
y
ϕ
,
ψ

in
th

e
agen

d
a

Φ
an

d
profi

le
J
∈
J

(Φ
),

if
for

all
i

w
e

h
ave

ϕ
∈
J

i
⇔
ψ
∈
J

i ,
th

en
ϕ
∈
F

(
J
)
⇔
ψ
∈
F

(
J
).

In
d
ep

en
d
en

ce
(I):

F
or

an
y
ϕ

in
th

e
agen

d
a

Φ
an

d
profi

les
J

an
d

J
′
in

J
(Φ

),
if
ϕ
∈
J

i
⇔
ϕ
∈
J
′i
for

all
i,

th
en
ϕ
∈
F

(
J
)
⇔
ϕ
∈
F

(
J
′).

S
ystem

aticity
(S

)
=

(N
)

+
(I)

C
.
L
ist

a
n
d

C
.
P
u
p
p
e.

J
u
d
g
m

en
t

A
g
g
reg

a
tio

n
:

A
S
u
rvey.

H
a
n
d
b
o
o
k

o
f

R
a
tio

n
a
l

a
n
d

S
o
c
ia

l
C
h
o
ic

e.
O

xfo
rd

U
n
iversity

P
ress,

2
0
0
9
.

U
lle

E
n
d
riss

4
9

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

Im
p
o
ssib

ility
T

h
e
o
re

m

W
e

h
ave

seen
th

at
th

e
m

ajority
ru

le
is

n
ot

con
sisten

t.

Is
th

ere
a

reason
ab

le
pro

ced
u
re

th
at

is?

T
h
e
o
re

m
5

(L
ist

a
n
d

P
e
ttit,

2
0
0
2
)

If
th

e
agen

d
a

con
tain

s
at

least

P
,
Q

an
d
P

∧
Q

,
th

en
n
o

aggregation
pro

ced
u
re

pro
d
u
cin

g
con

sisten
t

an
d

com
p
lete

ju
d
gm

en
t

sets
satisfi

es
b
oth

(A
)

an
d

(S
).

C
.

L
ist

a
n
d

P
.

P
ettit.

A
g
g
reg

a
tin

g
S
ets

o
f

J
u
d
g
m

en
ts:

A
n

Im
p
o
ssib

ility
R
esu

lt.

E
c
o
n
o
m

ic
s

a
n
d

P
h
ilo

so
p
h
y,

1
8
(1

):8
9
–
1
1
0
,
2
0
0
2
.

U
lle

E
n
d
riss

5
0

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

R
e
se

arch
in

J
u
d
g
m

e
n
t

A
g
g
re

g
a
tio

n

S
om

e
of

th
e

q
u
estion

s
th

at
h
ave

b
een

in
vestigated

:

•
W

h
at

im
p
ossib

ilities
are

th
ere?

H
ow

can
w
e

circu
m

ven
t

th
em

?

–
R
elax

som
e

of
th

e
axiom

s?
W

h
ich

?
W

h
y?

–
Im

p
ose

d
om

ain
restriction

s?

•
W

h
at

prop
erties

ch
aracterise

agen
d
as

for
w

h
ich

a
given

com
b
in

ation
of

axiom
s

p
erm

its
a

con
sisten

t
pro

ced
u
re?

•
W

h
at

h
ap

p
en

s
if

w
e

ch
an

ge
th

e
u
n
d
erlyin

g
logic?

•
W

h
at

are
accep

tab
le

pro
ced

u
res

in
practice?

(th
at

gu
aran

tee

con
sisten

t
ou

tcom
es

b
u
t

m
ay

violate
oth

er
axiom

s)

•
W

h
at

are
th

e
precise

con
n
ection

s
to

preferen
ce

aggregation
?

C
.
L
ist

a
n
d

C
.
P
u
p
p
e.

J
u
d
g
m

en
t

A
g
g
reg

a
tio

n
:

A
S
u
rvey.

H
a
n
d
b
o
o
k

o
f

R
a
tio

n
a
l

a
n
d

S
o
c
ia

l
C
h
o
ic

e.
O

xfo
rd

U
n
iversity

P
ress,

2
0
0
9
.

U
lle

E
n
d
riss

5
1

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

C
o
m

p
le

xity
o
f
J
u
d
g
m

e
n
t

A
g
g
re

g
a
tio

n

T
h
ere

are
a

n
u
m

b
er

o
f
n
atu

ral
q
u
estio

n
s

arisin
g

in
JA

o
f
w

h
ich

w
e

m
ig

h
t

w
an

t
to

k
n
ow

th
eir

co
m

p
lexity.

T
h
is

is
k
n
ow

n
to

d
ate:

•
S
a
fety

o
f
th

e
A

g
en

d
a
:

d
ecid

in
g

w
h
eth

er
an

ag
en

d
a

can
g
u
aran

tee

co
n
sisten

cy
for

a
g
iven

class
o
f
ag

g
reg

ators
(ch

aracterised
b
y

stan
d
ard

axio
m

s)
is

typ
ically

Π
p2
-co

m
p
lete

(w
orse

th
an

N
P
).

•
W

in
n
er

D
eterm

in
a
tio

n
:

th
e

co
m

p
lexity

o
f
co

m
p
u
tin

g
th

e
co

llective

ju
d
g
m

en
t

set
can

ran
g
e

fro
m

P
(p

rem
ise-b

a
sed

p
ro

ced
u
re

)
to

N
P
-co

m
p
lete

(d
ista

n
ce-b

a
sed

m
erg

in
g
).

•
M

a
n
ip

u
la

tio
n
:

in
at

least
o
n
e

case
th

ere
is

a
co

m
p
lex

ity
g
a
p

b
etw

een

w
in

n
er

d
eterm

in
atio

n
an

d
m

an
ip

u
latio

n
:

m
an

ip
u
latio

n
is

N
P
-co

m
p
lete

for
th

e
p
rem

ise-b
a
sed

p
ro

ced
u
re

.

U
.

E
n
d
riss,

U
.

G
ra

n
d
i,

a
n
d

D
.

P
o
rello

.
C
o
m

p
le

x
ity

o
f

J
u
d
g
m

e
n
t

A
g
g
re

g
a
tio

n
:

S
a
fe

ty
o
f
th

e
A

g
e
n
d
a
.

P
ro

c.
A

A
M

A
S
-2

0
1
0
.

U
.
E
n
d
riss,

U
.
G

ra
n
d
i,

a
n
d

D
.
P
o
rello

.
C
o
m

p
le

x
ity

o
f

W
in

n
e
r

D
e
te

rm
in

a
tio

n
a
n
d

S
tra

te
g
ic

M
a
n
ip

u
la

tio
n

in
J
u
d
g
m

e
n
t

A
g
g
re

g
a
tio

n
.

P
ro

c.
C
O

M
S
O

C
-2

0
1
0
.

U
lle

E
n
d
riss

5
2

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

J
A

a
n
d

A
rg

u
m

e
n
ta

tio
n

in
A

I

A
s

an
exam

p
le

for
u
ses

of
JA

in
A

I,
C
am

in
ad

a
an

d
P
igozzi

(2009)

ap
p
ly

JA
m

eth
o
d
ology

in
w
ork

on
ab

stract
argu

m
en

tation
:

•
A

d
irected

grap
h

d
escrib

es
th

e
attack

-relation
b
etw

een
argu

m
en

ts.

•
R
u
les

for
con

sisten
tly

lab
ellin

g
argu

m
en

ts
as

accep
ted

,
rejected

or

u
n
d
ecid

ed
provid

e
a

sem
an

tics.

•
In

d
ivid

u
als

m
ay

prop
ose

d
iff

eren
t

lab
ellin

gs.
H

ow
sh

ou
ld

w
e

aggregate
th

is
in

form
ation

?
W

h
at

are
relevan

t
axiom

s?

O
th

er
ap

p
lication

s
of

JA
in

A
I
are

yet
to

b
e

exp
lored

(e.g.,
th

ere
seem

to
b
e

ob
viou

s
ap

p
lication

s
in

m
u
ltiagen

t
system

s).

M
.
C
a
m

in
a
d
a

a
n
d

G
.
P
ig

o
zzi.

O
n

J
u
d
g
m

en
t

A
g
g
reg

a
tio

n
in

A
b
stra

ct
A

rg
u
m

en
ta

-

tio
n
.

J
o
u
rn

a
l
o
f
A

u
to

n
o
m

o
u
s

A
g
e
n
ts

a
n
d

M
u
ltia

g
e
n
t

S
y
ste

m
s.

In
p
ress

(2
0
0
9
).

U
lle

E
n
d
riss

5
3

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

L
ite

ra
tu

re

L
ist

(2010)
gives

a
go

o
d

in
tro

d
u
ction

to
th

e
fi
eld

of
JA

.
R
efer

to
L
ist

an
d

P
u
p
p
e

(2009)
for

ad
d
ition

al
tech

n
ical

d
etail.

T
h
ere

are
p
arallels

b
etw

een
w
ork

in
JA

an
d

b
elief

m
ergin

g
in

A
I
(cf.

K
on

ieczn
y

an
d

P
in

o
P
érez,

2002),
w

h
ich

are
yet

to
b
e

fu
lly

exp
lored

.

C
.
L
ist.

T
h
e

T
h
eo

ry
o
f
J
u
d
g
m

en
t
A

g
g
reg

a
tio

n
:

A
n

In
tro

d
u
cto

ry
R
eview

.
S
y
n
th

e
se.

In
p
ress

(2
0
1
0
).

C
.
L
ist

a
n
d

C
.
P
u
p
p
e.

J
u
d
g
m

en
t

A
g
g
reg

a
tio

n
:

A
S
u
rvey.

H
a
n
d
b
o
o
k

o
f

R
a
tio

n
a
l

a
n
d

S
o
c
ia

l
C
h
o
ic

e.
O

xfo
rd

U
n
iversity

P
ress,

2
0
0
9
.

S
.
K

o
n
ieczn

y
a
n
d

R
.
P
in

o
P
érez.

M
erg

in
g

In
fo

rm
a
tio

n
u
n
d
er

C
o
n
stra

in
ts:

A
L
o
g
ica

l

F
ra

m
ew

o
rk

.
J
o
u
rn

a
l
o
f
L
o
g
ic

a
n
d

C
o
m

p
u
ta

tio
n
,
1
2
(5

):7
7
3
–
8
0
8
,
2
0
0
2
.

U
lle

E
n
d
riss

5
4

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

F
a
ir

D
ivisio

n

U
lle

E
n
d
riss

5
5

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

F
a
ir

D
ivisio

n

F
air

d
ivision

is
th

e
prob

lem
of

d
ivid

in
g

on
e

or
several

go
o
d
s

am
on

gst

tw
o

or
m

ore
agen

ts
in

a
w
ay

th
at

satisfi
es

a
su

itab
le

fairn
ess

criterion
.

T
h
is

can
b
e

con
sid

ered
a

prob
lem

of
so

cial
ch

oice
:

•
A

grou
p

of
agen

ts
each

h
ave

in
d
ivid

u
al

preferen
ces

over
a

collective
agreem

en
t

(th
e

allo
cation

of
go

o
d
s

to
b
e

fou
n
d
).

•
B

u
t:

in
fair

d
ivision

preferen
ces

are
often

assu
m

ed
to

b
e

card
in

al

( u
tility

fu
n
ction

s)
rath

er
th

an
ord

in
al

(as
in

votin
g)

•
A

n
d
:

fair
d
ivision

prob
lem

s
com

e
w

ith
som

e
in

tern
al

stru
ctu

re

often
ab

sen
t

from
oth

er
so

cial
ch

oice
prob

lem
s

(e.g.,
I
w

ill
b
e

in
d
iff

eren
t

b
etw

een
allo

cation
s

givin
g

m
e

th
e

sam
e

set
of

go
o
d
s)

U
.
E
n
d
riss.

L
e
c
tu

re
N

o
te

s
o
n

F
a
ir

D
iv

isio
n
.

IL
L
C
,
U

n
iversity

o
f
A

m
sterd

a
m

,
2
0
1
0
.

U
lle

E
n
d
riss

5
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C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

F
a
ir

D
ivisio

n
:

F
o
rm

a
l
F
ra

m
e
w
o
rk

•
L
et

N
=

{1,...,n
}

b
e

a
set

of
agen

ts
(or

p
layers,

or
in

d
ivid

u
als)

w
h
o

n
eed

to
sh

are
several

go
o
d
s

(or
resou

rces,
item

s,
ob

jects).

•
A

n
allo

cation
A

is
a

m
ap

p
in

g
of

agen
ts

to
b
u
n
d
les

of
go

o
d
s.

•
E
ach

agen
t
i
∈
N

h
as

a
u
tility

fu
n
ction

u
i
(or

valu
ation

fu
n
ction

),

m
ap

p
in

g
allo

cation
s

to
th

e
reals,

to
m

o
d
el

th
eir

preferen
ces.

–
T
yp

ically,
u

i
fi
rst

d
efi

n
ed

on
b
u
n
d
les,

so:
u

i (A
)

=
u

i (A
(i)).

–
D

iscu
ssion

:
preferen

ce
in

ten
sity,

in
terp

erson
al

com
p
arison

•
A

n
allo

cation
A

gives
rise

to
a

u
tility

vector
〈u

1 (A
),...,u

n
(A

)〉.

•
S
om

etim
es,

w
e

are
goin

g
to

d
efi

n
e

so
cial

preferen
ce

stru
ctu

res

d
irectly

over
u
tility

vectors
u

=
〈u

1 ,...,u
n
〉

(elem
en

ts
of

R
n
),

rath
er

th
an

sp
eakin

g
ab

ou
t

th
e

allo
cation

s
gen

eratin
g

th
em

.

U
lle

E
n
d
riss

5
7

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

P
are

to
E
ffi

cie
n
cy

A
llo

cation
A

is
P
areto

d
om

in
ated

by
allo

cation
A

′
if
u

i (A
)

6
u

i (A
′)

for
all

agen
ts
i
∈
N

an
d

th
is

in
eq

u
ality

is
strict

in
at

least
on

e
case.

A
n

allo
cation

A
is

P
areto

effi
cien

t
if

th
ere

is
n
o

oth
er

feasib
le

allo
cation

A
′
su

ch
th

at
A

is
P
areto

d
om

in
ated

by
A

′.

T
h
e

id
ea

go
es

b
ack

to
V

ilfred
o

P
areto

(Italian
econ

om
ist,

1848–1923).

D
iscu

ssion
:

•
P
areto

effi
cien

cy
is

very
often

con
sid

ered
a

m
in

im
u
m

req
u
irem

en
t

for
an

y
reason

ab
le

allo
cation

.
It

is
a

very
w
eak

criterion
.

•
O

n
ly

th
e

ord
in

al
con

ten
t

of
preferen

ces
is

n
eed

ed
to

ch
eck

P
areto

effi
cien

cy
(n

o
preferen

ce
in

ten
sity,

n
o

in
terp

erson
al

com
p
arison

).

U
lle

E
n
d
riss

5
8

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

C
o
lle

ctive
U

tility
F
u
n
ctio

n
s

A
collective

u
tility

fu
n
ction

(C
U

F
)

is
a

fu
n
ction

S
W

:
R

n
→

R

m
ap

p
in

g
u
tility

vectors
to

th
e

reals.
T

h
ree

im
p
ortan

t
exam

p
les:

•
th

e
u
tilitarian

C
U

F
ran

kin
g

allo
cation

s
by

total
u
tility

S
W

u
til (u

)
=

∑

i∈
N

u
i

•
th

e
egalitarian

C
U

F
th

at
ties

so
cial

w
elfare

to
th

e
p
o
orest

agen
t

S
W

e
g
a
l (u

)
=

m
in
{u

i
|
i
∈
N
}

•
th

e
N

ash
C
U

F
th

at
tries

to
b
alan

ce
fairn

ess
an

d
effi

cien
cy

S
W

n
a
sh (u

)
=

∏

i∈
N

u
i

H
.
M

o
u
lin

.
A

x
io

m
s

o
f
C
o
o
p
e
ra

tiv
e

D
e
c
isio

n
M

a
k
in

g
.

E
co

n
o
m

etric
S
o
ciety

M
o
n
o
-

g
ra

p
h
s,

C
a
m

b
rid

g
e

U
n
iversity

P
ress,

1
9
8
8
.

U
lle

E
n
d
riss

5
9

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

E
n
vy-F

re
e
n
e
ss

A
n

allo
cation

is
called

en
vy-free

if
n
o

agen
t

w
ou

ld
rath

er
h
ave

on
e

of

th
e

b
u
n
d
les

allo
cated

to
an

y
of

th
e

oth
er

agen
ts:

u
i (A

(i))
>

u
i (A

(j))

R
ecall

th
at
A

(i)
is

th
e

b
u
n
d
le

allo
cated

to
agen

t
i

in
allo

cation
A

.

R
em

ark:
E
n
vy-free

allo
cation

s
d
o

n
ot

alw
ays

exist
(at

least
n
ot

if
w
e

req
u
ire

eith
er

com
p
lete

or
P
areto

effi
cien

t
allo

cation
s).

U
lle

E
n
d
riss

6
0

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

D
e
g
re

e
s

o
f
E
n
vy

A
s

w
e

can
n
ot

alw
ays

en
su

re
en

vy-free
allo

cation
s,

an
oth

er
ap

proach

w
ou

ld
b
e

to
try

to
red

u
ce

th
e

d
egree

of
en

vy
as

m
u
ch

as
p
ossib

le.

•
E
n
vy

b
etw

een
tw

o
agen

ts:

m
ax

{u
i (A

(j))
−
u

i (A
(i)),

0}
or

1
if
u

i (A
(j))

>
u

i (A
(i))

an
d

0
oth

erw
ise

•
D

egree
of

en
vy

of
a

sin
gle

agen
t:

m
ax

,
su

m

•
D

egree
of

en
vy

of
a

so
ciety:

m
ax

,
su

m
[or

in
d
eed

an
y

C
U

F
]

Y
.
C
h
eva

leyre,
U

.
E
n
d
riss,

S
.
E
stivie,

a
n
d

N
.
M

a
u
d
et.

R
e
a
c
h
in

g
E
n
v
y
-fre

e
S
ta

te
s

in
D

istrib
u
te

d
N

e
g
o
tia

tio
n

S
e
ttin

g
s.

P
ro

c.
IJ

C
A

I-2
0
0
7
.

U
lle

E
n
d
riss

6
1

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

In
d
ivisib

le
G

o
o
d
s:

F
o
rm

a
l
F
ra

m
e
w
o
rk

F
ixin

g
go

o
d
s

to
b
e

in
d
ivisib

le
resu

lts
in

a
m

ore
con

crete
fram

ew
ork:

•
S
et

of
agen

ts
N

=
{1,...,n

}
an

d
fi
n
ite

set
of

in
d
ivisib

le
go

o
d
s
G
.

•
A

n
allo

cation
A

is
a

p
artition

in
g

of
G

am
on

gst
th

e
agen

ts
in

N
.

E
xam

p
le:
A

(i)
=

{a
,b}

—
agen

t
i

ow
n
s

item
s
a

an
d
b

•
E
ach

agen
t
i
∈
N

h
as

got
a

valu
ation

fu
n
ction

v
i
:
2
G
→

R
.

E
xam

p
le:
v

i (A
)

=
v

i (A
(i))

=
577.8

—
agen

t
i

is
pretty

h
ap

py

•
If

agen
t
i

receives
b
u
n
d
le
B

an
d

th
e

su
m

of
h
er

p
aym

en
ts

is
x
,

th
en

h
er

u
tility

is
u

i (B
,x

)
=
v

i (B
)
−
x

(“q
u
asi-lin

ear
u
tility”).

F
or

fair
d
ivision

of
in

d
ivisib

le
go

o
d
s

w
ith

ou
t

m
on

ey
,
assu

m
e

th
at

p
aym

en
t

b
alan

ces
are

alw
ays

eq
u
al

to
0

(an
d

u
tility

=
valu

ation
).

U
lle

E
n
d
riss

6
2

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

P
re

fe
re

n
ce

R
e
p
re

se
n
ta

tio
n

L
a
n
g
u
a
g
e
s

E
xam

p
le:

A
llo

catin
g

10
go

o
d
s

to
5

agen
ts

m
ean

s
5
1
0

=
9765625

allo
cation

s
an

d
2
1
0

=
1024

b
u
n
d
les

for
each

agen
t

to
th

in
k

ab
ou

t.

S
o

w
e

n
eed

to
ch

o
ose

a
go

o
d

lan
gu

age
to

com
p
actly

represen
t

preferen
ces

over
su

ch
large

n
u
m

b
ers

of
altern

ative
b
u
n
d
les,

e.g.:

•
L
ogic-b

ased
lan

gu
ages

(w
eigh

ted
goals)

•
B

id
d
in

g
lan

gu
ages

for
com

b
in

atorial
au

ction
s

(O
R
/X

O
R
)

•
P
rogram

-b
ased

preferen
ce

represen
tation

(straigh
t-lin

e
program

s)

•
C
P
-n

ets
an

d
C
I-n

ets
(for

ord
in

al
preferen

ces)

T
h
e

ch
oice

of
lan

gu
age

aff
ects

b
oth

algorith
m

d
esign

an
d

com
p
lexity

.

S
ee

C
h
evaleyre

et
al.

(2008)
for

referen
ces.

Y
.
C
h
eva

leyre,
U

.
E
n
d
riss,

J
.
L
a
n
g
,
a
n
d

N
.
M

a
u
d
et.

P
referen

ce
H

a
n
d
lin

g
in

C
o
m

-

b
in

a
to

ria
l
D

o
m

a
in

s:
F
ro

m
A

I
to

S
o
cia

l
C
h
o
ice.

A
I
M

a
g
a
z
in

e,
2
9
(4

):3
7
–
4
6
,
2
0
0
8
.

U
lle

E
n
d
riss

6
3

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

C
o
m

p
le

xity
R
e
su

lts

B
efore

w
e

lo
o
k

in
to

th
e

“
h
ow

”
,
h
ere

are
so

m
e

co
m

p
lexity

resu
lts:

•
C
h
eck

in
g

w
h
eth

er
an

allo
catio

n
is

P
a
reto

effi
cien

t
is

co
N

P
-co

m
p
lete.

•
F
in

d
in

g
an

allo
catio

n
w

ith
m

axim
al

u
tilita

ria
n

so
cial

w
elfare

is
N

P
-h

ard
.

If
all

valu
atio

n
s

are
m

o
d
u
la

r
(ad

d
itive)

th
en

it
is

p
o
lyn

o
m

ial.

•
F
in

d
in

g
an

allo
catio

n
w

ith
m

axim
al

eg
a
lita

ria
n

so
cial

w
elfare

is
also

N
P
-h

ard
,
even

w
h
en

all
valu

atio
n
s

are
m

o
d
u
lar.

•
C
h
eck

in
g

w
h
eth

er
an

en
v
y
-free

allo
catio

n
exists

is
N

P
-co

m
p
lete;

ch
eck

in
g

w
h
eth

er
an

allo
catio

n
th

at
is

b
o
th

P
areto

effi
cien

t
an

d

en
vy-free

exists
is

even
Σ

p2 -co
m

p
lete.

R
eferen

ces
to

th
ese

resu
lts

m
ay

b
e

fo
u
n
d

in
th

e
“
M

A
R
A

S
u
rvey”

.

Y
.
C
h
eva

leyre,
P
.E

.
D

u
n
n
e,

U
.
E
n
d
riss,

J
.
L
a
n
g
,
M

.
L
em

â
ıtre,

N
.
M

a
u
d
et,

J
.
P
a
d
-

g
et,

S
.
P
h
elp

s,
J
.A

.
R
o
d
ŕıg

u
ez-A

g
u
ilar

a
n
d

P
.
S
o
u
sa

.
Issu

es
in

M
u
ltia

g
en

t
R
eso

u
rce

A
llo

ca
tio

n
.

In
fo

rm
a
tic

a
,
3
0
:3

–
3
1
,
2
0
0
6
.

U
lle

E
n
d
riss

6
4



C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

N
e
g
o
tia

tin
g

S
o
cia

lly
O

p
tim

a
l
A

llo
ca

tio
n
s

In
A

I,
on

e
ap

proach
h
as

b
een

to
d
esign

sim
p
le

n
egotiation

proto
cols

allow
in

g
agen

ts
to

m
ake

d
eals

regard
in

g
th

e
exch

an
ge

of
go

o
d
s

an
d

to

an
alyse

th
e

d
yn

am
ics

of
th

ose
system

s.

W
e

can
d
istin

gu
ish

tw
o

p
ersp

ectives:

•
T

h
e

lo
cal/in

d
ivid

u
al

view
:

w
h
at

d
eals

w
ill

agen
ts

m
ake,

given

th
eir

preferen
ces?

E
xam

p
le:

m
yop

ic
ration

ality

•
T

h
e

glob
al/so

cial
view

:
h
ow

w
ill

th
e

overall
allo

cation
evolve

in

term
s

of
so

cial
w
elfare?

E
xam

p
le:

u
tilitarian

collective
u
tility

O
n
e

of
th

e
m

ain
q
u
estion

s
is

w
h
eth

er
n
egotiation

w
ill

con
verge

to
a

so
cial

op
tim

u
m

,
or

u
n
d
er

w
h
at

circu
m

stan
ces

it
w

ill.

U
.
E
n
d
riss,

N
.
M

a
u
d
et,

F
.
S
a
d
ri

a
n
d

F
.
T
o
n
i.

N
eg

o
tia

tin
g

S
o
cia

lly
O

p
tim

a
l
A

llo
-

ca
tio

n
s

o
f
R
eso

u
rces.

J
o
u
rn

a
l
o
f
A

I
R
e
se

a
rc

h
,
2
5
:3

1
5
–
3
4
8
,
2
0
0
6
.

U
lle

E
n
d
riss

6
5

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

C
a
k
e
-C

u
ttin

g
:

F
o
rm

a
l
F
ra

m
e
w
o
rk

“C
ake-cu

ttin
g”

is
th

e
prob

lem
of

fair
d
ivision

of
a

sin
gle

d
ivisib

le
(an

d

h
eterogen

eou
s)

go
o
d

b
etw

een
n

agen
ts

(or
p
layers).

T
h
e

cake
is

represen
ted

by
th

e
u
n
it

in
terval

[0,1]:

|
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
|

0
1

E
ach

agen
t
i

h
as

a
u
tility

fu
n
ction

u
i
(or

valu
ation

,
m

easu
re

)
m

ap
p
in

g

fi
n
ite

u
n
ion

s
of

su
b
in

tervals
of

[0,1]
to

th
e

reals,
satisfyin

g:

•
N

on
-n

egativity:
u

i (B
)
>

0
for

all
B

⊆
[0,1]

•
N

orm
alisation

:
u

i (∅)
=

0
an

d
u

i ([0,1])
=

1

•
A

d
d
itivity:

u
i (B

∪
B

′)
=
u

i (B
)
+
u

i (B
′)

for
d
isjoin

t
B
,B

′
⊆

[0,1]

•
u

i
is

con
tin

u
ou

s:
th

e
In

term
ed

iate-V
alu

e
T

h
eorem

ap
p
lies

an
d

sin
gle

p
oin

ts
d
o

n
ot

h
ave

an
y

valu
e.

U
lle

E
n
d
riss

6
6

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

C
u
t-a

n
d
-C

h
o
o
se

T
h
e

classical
ap

proach
for

d
ivid

in
g

a
cake

b
etw

een
tw

o
agen

ts:

◮
O

n
e

agen
t

cu
ts

th
e

cake
in

tw
o

p
ieces

(w
h
ich

sh
e

con
sid

ers
to

b
e

of
eq

u
al

valu
e),

an
d

th
e

oth
er

on
e

ch
o
oses

on
e

of
th

e
p
ieces

(th
e

p
iece

sh
e

prefers).

T
h
e

cu
t-an

d
-ch

o
ose

pro
ced

u
re

is
prop

ortion
al:

◮
E
ach

agen
t

is
gu

aran
teed

at
least

on
e

h
alf

(gen
eral:

1/n
)

accord
in

g
to

h
er

ow
n

valu
ation

.

D
iscu

ssion
:

In
fact,

th
e

fi
rst

agen
t

(if
sh

e
is

risk-averse)
w

ill
receive

exactly
1/2,

w
h
ile

th
e

secon
d

w
ill

u
su

ally
get

m
ore.

W
h
at

if
th

ere
are

m
ore

th
an

tw
o

agen
ts?

U
lle

E
n
d
riss

6
7

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

T
h
e

B
a
n
a
ch

-K
n
a
ste

r
L
a
st-D

im
in

ish
e
r

P
ro

ce
d
u
re

In
th

e
fi
rst

ever
p
ap

er
on

fair
d
ivision

,
S
tein

h
au

s
(1948)

rep
orts

on
a

solu
tion

for
arb

itrary
n

prop
osed

by
B

an
ach

an
d

K
n
aster.

(1)
A

gen
t

1
cu

ts
off

a
p
iece

(th
at

sh
e

con
sid

ers
to

represen
t

1/n
).

(2)
T

h
at

p
iece

is
p
assed

arou
n
d

th
e

agen
ts.

E
ach

agen
t

eith
er

lets
it

p
ass

(if
sh

e
con

sid
ers

it
to

o
sm

all)
or

trim
s

it
d
ow

n
fu

rth
er

(to

w
h
at

sh
e

con
sid

ers
1/n

).

(3)
A

fter
th

e
p
iece

h
as

m
ad

e
th

e
fu

ll
rou

n
d
,
th

e
last

agen
t

to
cu

t

som
eth

in
g

off
(th

e
“last

d
im

in
ish

er”)
is

ob
liged

to
take

it.

(4)
T

h
e

rest
(in

clu
d
in

g
th

e
trim

m
in

gs)
is

th
en

d
ivid

ed
am

on
gst

th
e

rem
ain

in
g
n
−

1
agen

ts.
P
lay

cu
t-an

d
-ch

o
ose

on
ce
n

=
2.

X

E
ach

agen
t

is
gu

aran
teed

a
prop

ortion
al

p
iece.

T
akes

O
(n

2)
step

s.

H
.
S
tein

h
a
u
s.

T
h
e

P
ro

b
lem

o
f
F
a
ir

D
ivisio

n
.

E
c
o
n
o
m

e
tric

a
,
1
6
:1

0
1
–
1
0
4
,
1
9
4
8
.

U
lle

E
n
d
riss

6
8

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

T
h
e

E
ve

n
-P

a
z

D
ivid

e
-a

n
d
-C

o
n
q
u
e
r

P
ro

ce
d
u
re

E
ven

an
d

P
az

(1984)
in

vestigated
u
p
p
er

b
ou

n
d
s

for
th

e
n
u
m

b
er

of

q
u
eries

(cu
ts

or
m

arks)
req

u
ired

for
n

agen
ts.

T
h
ey

in
tro

d
u
ced

th
e

follow
in

g
d
ivid

e-an
d
-con

q
u
er

proto
col:

(1)
A

sk
each

agen
t

to
cu

t
th

e
cake

at
h
er

⌊
n2
⌋

/
⌈

n2
⌉

m
ark.

(2)
A

sso
ciate

th
e

u
n
ion

of
th

e
leftm

ost
⌊

n2
⌋

p
ieces

w
ith

th
e

agen
ts

w
h
o

m
ad

e
th

e
leftm

ost
⌊

n2
⌋

cu
ts

(grou
p

1),
an

d
th

e
rest

w
ith

th
e

oth
ers

(grou
p

2).

(3)
R
ecu

rsively
ap

p
ly

th
e

sam
e

pro
ced

u
re

to
each

of
th

e
tw

o
grou

p
s,

u
n
til

on
ly

a
sin

gle
agen

t
is

left.
X

E
ach

agen
t

is
gu

aran
teed

a
prop

ortion
al

p
iece.

T
akes

O
(n

log
n
)

step
s.

S
.

E
ven

a
n
d

A
.

P
a
z.

A
N

o
te

o
n

C
a
ke

C
u
ttin

g
.

D
isc

re
te

A
p
p
lie

d
M

a
th

e
m

a
tic

s,

7
:2

8
5
–
2
9
6
,
1
9
8
4
.

U
lle

E
n
d
riss

6
9

C
o
m

p
u
ta

tio
n
a
l
S
o
cia

l
C
h
o
ice

E
C
A
I-2

0
1
0

E
n
vy-F

re
e

P
ro

ce
d
u
re
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•
F
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n
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2

th
e

prob
lem
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cu
t-an

d
-ch

o
ose

d
o
es
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e
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.

•
F
or
n

=
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th
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y
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e
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pro
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p
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pro
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pro
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c
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con
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referee
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h
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h
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h
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e
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p
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d
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.
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d
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d
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d
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p
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d
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u
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