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Abstract

We consider the scenario of fairly dividing a set of indivisible items among a
group of agents with cardinal preferences. Because agents may have different
preferences for every combination of items, intermediate representation languages
are required in order to compactly represent the agents’ preferences. To choose
the most fair allocation, we consider various solution concepts, such as utilitarian,
egalitarian or Nash welfare, and look for the allocation elected by a particular
solution concept.

In order to do this efficiently however, we need to be able to calculate such an
elected allocation in polynomial time. In this thesis, we study the computational
complexity of finding these allocations for various representation languages.
Our aim here is to discover representation languages that have polynomial-
time algorithms for finding such allocations, while at the same time being as
expressive as possible. We also study intractability results for restricted versions
of representation languages in order to discover which properties make the
problem computationally intractable.

In particular, the languages that we study include the dichotomous language
based on propositional formulas, the additive language and languages based on
weighted bids. Based on the computational properties of these languages, we
present a new representation language, called the disjunctive partition language,
which has interesting tractability properties. Finally, we also study the different
representation languages from a parameterized complexity perspective.
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Chapter 1

Introduction

Consider the scenario of an inheritance of a family member: there is a collection
of items left over that need to be divided among the relatives. However, each
relative might value the items differently. For example, someone might have
a personal connection to a specific item such as a painting, making that item
worth a lot to him. It could also be the case that a person does not value the
item as much as the others, because he already owns a similar item. For instance,
suppose one of the items we need to divide is a car. A relative who already owns
a better car himself might not value this item the same as someone who does
not have a car and could use one.

In addition to this, the value of an item might depend on which other items
someone receives. If a single relative receives a complete dinnerware set, this
might be worth more to him than if we were to split up the dinnerware set over
multiple people. On the other hand, if two items are very similar, having just
one of these items might be enough for someone; also having the second one
does not add much value anymore. If we have two cars that we need to divide, it
might not make sense to give them both to one person, since one car is already
sufficient for him.

With all these preferences of the relatives, we would like to find an allocation
of the items such that everyone receives the items that they value most, while
at the same time ensuring that everyone receives a fair share. An important
assumption that we make here is that the items themselves are indivisible: we
cannot split a painting or a car in parts to give it to multiple people. This
scenario of fairly dividing a set of indivisible goods is what we focus on in this
thesis (Bouveret, Chevaleyre, et al., |2016]).

A couple of challenges arise when studying such a fair division problem. The
first one is that of preference representation. A natural way to do so would be to
ask all the agents participating in the fair division problem to specify a utility
value for every combination of items they might receive. Note that we cannot
simply ask them to specify a utility value for every item separately and add
these together. If we do this, we lose the ability to express relations between
items, such as in the case of the dinnerware set or with multiple cars.



But if an agent needs to specify a utility value explicitly for all subsets of the set
of items, the number of utility values he needs to specify becomes exponential in
the number of items. To solve this problem, we need an intermediate represen-
tation language in which an agent can express his preferences compactly. This
representation language of course cannot represent all possible utility functions,
but the idea is that most interesting functions — those that are likely to corre-
spond to real-world preferences of agents — can be expressed in such a language.
This raises the question of which representation language we should choose for a
fair division problem.

Once we have found a way to express the agents’ preferences compactly, a second
problem that arises is how to decide which allocation to choose. On the one
hand, we would like to assign the objects to the agents wanting those objects
the most, but on the other hand we would also like everyone to get a fair share
of the items. For example, we could try to find an allocation such that the
sum of the agents’ utilities are maximized. However, this does not provide any
fairness guarantees: it might happen that one agent ends up receiving all the
items if he values everything the most. A different idea is to find an allocation
that maximizes the utility of the agent that is worst-off to make everyone obtain
a share that is as equal as possible. We call such measures that quantify how
good an allocation is solution concepts. There are also other solution concepts
which try to find a balance between these two criteria or do so in a different way.
Which solution concept to use also depends a lot on the specific application of
the fair division problem.

Besides choosing a representation language and a solution concept, a third
challenge is that of computational complexity. Namely, for many intuitive
representation languages it is intractable to find the allocation elected by some
solution concept. As an example, even when all the utilities are additive — i.e.,
the sum of an agent’s bundle is always the sum of the individual utilities for the
objects, meaning there are no relations between objects — and there are only
two agents, calculating an allocation that maximizes the utility for the worst-off
agent is already NP-hard (Lipton et al.,[2004)). Therefore, it is interesting to look
for representation languages that are such that we can calculate the allocations
elected by different solution concepts in polynomial time.

Identifying such representation languages will be the main goal of this thesis.
We will study various representation languages and determine the computational
complexity of finding the allocations elected by different solution concepts
for these representation languages. Our aim will be to find representation
languages that are on the one hand still expressive enough to represent non-
trivial preferences and on the other hand have polynomial-time algorithms to
find the allocations elected by the solution concepts. In order to find these
tractable representation languages, we will also prove intractability results for
various languages. These results allow us to understand under which restrictions
these languages remain intractable and which restrictions might help us to find
a tractable sub-language.

Note that in this thesis we are specifically considering algorithms that solve
these optimization problems exactly. A different approach to obtain tractability
results is to look for algorithms that calculate approximately optimal solutions
(Markakis, 2017) or to find weaker versions of the solution concepts that allow us



to elect an allocation in polynomial time (Amanatidis et al., 2018; Kyropoulou
et al., 2019; Lipton et al., |2004). The approach we will take is to look at
restricting the representation languages such that electing the allocations for
various solution concepts becomes tractable, while at the same time trying to
keep the representation language as expressive as possible.

1.1 Thesis outline

In the following paragraphs, we will give an overview of the contents of the
chapters in this thesis.

In Chapter [2] we introduce the model of fair division of indivisible goods formally.
We furthermore define various solution concepts that we use later throughout
the thesis, such as utilitarian social welfare, egalitarian welfare, Nash welfare,
etc., and we define the computational problems related to them. We also provide
a more thorough definition of what a representation language entails. Lastly, we
discuss the other research related to this thesis.

Subsequently, in Chapters [3] to [} we study the computational properties of
various representation languages in more depth.

We start in Chapter [3] with the dichotomous language, which is a representation
language where every agent specifies a propositional formula as his preference.
If this formula is true according to the bundle the agent receives, he receives
utility 1 and receives utility 0 otherwise. We show that this representation
language is NP-complete for all solution concepts we consider, even in a very
restrictive setting. Restricting the propositional formula to a single clause does
yield tractable algorithms.

In Chapter [4] we study the additive language in more detail. After finding only
a (trivial) tractable result for maximizing utilitarian welfare, we consider two
restrictions: requiring the preferences to be encoded in unary and only allowing
binary-valued preferences. For the first restriction, the problem remains NP-hard,
which we also prove, but under the second restriction it becomes possible to
optimize for Nash and egalitarian welfare in polynomial time.

In Chapter [5] we look at conjunctive and disjunctive weighted bids. Since these
models are a generalization of additive preferences, they are mostly interesting
to study in relation to utilitarian welfare. It turns out there is a close link with
combinatorial auctions, which we discuss in this chapter. Although the general
problem is NP-complete for utilitarian welfare, we find a tractable algorithm for
conjunctive weighted bids in the case of two agents. We show that the problem
becomes intractable already when there are three (or more) agents. The language
of disjunctive weighted bids remains intractable in a very restrictive setting,
because of the overlap that is allowed between the bids.

Motivated by the intractability results for disjunctive weighted bids, we introduce
in Chapter [6] a variant of disjunctive weighted bids with no overlap between bids
called the disjunctive partition language and show that maximizing utilitarian
welfare for this language is possible in polynomial time. In the rest of the
chapter, we discuss various extensions of this representation language that
remain tractable. We discuss the relation with combinatorial auctions and



give intractability results when attempting to apply the same restriction to
conjunctive weighted bids.

In Chapter [7] we continue on the variant of disjunctive weighted bids, but now
add the extra restriction that the preferences are binary-valued. We provide
an algorithm that finds a leximin-optimal allocation (a generalization of egali-
tarian welfare) in polynomial time and prove its correctness. Furthermore, we
show that when using this representation language, the optimal Nash welfare
and leximin-optimal allocation coincide. Finally, we look at a few extensions
of this representation language and show that these extensions all introduce
intractability.

Finally, in Chapter [§] we study the various representation languages from a
more detailed perspective: using parameterized complexity. We show various
fixed-parameter tractability and intractability results, both for representation
languages in general and for the additive and conjunctive weighted bids language
in particular. We conclude and provide suggestions for further research in
Chapter [0



Chapter 2

Preliminaries

In this chapter, we introduce the necessary background and definitions that are
needed for this thesis. We will follow the notation and definitions from Bouveret,
Chevaleyre, et al. (2016]) as much as possible.

We start by formally defining the model in Section Subsequently, we
introduce the various solution concepts in Section of which we will study
the computational complexity in later chapters and in Section [2.3] we define
their corresponding computational problems. We also define the notion of a
representation language more formally and illustrate this with an example in
Section Finally, we discuss related work to this thesis in Section [2.5

2.1 The model

In the scenario of fairly allocating indivisible goods, we have a set N of agents
and a (discrete) set O of goods that we want to divide over the agents. Every
good can only be assigned to at most one agent. Furthermore, every agent
specifies for each possible combination of items a positive integer utility value
that indicates how much receiving this combination of items is worth to him.
We can formally define this in the following way.

Definition 2.1 (Fair division problem). A fair division problem consists of a
tuple (N, O, u), where

— N ={1,...,n} is the set of n agents,
— O ={o1,...,0m} is the set of m objects, and

— u=(u,...,u,), where each u; : 2° — N is the utility function for agent

The reason we need agents to specify a utility value for every possible subset of
the items O is that the utility of items need not be additive. For example, an
agent ¢ could specify that u;({o1}) = 2 and u;({o2}) = 2, but u;({o1,02}) =5 #
ui({o1}) + ui({o2}).

10



In our notation, every utility value is required to be a natural number. If we
wanted to allow (positive) rational numbers as well, we can transform such a fair
division problem into an equivalent one where every utility value is a natural
number by multiplying all the utility values by the lowest common denominator.

Now that we have defined what a fair division problem is, we can also specify
what we mean exactly by an allocation of items. An allocation simply assigns to
every agent a set of items such that each item is only assigned to at most one
agent.

Definition 2.2 (Allocation). An allocation is a function 7 : N — 2© such that
i # j implies that 7 (i) N7 (j) = 0.

We call each subset S C O a bundle. The subset of items 7(¢) thus indicates
agent ¢’s bundle according to allocation 7. The utility function u; indicates for
each bundle S how much utility agent ¢ obtains when receiving bundle .S. Hence,
the utility of an agent ¢ given an allocation 7 is equal to u;(7(4)).

Instead of a function from agents to sets of objects, we can also view an allocation
as a (partial) function O — N from objects to agents where every object is
assigned to (at most) one agent. Sometimes this way of looking at allocations
makes the mathematical notation easier. If 7 : N — 29 is an allocation from
agents to sets of objects, we will refer to 71 : O — N U {e} as the same
allocation 7, but described as a function from objects to agents (where an item
is mapped to € if it is not assigned to any agent).

Example 2.3. Consider a fair division problem (N, O,u) with three agents
N ={1,2,3} and two items O = {01, 02}. The utility functions for the agents
are as follows:

ui () = us () = us(0) =
ul({Ol}) =2 Uz({ol}) =3 us({ol}) =2
ui({o2}) =3 uz({o2}) =5 uz({o2}) = 2
uy({o1,02}) = 10 us({o1,02}) =5 uz({o1,02}) =4

A possible allocation 7; would be to allocate all items to agent 1. In this
situation, the utilities of the agents are respectively (10,0, 1).

m1(1) = {o1,02},m1(2) =0 and 71 (3) =0

A different allocation 7y is to allocate o; to agent 1 and os to agent 2. This
yields the utilities (2,5,1).

7T2(1) = {01},71’2(2) = {02} and 7T2(3) = @

Finally, consider the allocation 73 in which we assign o7 to agent 2 and oy to
agent 1. Then the utilities of the agents will be (3,3,1).

m3(1) = {02}, m3(2) = {01} and 7m3(3) =0

11



2.2 Solution concepts

Now that we have defined fair division problems and allocations, we also want to
quantify in some way how ‘good’ an allocation is. For example, we might prefer
an allocation in which the agents in total receive more utility over an allocation
where the total utility is lower. On the other hand, we might also want to take
the fairness of an allocation into account: does a single agent receive all the
utility or is the utility divided over the different agents?

We call these measures that quantify how good an allocation is solution concepts.
One natural idea to compare allocations is to consider the utilitarian social
welfare; the sum of utilities of all agents. This is defined in the following way:

Definition 2.4 (Utilitarian social welfare). The utilitarian social welfare (USW)
of a given allocation 7 : N — 2° is defined as

USW(m) = > ui(n(i)).

ieEN

We sometimes also refer to this solution concept as just wtilitarian welfare
(leaving out the ‘social’ part).

We can, given a fair allocation problem (N, O, u), look for the allocation that
maximizes the utilitarian social welfare. However, while social welfare maximizes
the sum of utilities of all agents, this does not mean that every agent will get an
equal share. It might even happen that all items are assigned to a single agent.

A different notion that attempts to capture the fairness of a solution is egalitarian
social welfare. In this solution concept, we do not look at the sum of all utilities,
but rather at the utility of the agent that is worst off. We then try to find an
allocation that maximizes this utility.

Definition 2.5 (Egalitarian social welfare). The egalitarian social welfare (ESW)
of a certain allocation 7 : N — 2© is defined as

ESW(m) = 516111{[1 u;(m(4)).

One of the disadvantages of this solution concept is that it only measures the
utility of the worst-off agent. Any two allocations where the worst-off agent
has the same utility will have the same egalitarian welfare, regardless of the
utility that the other agents receive. A refinement of this solution concept is the
leximin comparison.

Definition 2.6 (Leximin comparison). Given an allocation 7, we define the
utility vector of this allocation u, to be equal to (uq(7(1)),...,u,(7(n))). We
furthermore define u}. as the utility vector w, sorted in ascending order.

We say that an allocation 7 is leximin-better than 7', or 7 =ex 7', if given the
two sorted utility vectors wy = (uy ,...u; ) and u}, = (u}, ... u%, ), there

exists a k such that uy , > uy, , and uy ; =uy, ; forall j <k.

Intuitively, we compare two different allocations by calculating the utility values
for every agent for both allocations, sorting them and comparing these sorted
vectors lexicographically. An allocation is then leximin-optimal if it is, among
all other possible allocations, one of the leximin-best.

12



Definition 2.7 (Leximin-optimal allocation). A leximin-optimal allocation is
an allocation 7 such that there is no other allocation 7’ with 7/ =jex 7.

A different way to think about a leximin-optimal allocation is that it first
maximizes the utility of the worst-off agent. Then, subject to that, it maximizes
the utility of the second worst-off agent and again subject to that the utility of
the third worst-off agent and so on. Because of this, note that a leximin-optimal
allocation also maximizes the egalitarian welfare.

Although egalitarian welfare and leximin-optimal allocations both consider the
fairness of an allocation, they do optimize for this fairness at all costs. As
an example, if one allocation yields the utility vector (10, 11), while the other
allocation yields (9, 20), then according to egalitarian welfare and leximin (10, 11)
is better than (9,20). These two solution concepts — unlike utilitarian welfare —
do not take into account that the sum of utilities in (9,20) is a lot higher than
(10,11). We would like to have a solution concept that takes both fairness into
account, but at the same time also prefers allocations with higher total utility.

Nash welfare is a solution concept that attempts to combine both of these criteria.
With Nash welfare, instead of considering the sum of utilities, we look at the
product of the utilities. We then search for the allocation that maximizes this
product of utilities.

Definition 2.8 (Nash social welfare). The Nash social welfare (NSW) of a given
allocation 7 : N — 29 is defined as

NSW(m) = ] wi(r(4)).

ieEN

By considering the product of utilities, we favour redistributions of utility that
are inequality-reducing (e.g. 2-4 < 3-3), but at the same time we also favour
overall increases in utility (e.g. 10-11 < 9-20).

Lastly, a slightly different way to achieve fairness in allocations is by requiring
envy-freeness. An allocation is envy-free if every agent likes his bundle at least
as much as any of the other agents’ bundles.

Definition 2.9 (Envy-freeness). We call an allocation 7 envy-free if for every
two agents 4, j € N it holds that u;(7(i)) > u;(7(j))-

We can always trivially construct an allocation that is envy-free by just assigning
no items to every agent. But of course, such an allocation is not very interesting
to study. Therefore, we add an extra constraint called Pareto efficiency, which
ensures that there is no other allocation that is strictly better for some agent
and no worse for all the other agents.

Definition 2.10 (Pareto efficiency). An allocation 7 is Pareto efficient if there
exists no other allocation 7" such that w;(7’(7)) > u;(w(i)) for all agents i € N
and u;(7'(j)) > u;(w(j)) for some agent j € N.

An interesting solution concept is then to find an allocation « that is both
envy-free and Pareto efficient. Note that such an allocation does not always
exist, as we will see in the example below.

13



Now that we have defined a number of different solution concepts, we will give
an example showing the allocations elected by the different solution concepts
and how they compare to each other.

Example 2.11. Consider the fair division problem from Example 2:3] If we
wish to maximize the utilitarian welfare, this is obtained by assigning all items
to agent 1 (allocation 7q):

max USW(7r) = USW(m;) =11

For egalitarian welfare, note that we must always give one agent an empty bundle,
since we have three agents and only two items. Since agent 3 still receives utility
1 for the empty bundle (and the others 0), any allocation maximizing egalitarian
welfare will need to give agent 3 the empty bundle and a single item to agent 1
and 2. Since we cannot do better, the maximum egalitarian welfare will be 1
and allocations m and 73 both achieve this value.

max ESW(7) = ESW(my) = ESW(m3) =1

A leximin-optimal allocation can be seen as a refinement of the maximum
egalitarian welfare allocation and does make a choice between 7y and m3. Note
that m3 >1ex 72, since (1,3, 3) is lexicographically better than (1,2,5). Hence,
73 is a leximin-optimal allocation.

If we consider Nash welfare on the other hand, allocation 75 is preferred over 73,
since NSW(m3) =1-2-5 = 10, while NSW(m3) =1-3-3=9. So,

max NSW (7)) = NSW(my) = 10.

Lastly, note that in this fair division problem, there exists no allocation that is
both envy-free and Pareto efficient. If we decide not to allocate all three items,
we can always find a Pareto-better allocation by also allocating that item to
an agent. If on the other hand we do allocate all the items, one of the agents
receives the empty bundle. He will always envy an agent that does receive (at
least one) item. A

2.3 Computational aspects

A major part of this thesis will consist of finding efficient algorithms and in-
tractibility results for computing the allocations elected by the solution concepts
we defined in the previous section. For that, we first need to define the compu-
tational problems of finding the allocations elected by the solution concepts in
more detail.

In this thesis, we will assume the reader is familiar with basic complexity theory
and polynomial-time reductions. For an introduction and an overview of this
field, we refer to textbooks on this topic (e.g. Arora and Barak, 2009).

Let us start with utilitarian welfare. The scenario we will study is when we
are given a certain fair division problem instance and we want to find an
allocation elected by the utilitarian welfare, i.e., we want to find an allocation
that maximizes the utilitarian welfare. We call this optimization problem MAX
USW.

14



MAX USW
Input: A fair division problem instance (N, O, u).
Output: An allocation 7’ such that USW(n’) = max, USW(x).

However, when studying the computational complexity of such a problem, it often
makes more sense to analyze the decision variant of a computational problem.
In the decision variant of this problem, we ask ourselves whether there exists an
allocation that has utilitarian welfare of at least k. We call this decision problem
USW.

USW
Input: A fair division problem instance (N, O, u) and an integer k.
Question: Does there exist an allocation 7’ such that USW(n') > k?

Any algorithm that solves the optimization problem MAX USW can also be
used to solve the decision variant Usw. Namely, if we can find the allocation
with maximum USW, we can simply compute its utilitarian welfare and check
whether this is greater than k. Conversely, this means that if we can prove that
the decision variant is intractable, then the optimization problem must also be
intractable.

We will often use the decision variant when we are proving that finding the
allocation elected by a solution concept is intractable. On the other hand, when
we prove that a certain problem is efficiently solvable, we will most of the times
use the optimization variant to obtain the strongest possible result.

Analogously to UsSW and MAX USW, we can also define ESW, MAX ESW, NSW and
MAX NSW. Because of the similarity, we omit the definitions.

For leximin-optimal allocations, we do include an explicit definition of the
computational problems. For the optimization variant, we simply ask for a
leximin allocation.

MAX LEX
Input: A fair division problem instance (N, O, u).
Output: A leximin-optimal allocation 7 for this fair division instance.

For the decision variant, instead of an integer k, we specify a vector of n integers
and check whether there exists an allocation that is lexicographically better than
this vector.

LEX

Input: A fair division problem instance (N, O, u) and a non-decreasing
vector v € N™.

Question: Does there exist an allocation 7 such that u is lexico-
graphically better than v?

Proposition 2.12. ESw <, LEX

Proof sketch. Suppose we are given a fair division problem instance (N, O, u)
plus an integer k£ and we want to decide whether there exists an allocation m
with ESW(x) > k. We transform this into a LEX problem by choosing

v=(kk,..., k)
—_———

n times

15



and asking whether there exists an allocation 7 such that w} is lexicographically
better than v. This is the case if and only if there exists an allocation 7 with
egalitarian welfare of at least k. O

Here, <,, denotes polynomial-time (many-one) reducibility. Formally, A <,, B for
decision problems A, B C {0, 1}* if there exists a polynomial-time computable
function f such that 2 € A if and only if f(z) € B.

Usually, when showing intractability, we will prove that ESW is intractable. By
Proposition 2.12] this then automatically implies that LEX is intractable as well,
so we will not prove this separately anymore in later chapters.

Finally, we will also define the computational problem for envy-freeness combined
with Pareto efficiency. This solution concept is different from the others in the
sense that we are not maximizing a quantity. Since an allocation that is envy-free
and Pareto efficient does not always exist, we will study the decision problem of
whether, given a fair division problem instance, such an allocation exists.

EEF EXISTENCE

Input: A fair division problem instance (N, O, u).

Question: Does there exist an allocation 7’ that is both envy-free
and Pareto efficient?

Studying envy-freeness plus Pareto efficiency computationally via this decision
variant is also done in other research, such as by Bouveret and Lang (2008) and
Bliem et al. (2016). In this thesis, we will mostly focus on obtaining tractability
and intractability results for the other solution concepts described in this section.
We however also study this solution concept to be able to compare the results
better with other research.

2.4 Representation languages

The problem with analyzing the computational complexity of fair division prob-
lems directly is that even just specifying a utility function u; : 2° — N explicitly
already requires exponential size. This is because we are specifying an explicit
integer value for every of the 2™ subsets of the items.

The solution is to not let agents specify their preferences explicitly, but instead
use an intermediate representation language in which the agent can express his
preferences. This representation language will then of course in most cases not
be able to represent all possible utility functions, but a good representation
language allows us to represent agents’ preferences as closely as possible, while
at the same time keeping the language as compact as possible.

Formally, we can define representation languages in the following way.

Definition 2.13 (Representation language). Fix a set of objects O. A repre-
sentation language is defined by a pair (L, I), where L is the set of expressions
the language consists of and [ is a function that maps any language expression
in L to a utility function u : 2° — N — i.e., the type of I is L — (2° — N).

We give an example of a simple representation language to illustrate the definition.
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Example 2.14. Let us consider a representation language in which each agent
indicates a subset of the items O that he likes. For every item of this subset
that this agent receives in his bundle, he will receive a utility of 1; for all other
items he receives a utility of 0.

We can formally represent this as follows. We define the set of expressions L
such that L = 29, meaning that the expression an agent can represent in the
language is a subset of the items. Then, given an expression Sexpr € L, we define
U(Sexpr) to be:

U(Sexpr)(Sbundle) = |Sbundle N Sexpr|

By choosing an expression from L, an agent has completely specified his utility
function.

For a concrete example, suppose that O = {01, 02,03, 04} and agent ¢ chooses
expression Sexpr = {01,03} € L, then we have that u; = u(Sexpr). Here are a
few examples of the value of the utility function u; for different bundles:

ui({o1}) =1 ui({o2}) =0 ui({o1,02}) =1
u;({o1,03}) =2 u;({02,04}) =0 u; ({01, 09,03,04} =2

We will study this representation language, albeit slightly differently defined, in
more detail in Section |4.3 A

When we study specific representation languages in later chapters, we will often
only define them intuitively and not define them formally according to Definition
213 It can sometimes however still be useful to think about representation
languages in this formal way.

The goal in this thesis will be to find representation languages that on the one
hand can express intuitive properties about agents’ preferences, but that on the
other hand also allow us to find allocations elected by solution concepts for a fair
division instance efficiently. At the very least, the representation languages that
we study should allow us to compute the utility of agents easily when given an
allocation. If this is already hard to compute, it will most likely be even more
difficult to find allocations elected by solution concepts.

Definition 2.15. A representation language (L, I) has polynomial-time com-
putable utility functions if there exists a polynomial-time computable procedure
F such that for any bundle S C O and expression | € L, F(S,1) = I(I)(5).

Intuitively, a representation language has polynomial-time computable utility
functions if there exists an algorithm that can compute the utility of a bundle
of an agent, given the agent’s preferences in the representation language, in
polynomial time.

A first observation is that as long as the representation language has polynomial-
time computable utility functions, electing allocations for most solution con-
cepts is in the complexity class NP (i.e., possible in polynomial time by a
non-deterministic Turing machine). This provides us a first upper bound on the
computational complexity for these solution concepts.

Proposition 2.16. usw, ESW, NSW and LEX for any representation language
with polynomial-time computable utility functions are in NP.
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Proof sketch. To show membership in NP, we give a polynomial-size certificate
and a polynomial-time verifier algorithm. The certificate will be (an encoding
of) an allocation. The verifier algorithm will then, given a fair division instance
(N, O, u), an integer k and a certificate allocation 7, compute the USW of 7 and
check whether USW(7) > k. For ESw, Nsw and LEX, we use the same approach,
but now calculate the ESW, NSW or lexicographic vector.

As the representation language has polynomial-time computable utility functions,
there exists a polynomial-time computable procedure F' to calculate the bundle
of an agent. Computing the allocations elected by any of these solution concepts
requires n queries to this procedure F'. Thus, in total, the verifier algorithm
runs in polynomial time.

If there exists an allocation with USW(m) > k, there will be a certificate (namely
this allocation) such that the verifier algorithm outputs true. Otherwise, the
verifier algorithm will output false for all possible certificate allocations. O

In later chapters, when we study specific representation languages, we will often
prove that these decision problems are NP-complete for a certain representation
language. Because we have already shown here that these decision problems are
in NP for any representation language with polynomial-time computable utility
functions, we will only prove NP-hardness there and omit the NP membership
proof.

2.5 Related work

Now that we have defined the model and the other preliminaries we need in
this thesis, we will briefly discuss on a high level the other research that has
been carried out concerning the computational complexity of the fair division of
indivisible goods.

An important aspect in fairly dividing indivisible goods is to avoid an agent
envying another agent’s bundle. Lipton et al. (2004) studied this problem from
an algorithmic perspective and found that, even in a very restricted setting
with only two agents having identical preferences, computing an allocation that
minimizes envy is NP-hard. On the other hand, they did show that there always
exists an allocation where the envy is bounded by the maximum marginal utility
— i.e., the largest difference in utility that a single item can make — and they
described a simple algorithm to find such an allocation.

Bouveret and Lang (2008) analyzed the computational complexity of finding
whether an envy-free and Pareto efficient allocation exists (EEF EXISTENCE) in
more depth for various representation languages. In particular, their focus was
on dichotomous languages, where every agent specifies a propositional formula:
if a formula holds for the bundle that an agent receives, his utility is 1; otherwise
his utility is 0.

They found that EEF EXISTENCE is Yf-complete for dichotomous languages
and remains NP-hard even after restricting the number of agents to two and
requiring that they have identical preferences. Regarding additive languages,
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they proved that EEF EXISTENCE is NP-complete when agents only have binary-
valued preferences, i.e., every item is worth 1 or 0 utility, even under some
very strong restrictions. De Keijzer et al. (2009) later extended these results
by showing that the EEF EXISTENCE problem for general additive preferences is
Y:2-complete.

These results indicate that EEF EXISTENCE becomes intractable even in very
restricted representation languages. In an attempt to find tractability results
for small parameters, Bliem et al. (2016]) performed a parameterized complexity
analysis for additive preferences. They found tractable algorithms both for the
case when the number of resources is very small and for the case when the
number of agents together with the number of different values that occur in the
utility functions is very small.

A different criterion for finding fair allocations is maximizing egalitarian welfare.
This amounts to finding an allocation such that the utility of the agent that
is worst off is maximized. This problem is also referred to in the literature as
the ‘Santa Claus problem’: Santa Claus has m gifts that he wants to assign to
n children such that the unhappiest child is as happy as possible (Bansal and
Sviridenko, 2006)).

Golovin (2005) shows that maximizing egalitarian welfare is NP-complete and
this problem is even NP-hard to approximate under various assumptions. He
does provide a polynomial-time algorithm for maximizing egalitarian welfare
under binary-valued preferences, but proves that allowing {0, 1,2} preferences
already makes the problem NP-hard.

Yet another solution concept that can play a role in fair allocation is utilitarian
social welfare, where we simply add the utilities of all agents together to find
the allocation with the largest sum of utilities. As Chevaleyre et al. (2008) note,
there is a close connection between this setting and the winner determination
problem in combinatorial auctions.

In a combinatorial auction, we are given a set of agents plus a set of items
and each agent can place a bid on any combination of the items. The winner
determination problem then corresponds to finding the assignment of items such
that the total profit is maximized (Cramton et al.,2004). Such an assignment
then also corresponds to the assignment that maximizes utilitarian welfare, so
we can apply algorithmic results from the combinatorial auctions literature also
to the setting of fair division.

Chevaleyre et al. (2008) in particular study the expressivity, succinctness and
computational complexity of two types of representation languages: bundle form
and k-additive form. In the bundle form, an agent lists all bundles of items to
which he assigns a non-zero value, which is similar to how bidding languages in
combinatorial auctions are usually represented. In the k-additive form on the
other hand, an agent assigns utilities to all subsets of the items of size < k and
the utility of a bundle S is then described as the sum of the utilities of those
subsets contained in S.

Both for the bundle form and k-additive form with & > 2, Chevaleyre et al.
(2008) find that maximizing utilitarian welfare is NP-complete. Roos and Rothe
(2010) and Nguyen et al. (2014) extend these results by showing NP-completeness
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for egalitarian welfare and Nash product welfare as well in the case of both the
bundle form and the 1-additive form.

Baumeister et al. (2013) look at representation languages for maximizing egali-
tarian welfare from a different perspective, namely by choosing positional scoring
rules as representation language. The agents specify their preferences as an
ordinal ranking over the items and these are then converted to cardinal utili-
ties by a specific scoring vector, such as Borda scoring, lexicographic scoring
or k-approval. They find NP-hardness results for most scoring vectors, but
a tractability result for k-approval. Note that the k-approval setting here is
equivalent to the binary-valued additive setting, for which Golovin (2005)) also
described a polynomial-time algorithm.

Darmann and Schauer (2015) extend these results on positional scoring rules
for Nash welfare. Similar to Baumeister et al. (2013), they obtain NP-hardness
results for Borda scoring and Lexicographic scoring, but a tractable algorithm for
k-approval. Their approach is based on reducing the problem to a minimum-cost
flow problem. Note again that this algorithm also implies an efficient algorithm
for maximizing Nash welfare in the binary-valued additive case.

This result was also discovered by Barman et al. (2018). Apart from describing
an approximation algorithm for when agents have identical valuations, they also
present an exact algorithm in the additive binary-valued setting for finding a
Nash-optimal solution. This algorithm does not directly depend on the minimum-
cost flow problem, but iteratively finds greedy improvements using augmenting
paths.

This scenario of binary-valued additive valuations and Nash welfare was further
investigated by Halpern et al. (2020). Their findings include a proof that under
binary-valued additive valuations, an allocation maximizes Nash welfare if and
only if it is a leximin-optimal allocation. This establishes a close connection
between maximizing Nash welfare and egalitarian welfare in this binary-valued
setting. In particular, any Nash-optimal allocation thus also maximizes the
egalitarian welfare. This result was independently also discovered by Aziz and
Rey (2020).
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Chapter 3

The dichotomous language

For finding efficient representation languages, both tractability and intractability
results can help us. Intractability results can first of all show us which approaches
do not work. Secondly, these results can also help to give more insight in what
makes the problem difficult. This again can aid us in discovering how we need
to restrict the general problem so that these difficult situations do not arise.

One intuitive approach for representing an agent’s preferences is using proposi-
tional formulas, where the variables consist of the items O in the fair division
problem. For example, such a formula could consist of an expression such as
@ = —c A (aVb), meaning that, if we want ¢ to be satisfied, the agent should
not be assigned item ¢ and should be assigned either item a or b (or both).
Representing preferences by a propositional formula makes it possible to express
relations between objects (e.g. “I wish to receive all of these items” or “receiving
one of these items already suffices for me as long as I also receive this other
item”). More formally, we can define propositional formulas on items in a fair
division problem in the following way.

Definition 3.1 (Propositional formulas on items). Let (N,O,u) be a fair
division instance, let ¢ be a propositional formula such that Var(¢) C O and let
S C O be a bundle of items.

We say that bundle S satisfies formula ¢, or S F ¢, if ¢ becomes true under the
following interpretation M : Var(y) — {true, false}

() true ifves
\(i v) =
false ifv g S

There are different ways to define representation languages based on propositional
formulas. For example, we could let each agent specify a set of propositional
formulas along with a weight for each formula. The utility of an agent’s bundle
is then equal to the sum of the weights of all the formulas that are satisfied
according to that bundle. Uckelman et al. (2009) study representation languages
of this form in more depth.

Because we are mainly interested in finding representation languages that are
computationally tractable, we start by analyzing a very basic version of a

21



representation language based on propositional formulas called dichotomous
preferences. Bouveret and Lang (2008) also study this representation language.
In this language, every agent can specify a single propositional formula and the
utility of an agent’s bundle is 1 if this formula is satisfied according to this bundle
and 0 otherwise. We can define this representation language in the following
way.

Definition 3.2 (Dichotomous language). An expression in the dichotomous
language consists of a vector ¢ = (1, ..., ) of propositional formulas, where
each ¢; is a propositional formula (representing agent i’s preferences) that
contains propositional symbols v, for each object 0o € O.

Definition 3.3 (Utility of dichotomous language). Given an expression in the
dichotomous language ¢, we define the utility of each agent given a bundle
S C O in the following way:

U; =
0 if SH o

Note that this language is still fairly restrictive, since every agent can only specify
a single propositional formula and his preferences are either completely satisfied
or unsatisfied. Still, this language can be interesting to analyze the complexity of
as a starting point. Namely, if this language already is NP-hard to compute an
optimal solution for, then most other languages based on propositional formulas
will be NP-hard as well. This is because more complicated representation
languages based on propositional formulas (such as allowing multiple weighted
formulas) will at the very least also allow us to express dichotomous preferences
in them, making the problem of finding an optimal solution at least as hard as
in the dichotomous case.

3.1 Hardness results

In this section, we will show that, for all solution concepts we consider in this
thesis, it is NP-hard to find the allocations elected by these solution concepts
for the dichotomous language. The hardness result continues to hold even when
we restrict the dichotomous language further. To show this, we first prove
NP-hardness of a related intermediate problem OPT EXISTENCE. We then prove
that we can reduce OPT EXISTENCE to any of the decision problems USW, ESW,
NSW and EEF EXISTENCE, making these problems NP-hard as well.

Let OPT EXISTENCE be the following decision problem:

OPT EXISTENCE = {(N, O, ¢) | 37 such that (i) F ¢; for all i € N}
Intuitively, this decision problem checks whether there exists an allocation such
that every agent is completely satisfied.

To prove NP-hardness, we follow a similar approach as taken for proving NP-
hardness of EEF EXISTENCE in dichotomous languages in Bouveret and Lang
(2008) (which we derive here as a corollary).
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Theorem 3.4. OPT EXISTENCE in the dichotomous language with identical
preferences, positive formulas and 2 agents is NP-hard.

Proof. To show hardness, we will reduce from SET SPLITTING, which is known
to be NP-hard (Gary and Johnson, (1979, p. 221).

SET SPLITTING

Input: A set S and a collection C = {Sj,...,S.} of subsets of S.
Question: Does there exist a partition of S into S, and .S; such that
no subset in C' is completely in either S, or Sp?

Given an input instance (S, C) for SET SPLITTING, we show how to construct
(in polynomial time) a dichotomous fair division problem G with identical
preferences, positive formulas and 2 agents, such that (S, C') € SET SPLITTING if
and only if G € OPT EXISTENCE.

Let G = ({1,2}, 5, (¢1,92)), where ¢ = 1 = p2 = A\g,cc V,eg, Vs Note that
( contains no negative literals. This formula ¢ amounts to requiring that the
agents have at least one item of every subset S; in the collection

Now suppose that there exists a set splitting in S, and S,. Then choose the
allocation 7 with 7(1) := S, and 7(2) := S,. We have that S, F ¢ and Sy, F ¢,
since no subset in C' is completely in S, or Sy, so every subset S; of C' must
have some of its items in S, and the others in Sj.

Conversely, suppose that there exists an allocation 7 such that 7(1) F ¢ and
m(2) E . Then we claim that choosing S, := 7(1) and S, = 7(2) is a set splitting.
Suppose not, then there is a subset S; of C' that is completely contained in
S (w.lo.g.), meaning that S; NS, = @ and thus S, ¥ ¢, contradicting our
assumption. Hence, we have proved our claim. O

Corollary 3.5. Usw in the dichotomous language with identical preferences,
positive formulas and 2 agents is NP-complete.

Proof. Note that a two-player dichotomous fair allocation problem has maximum
utilitarian social welfare 2 if and only if there is an allocation that satisfies ¢;
for both agents. Hence, we can reduce OPT EXISTENCE to USW. O

Corollary 3.6. Esw in the dichotomous language with identical preferences,
positive formulas and 2 agents is NP-complete.

Proof. Note here that a dichotomous fair allocation problem has maximum
egalitarian social welfare 1 if and only if the worst-off agent has utility 1. This is
precisely the case if there exists an allocation such that ¢; is satisfied for every
agent. Hence, we can reduce OPT EXISTENCE to ESW. O

Corollary 3.7. Nsw in the dichotomous language with identical preferences,
positive formulas and 2 agents is NP-complete.

Proof. A dichotomous fair allocation problem has maximum Nash welfare 1

exactly if every agent receives utility 1. Note that if some agent receives utility
0 instead of 1, then the product of the utilities will also be 0. So the maximum
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Nash welfare is 1 if and only if there exists an allocation such that ¢; is satisfied
for each agent. Thus, we can reduce OPT EXISTENCE to USW. O

Corollary 3.8 (Bouveret and Lang (2008)). EEF EXISTENCE in the dichotomous
language with identical preferences, positive formulas and 2 agents is NP-hard.

Proof. First of all, as the preferences are identical and dichotomous, an allocation
is envy-free if and only if it satisfies either all agents or none. Secondly, note
that we can always satisfy at least one agent’s formula, since all formulas are
positive. So satisfying none of the agents is not Pareto-efficient. This means
that a dichotomous and identical fair allocation problem with positive formulas
is envy-free and efficient if and only if all agents are satisfied. Thus, we can also
reduce OPT EXISTENCE to MAX ESW. O

3.2 Restricting the formulas to clauses

One way to obtain positive results is to constrain the class of allowed propositional
formulas in a different way. A possible restriction is to assume that the agents’
preferences are represented by a single clause, i.e., only disjunctions of literals.
We will show in this section that this restriction makes the problem tractable
for the different solution concepts we consider.

We do this by first proving that a different problem, SATISFY AGENTS, is
polynomial-time solvable and subsequently showing how we can use this to
find the allocations elected by the different solution concepts. This problem is
defined as follows:

SATISFY AGENTS = {(N, O, ¢, k) | 37 such that 7 (i) E ¢; for at least k agents i

Proposition 3.9. SATISFY AGENTS for the dichotomous language is solvable in
polynomial time when each agent specifies his preferences as a single positive
clause.

Proof. Let (N, O, ¢) be a fair allocation, where the formulas in ¢ = (¢1,...,¢n)
are positive clauses and let k be arbitrary. We let O,, denote the objects
occurring as disjunctions in formula ;. Now define the bipartite graph (V, E)
with V' = N U O (the agents in one partition and objects in the other) and
E={(i,0) |o€ O,}.

We now claim that (V, E) contains a matching of size k if and only if (N, O, ¢)
can satisfy at least k agents. Suppose that we have a maximum matching of size
k. For every (i,0) edge in the matching, we assign item o to agent i. As this is a
matching, every item is assigned only once. Furthermore, o € O,,, so assigning
o to agent ¢ will satisfy ; for him regardless of the rest of the rest of his bundle.
Conversely, if there exists an assignment 7 that satisfies k agents, this means
that every of those k agents are assigned at least one item o] occurring in O,,.
For each of those k agents, include an edge from that item o to the agent to
construct a matching of size k in (V, E).
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We can find a maximum bipartite matching in polynomial time using for example
the Hopcroft-Karp algorithm and then check if its size is larger or equal than k.
Hence, SATISFY AGENTS is solvable in polynomial time. O

Now, we will use this algorithm for SATISFY AGENTS to solve the problem for the
various solution concepts. Contrary to Proposition [3.9] in the following theorems
the single clause that each agent specifies does not need to be positive. That is,
the clause could also contain negative literals.

Theorem 3.10. MAX USW for the dichotomous language restricted to single
clauses is solvable in polynomial time, even if we require the allocation to be
complete.

Proof. We start by showing that the problem with general clauses (including
possibly negative literals) can be reduced to the problem with only positive
clauses. Suppose agent i has a clause ¢; that contains literal —o for some item
o. Then there are two cases: (1) either all other agents also have —o in their
formula or (2) there exists an agent j that does not have such a literal. In the
latter case, we can remove agent ¢ from the problem (since by not assigning o to
him, we completely satisfy his formula). If it turns out in the final allocation
that o is not yet divided, we can always assign it to agent j.

In the former case, all agents have —o as literal in their formula. We check
whether there exists an agent that has another literal besides —o. If such an
agent exists, we can always satisfy one of his other literals by assigning (or not
assigning him) that item. If we then give that agent also o, his clause is still
satisfied and all other agents’ clauses are also satisfied (as they are indeed all
not assigned o). So we have found an allocation that has the maximum possible
social welfare. If such an agent does not exist, we can satisfy n — 1 agents.

To solve the problem with positive clauses, note that every agent receives utility
1 if and only if his formula is satisfied. Thus, finding the maximum sum of
utilities is equivalent to finding an allocation that satisfies the maximum number
of agents. This can be done in polynomial time using the algorithm for SATISFY
AGENTS. O

Theorem 3.11. MAX ESW for the dichotomous language restricted to single
clauses is solvable in polynomial time, even if we require the allocation to be
complete.

Proof. The proof of this is very similar to the proof for MAX USW. Here, note
that we have either an egalitarian social welfare of 1 if we can satisfy every agent,
or a welfare of 0 if this is not the case. So calculating the maximum egalitarian
welfare is equivalent to checking whether we can satisfy every agent.

We can handle negative literals in clauses in the same way as in the proof for
MAX UsW. In case (1) we remove agent ¢ from the problem and in case (2) we
either have egalitarian welfare 1 if there exists an agent with another literal
and egalitarian welfare 0 otherwise. So the problem that remains is checking
whether we can satisfy all n agents’ formulas, which can be done in polynomial
time using the algorithm for SATISFY AGENTS. O
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Theorem 3.12. MAX NSW for the dichotomous language restricted to single
clauses is solvable in polynomial time, even if we require the allocation to be
complete.

Proof. Note that in the dichotomous language, an allocation only has Nash
welfare 1 if every agent receives utility 1. If a single agent receives utility 0,
then the Nash welfare will be 0 as well (since then we multiply by 0). So there
exists an allocation with Nash welfare 1 if and only if there exists an allocation
with egalitarian welfare 1. Since MAX ESW is solvable in polynomial time (see
Theorem , MAX NSW is also solvable in polynomial time. O

Theorem 3.13 (Bouveret and Lang (2008)). EEF EXISTENCE for dichotomous
preferences restricted to single clauses is solvable in polynomial time, even if we
require the allocation to be complete.

Proof. We claim that egalitarian social welfare 1 is achievable if and only if there
exists an envy-free and efficient allocation. Suppose there exists an allocation
with egalitarian social welfare 1. Then every agent is completely satisfied, so
there is no envy and this is the best situation possible.

For the other direction, suppose we have an allocation that is envy-free and
Pareto-efficient. If every agents’ formula is not satisfied, then the allocation is
not Pareto-efficient, since we can always satisfy at least one agent. On the other
hand, if we have an allocation where there exists an agent that is not satisfied,
then one the items in his formula must have been assigned to another agent, so
he envies that agentl}

Hence, we can solve EEF EXISTENCE using our algorithm for MAX ESW. O

INote in the case where the non-satisfied agent has only negative clauses that there exists
an agent that does not have all these items, which he envies.
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Chapter 4

The additive language

In the additive language, the value of a bundle is simply equal to the sum of
the value of the individual items. This does mean that there is no interaction
in utility possible between different items. However, if the values of the items
are mostly independent from each other, then this can be a good model to work
with. Although this model looks restrictive, some solution concepts are already
computationally intractable to find the elected allocation for in this case.

4.1 Basic results

If we assume that the preferences of the objects are additive, then it becomes
easy to represent the preferences efficiently. For the representation language, we
only need to keep track for every agent of the utility he assigns to all the items
individually.

Definition 4.1 (Additive language). An expression in the additive language
consists of a set of utility functions w = (uq,...,u,), with utility function
u; : O — N indicating the utility value for all the different objects in O according
to agent i.

Definition 4.2 (Utility of additive language). Given an expression in the
additive language u, we define the utility of each agent given a bundle S C O in

the following way:
ui(S) =3 u;(o)

o€S

In case we are interested in maximizing utiltarian social welfare, we can do this
easily under the assumption that the preferences are additive.

Proposition 4.3. MAX USW for the additive language is computable in polyno-
mial time.

Proof sketch. There exists a simple algorithm that calculates a maximum utili-
tarian allocation. Namely, find for every item o € O the agent ¢ that assigns the
highest utility to that item (i.e., argmax;c yu;(0)) and assign the item to that
agent. O
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However, for the other solution concepts, such as ESW, NSW and EEF, even
the additive setting already becomes NP-hard to optimize for. We refer to the
results in the following papers.

Theorem 4.4 (Lipton et al., 2004). Esw for the additive language is NP-
complete, even for two agents.

Theorem 4.5 (Roos and Rothe, |2010). Nsw for the additive language is NP-
complete, even for two agents.

Theorem 4.6 (De Keijzer et al.,|2009). EEF EXISTENCE for the additive language
is ¥5-complete.

Note here that ¥4 denotes the second level of the polynomial hierarchy. Any
¥2-hard language is also NP-hard.

Theorem 4.7 (Bouveret and Lang, 2008). EEF EXISTENCE for the additive
language with only two agents is NP-hard.

4.2 Unary encoding

We can conclude that allowing full additive preferences in the representation
language makes the language already too expressive to be able to find the
allocations elected by solution concepts (except in the case of USW). In order
to discover more tractable results, we need to make further restrictions to our
model. One such restriction to the additive language is to furthermore require
that the utilities of the objects that are specified are encoded in unary.

However, even under this restriction, the problem remains NP-hard for all
three solution concepts, as we prove below. The general construction of the
hardness proof is based on the hardness proof in Bliem et al. (2016), where
NP-completeness is proved for EEF EXISTENCE for unary additive preferences.
We generalize the idea of this proof such that the reduction also works for ESw
and NSW.

Theorem 4.8. EsSw for additive languages with preferences encoded in unary
is NP-hard, even if all agents have the same preferences.

Proof. We will reduce from the NP-complete problem UNARY BIN PACKING
(Jansen et al., [2013).

UNARY BIN PACKING

Input: A set I of items, a (positive) weight s; for each i € I, the bin
capacity B and an integer K all encoded in unary.

Question: Is there a partition of the items I1,...,Ix such that
Zielj si<Bforall je{l,...,K}?

Suppose we are given a set of items I, weights for these items s; and a bin capacity
B and integer K. We will define the following polynomial-time computable map
f with f({(I,(s; | i € I),B,K)) = F. Here, F = (N,O,u) is an additive fair
division problem such that F' has an allocation with egalitarian welfare B if and
only if we can partition the items in K partitions such that none of them exceed
capacity B.

28



Todoso, welet N = {1,... K} and O = IU{dy,...,d,}, withq= B- K=, s;.
We define ©w = u; = us = -+ = ug in the following way: for i € I, u(i) = s;
and u(d;) = 1. The intuition behind this reduction is to try to divide all items
equally over the K agents such that they all have utility exactly B (and thus
egalitarian welfare B). We use the d; items of size 1 to fill up the remaining
space that is left over after dividing the items.

To prove correctness, suppose that there exists a bin packing for items I, capacity
B in K bins. Then there must exist a partition Iy, ... Ik such that Zielj $i < B
for all j € {1,..., K}. We can now create an allocation where we assign all items
occurring in [; to agent j. Furthermore, we also assign K — . 1, Si dummy
items of size 1 to agent j, so that his total utility is exactly K (note that we
have exactly enough dummy items to do so by construction). Then every agent
has utility exactly K and we thus have an egalitarian social welfare of K.

For the converse, suppose that there exists an allocation 7 such that the egal-
itarian welfare is K. Then every agent must have utility exactly K, meaning
that we have total utility B - K. Note that any allocation will have at most
Dicrsi+B-K—3 ;s = B-K total utility (with equality if and only if
the allocation is complete). So this allocation is complete and moreover assigns
precisely K utility to every agent (if there was an agent with K + 1 utility, the
total sum would be larger than B - K). Now define I; = w(j) NI for each bin
je{l,..., K}, then we have that Zielj Si < X pen(y) (0) < K, so this indeed
forms a valid bin packing. O

Theorem 4.9. Nsw for additive languages with preferences encoded in unary
is NP-complete, even if all agents have the same preferences.

Proof. To show NP-hardness, we reduce from the same NP-complete problem
UNARY BIN PACKING. Given an input instance (I, (s; | i € I), B, K), we use the
same map f as defined in the proof of Theorem to construct fair division
problem F = f({I,(s; | i € I), B, K)).

We already know by Theorem [£.8 that we can partition the items in K partitions
without exceeding B if and only if F' has an allocation with egalitarian welfare
B. We now claim that an allocation 7 of F' has egalitarian welfare at least B if
and only if 7 has Nash welfare at least BINI.

First of all, suppose that F' has an allocation 7 with egalitarian welfare at
least B. Then for all agents ¢ € N it holds that u;(w(¢)) > B, meaning that
NSW(r) = [y wi(m(i)) > BINI,

For the converse, suppose that F' has an allocation 7 with Nash welfare at least
BINI. Note that for any allocation 7’ of F it holds that USW(z’) < B - K (with
equality happening precisely if the allocation is complete), so this also holds for
allocation 7. From this, we can conclude the following:

SYNSWE) = | T ealr@)) <0 Zie]\];\tfi'(ﬂ(i)) _ USIVZ\\;I(W) < BI-(K 3
iEN

where () holds because of the inequality of arithmetic and geometric mean. (x)
is an equality if and only if ¢, j € N implies that u,;(7(¢)) = u;(7(5)).
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But by our assumption "/NSW(7w) = B, so this must mean that () is an
equality. This implies that for any two agents ¢, € N it holds that u;(7(i)) =
uj(m(4)), so all agents have the same utility and this utility is equal to B. Hence,
ESW(r) = B. O

Theorem 4.10. EEF EXISTENCE for additive languages with preferences encoded
in unary is NP-complete, even if all agents have the same preferences.

Proof. We again use the same reduction f as in the proof of Theorem [1.8] We
know for this reduction that F' has an allocation with egalitarian welfare B if
and only if it is possible to partition the items in K partitions without exceeding
capacity B. We now claim furthermore that that an allocation 7 has egalitarian
welfare B if and only if 7 is envy-free and Pareto efficient.

To see this, suppose first of all that 7 is an allocation with egalitarian welfare
B. Since the total utility possible is at most B - K, this must mean that every
agent receives exactly B utility and that the allocation is complete. Because
every agent has the exact same utility function and they all receive the same
utility, no agent envies another agent. Moreover, since the allocation is complete
and all agents assign the same utilities to all items, it is impossible to increase
the utility of an agent without decreasing the utility of another agent. Hence, 7
is also Pareto efficient.

Conversely, suppose that 7 is an allocation that is envy-free and Pareto efficient.
First of all, the allocation must be complete, for if not we could construct an
allocation 7’ where we assign an unallocated item to some agent 7, which strictly
increases the utility of agent ¢ while keeping the utility of the other agents the
same. Then 7’ would Pareto dominate 7, contradicting that 7 is Pareto efficient.
Hence, the sum of all utilities must be exactly B - K.

Secondly, every agent must receive the exact same utility. Suppose not, then
some agent ¢ receives a bundle such that u;(7(3)) > w;(7(j)) for another agent j.
But since every agent has the same utility function u,;(7(¢)) = u;(7(j)), which
would mean that agent j envies i’s bundle. Combined with the fact that all
utilities must sum to B - K, it must be the case that all agents have utility
exactly B, meaning that ESW(r) = K. O

4.3 Binary-valued preferences

Since even additive languages encoded in unary are NP-hard for egalitarian
welfare, Nash welfare and envy-freeness, we need to look at a further restriction.
To this end, we restrict ourselves to binary-valued preferences: instead of allowing
an agent to specify an arbitrary positive utility value for every item, the agent
can only choose either 0 or 1 as value for an item.

Definition 4.11 (Binary-valued preferences). An expression in the additive
language w = (uq, ..., uy) has binary-valued preferences if for all agents i € N
and all items o € O it is the case that u;(0) € {0,1}.

Note that this is a different kind of restriction than the unary encoding that we
discussed in the previous section. The unary restriction still allows agents to
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specify any utility value for an item, but the value should be encoded in unary,
meaning that the utility value is bounded by a polynomial of the input size.
On the other hand, with binary-valued preferences the only two utility values
that an agent can specify for an item are 0 and 1. So this is a much greater
restriction.

Under this extra restriction, the problem now becomes polynomial-time solvable
for egalitarian social welfare, as is also shown by Golovin (2005). Since the proof
of this statement is omitted in Golovin (2005)) and for the sake of completeness,
we include the proof here.

Theorem 4.12. MAX ESW for the binary-valued additive language is computable
in polynomial time.

Proof sketch. We reduce this problem to a maximum flow instance. We first solve
a slightly different problem: given an integer k, does there exist an allocation
with ESW greater or equal than k7 If we have an efficient algorithm for this
problem, we can also solve the original problem of finding an allocation with
optimal ESW by performing a binary search on k.

We construct the following graph with capacities. We define a source node s,
a sink node ¢, a node v, for every item o € O and a node v; for every agent
i € N. We add edges from s to every item node v, with capacity 1 and edges
from every agent node v; to t with capacity k. Lastly, we add an edge between
any item node v, and agent node v; if and only if agent ¢ assigns utility 1 to
item o. Formally, G = (V, E) with:

V={sttU{v,|oe OYyU{v; |ie N}
E={((s,v0),1) [ 0 € Oy U{((vi, 1), k) [t € N} U{({vo,vi),1) | ui(0) = 1}

Vo, Ty U1
1 1. \ k
Voy il g U2
A
1 1 k
S —CL X R R { Vg — ¢
1
1 1. k
1 s
Vo,, > Un

Figure 4.1: The max flow graph G as described in the proof of Theorem [4.12
Note that a dotted edge between a node v,; and v; exists if and only if ui(oj) =1.

This graph is also illustrated in Figure G has a maximum flow of size n - k
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if and only if there exists an allocation 7 with ESW(7) > k. Using for example
the Ford-Fulkerson algorithm, we can check for this in polynomial time. O

Regarding Nash welfare, it turns out that finding an optimal solution for the
binary-valued additive language is also possible in polynomial time.

Theorem 4.13 (Darmann and Schauer (2015) and Barman et al. (2018)). MAX
Nsw for the binary-valued additive language is computable in polynomial time.

Darmann and Schauer (2015) present an algorithm for this approach that relies
on a minimum cost flow. Barman et al. (2018)) on the other hand provide a
greedy algorithm that works by iteratively finding augmenting paths to find an
allocation that improves the current Nash welfare.

Aziz and Rey (2020) and Halpern et al. (2020) later found that in the binary-
valued additive case, Nash-optimal and leximin-optimal solutions coincide.

Theorem 4.14 (Aziz and Rey (2020) and Halpern et al. (2020)). In the binary-
valued additive language, an allocation has maximum Nash welfare if and only
if that allocation is leximin-optimal.

In Chapter [7] we will present an algorithm for finding optimal leximin and Nash
welfare for a generalization of the binary-valued additive language in more detail
and prove its correctness. In addition, we investigate and prove the link between
leximin and Nash welfare for a more general setting.

Lastly, envy-freeness however remains NP-hard even when restricted to binary-
valued additive preferences, as is shown by Bouveret and Lang (2008).

Theorem 4.15 (Bouveret and Lang, [2008). EEF EXISTENCE with binary-valued
additive preferences is NP-complete.
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Chapter 5

The weighted bids language

5.1 Definitions

In the previous chapter, we have looked at the additive language. This language
however does not allow you to express utility relations between objects, such as
specifying that two goods are complementary or mutually exclusive.

A natural way to express these kind of preferences is using weighted bids. A
bid consists of a subset of the items O and an integer representing the weight.
Each agent can specify multiple bids. There are two ways to define the utility
of a bundle given these bids: conjunctively or disjunctively. With conjunctive
weighted bids, an agent receives the utility ©’ belonging to a bid B’ if his bundle
contains all items in B’. With disjunctive weighted bids on the other hand, an
agent receives utility «’ of a bid B’ if his bundle contains at least one item in B’.

More formally, we can define conjunctive weighted bids in the following way:

Definition 5.1 (Conjunctive weighted bids). An expression in the conjunctive
weighted bids language consists of a vector B = (By,...,B,), where each
B; ={(Bi1,%i1),---,(Bir, uir)} represents the bids of agent ¢ with B; ; C O
and Ui j € N.

Definition 5.2 (Utility of conjunctive weighted bids). Given an expression in
the conjunctive weighted bids language B, we define the utility of an agent ¢
given a bundle S C O as follows:

’LLZ(S) = Z ui,j

(Bi,j,ui,j)€B;
s.t. B;j C S

We will now give an example of how we can specify complementary preferences —
items becoming worth more when combined — using conjunctive weighted bids.

Example 5.3 (Complementary preferences). Suppose we have three items
01, 09,03, where 01 and 09 are worth 2 utility separately and os is worth 1 utility
separately. We want to specify furthermore that if we are assigned all three of
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them, we obtain 10 extra utility. So the three items together are worth more
than they are separately. We would express this with the bids

B; = {({01}7 2)’ ({02}7 2)v ({03}’ l)a ({01702703}7 10)}

Following Definition this would yield us the following utilities for this agent:

u;(0) =0 u;({o1,02}) =4
ui({o1}) =2 ui({o1,03}) =3
ui({o2}) =2 ui({o2,03}) =3
u;({os}) =1 u;({o1,09,03}) =15

A

For disjunctive bids, we use the same representation as for conjunctive bids. So
Definition [5.1] is identical to Definition [5.4] The difference is in the utility of
a bundle: when does the weight of a bid contribute to the utility of a bundle?
This leads to the following definitions:

Definition 5.4 (Disjunctive weighted bids). An expression in the disjunctive
weighted bids language consists of a vector B = (By,...,B,), where each
B, ={(Bi1,ui1),...,(Bir,uir)} represents the bids of agent ¢ with B; ; C O
and u;, € N.

Definition 5.5 (Utility of disjunctive weighted bids). Given an expression in
the disjunctive weighted bids language B, we define the utility of an agent ¢
given a bundle S C O as follows:

ui(S) = > Ui j

(Bi,j,ui,;)EB;
s.t. Bi,j NS #0

Disjunctive bids make it easy to express mutually exclusive preferences — i.e.,
goods that are worth less than they are individually when multiple of them are
assigned to the same agent.

Example 5.6 (Mutually exclusive preferences). Consider the scenario of event
tickets. There are two different events that you would like to go to. If you can
go to event A, you experience a utility of 5, while going to event B gives you
utility 10. There are three different tickets possible: o,, a ticket for event A, o,
a ticket for event B, or o., a combination ticket for both events. Having more
than one ticket for an event does not yield you any extra utility.

We can express these kind of preferences using the following bids:
B; = {({Oa’ 00}7 5)a <{Obv 00}7 10)}}

Following Definition [5.5] we would then get the following utilities:

uw;(0) =0 u;({0a,0p}) = 15
u;({oa}) =5 u;({04,0c}) =5
u;({op}) =10 u;({op,0.}) = 10
u;({o.}) =15 u;({0q,0p,0:}) = 15
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Now that we have some intuition in what kind of preferences we can represent
using disjunctive and conjunctive weighted bids, we will look into the computa-
tional complexity of computing allocation elected by solution concepts for these
languages.

In Section [5.2] we investigate the complexity of this for conjunctive weighted
bids. For envy-freeness, Nash welfare and egalitarian welfare, this will turn out
to be intractable already for the unweighted variant. For utilitarian welfare, we
first of all discuss the similarities with combinatorial auctions and subsequently
we find a close connection between maximizing utilitarian welfare and finding
the maximum weighted independent set of a graph.

In Section [5.3] we take a closer look at the complexity results of disjunctive
weighted bids. In particular, we will see that a very limited model of these types
of bids is already intractable.

5.2 Conjunctive weighted bids

The complexity of finding an allocation elected by a solution concept depends
on the specific solution concept used. As we have seen in the previous chapter,
Nash welfare, egalitarian welfare and envy-freeness were already NP-hard for
the additive language. This unfortunately makes the same problem intractable
for conjunctive weighted bids languages as well, as we will show in Section [5.2.1]
We study the complexity properties of utilitarian welfare separately in Section
0.2.2

5.2.1 ESW and NSW

As we have shown in Section finding an optimal allocation with respect to
Nash welfare or egalitarian welfare for the additive language is NP-hard. We can
express the additive language using conjunctive weighted bids. Given a function
u; : O — N representing the utility of every item, we simply create a singleton
bid for every item. That is, B; = {({o}, u;(0)) | 0 € O}.

This already shows that computing allocations elected by these solution concepts
must be NP-hard for conjunctive weighted bids as well. However, this might just
be due to the fact that we allow weights for our bids. Therefore, it is interesting
to analyze whether the problem remains NP-hard for unweighted conjunctive
bids, as we cannot reduce the additive language to this in the same way.

We will show that even with unweighted bids, we are able to express additive
preferences in this language, albeit only additive preferences where the utilities
are encoded in unary. We can then use this to show that the solution concepts
ESW and NSW are NP-hard, since the unary-encoded additive language is
already NP-hard for these solution concepts.

Theorem 5.7. Let F' be a fair division problem in the additive language where
the utilities are encoded in unary. Then there exists an equivalent fair division
problem F” in the conjunctive weighted bids language where all weights are
equal to 1.

That is, for any k € N, F has an allocation 7 with u;(7 (7)) > k; for all agents
i € N if and only if F’ has an allocation 7" with u;(7'(z)) > k; for all i € N.
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Proof. Let F = (N,O,u) be an expression in the additive language where the
utilities are encoded in unary. We convert this into a conjunctive weighted bids
language expression with weights 1 by adding, for every object o’ € @ and every
agent ¢ € N, u;(0’) extra dummy items o, ; ;. Since all utilities are encoded in
unary, we will still have a polynomial number of items in O'.

For every dummy item, we create a bid ({0, 00 ,,;},1). The idea is that every
agent has his own dummy items, so we can assign all dummy items always to
the respective agents. This means that if an item o’ is assigned to an agent, we
have also satisfied all ({0, 0 ;,;}, 1) bids, so we have u,(0’) satisfied bids in total
yielding wu;(o") utility together. But we cannot satisfy any of the bids without
receiving item o', so the agent receives 0 utility in case he does not get assigned o'.
More formally, we construct a fair division problem in the conjunctive weighted
bids language F’ = (N’,0’, B') with

N’ =N,
O'=0U |J Hooi;l1<i<ui(o)},

o’'€0,ieN

Bi=) U {({dorighD}

o' €0 0<j<u; (o)

Let £ € N". We claim that F' has an allocation 7 such that each agent i € N
has u;(w(i)) > k; if and only if F’ has an allocation 7" such that each agent
i € N has u;(7'(7)) > k.

Suppose that F' has an allocation 7 such that each agent i € N has u,;(m(i)) > k;.
We then define an allocation 7’ for F” with 7/ (i) = 7 (i) U{o ;,; € O" | o' € w(i)}.
It can be checked that indeed each agent ¢ then also has utility at least k; in F”’.

Conversely, suppose that F’ has an allocation 7" with u;(7'(:)) > k; for each
i € N. We define allocation 7 for F' with 7(i) = ' (i) N O. To see that allocation
7 has at least as much utility as 7’ for an agent ¢ € N, consider any object
o€ O. If o ¢ 7'(i), then none of the bids ({0’,00,,;},1) are satisfied. If
however o' € 7'(i), note that the number of bids of the form ({o’, 00 ;;},1)
that are satisfied is at most u;(0’), yielding a total utility of u;(0") in F’. But
o' € w(i) means that we also receive utility u;(0’) in F'. Hence, the utility of
agent i according to 7 is at least as high as according to 7/, meaning that

Corollary 5.8. EsSw and NSW for conjunctive weighted bids are NP-complete,
even if the agents’ preferences are identical and all weights are 1.

Proof. By Theorems [£.§ and [£.9] Esw and Nsw are NP-hard for the unary
additive language where each agent has identical preferences.

Let F be a unary additive fair division problem with identical preferences. By
Theorem we can encode F' into a conjunctive weighted bids problem with
weights 1 and identical preferences F’. F’ then has an allocation where all agents
1 have utility larger or equal than k; if and only if F' has an allocation where
all agents i have utility larger or equal than k;. So, F' has an allocation m with
ESW(7) > z if and only if F’ has an allocation 7’ with ESW(7') > z.
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Hence, we can solve the problem of checking whether, given a unary additive
fair division problem with identical preferences, there exists an allocation with
egalitarian welfare larger or equal than k efficiently if we can solve ESw for
conjunctive weighted bids with weights 1 and identical preferences efficiently,
implying that this problem is also NP-hard.

Very similarly, we can prove NP-hardness for Nsw. F' has an allocation 7 with
NSW(7) > z precisely when F’ has an allocation 7/ with NSW(n’) > z. Thus,
if we can solve NSW for conjunctive weighted bids with weights 1 and identical
preferences efficiently, we can also use this to solve NSW for the unary additive
language with identical preferences. O

5.2.2 USW

The problem of optimizing utilitarian welfare for conjunctive weighted bids
is closely related to two other well-studied problems: winner determination in
combinatorial auctions and the weighted independent set problem. In this section,
we will study the relation between these problems and Usw for conjunctive
weighted bids more closely and utilize this to obtain complexity results for the
USW problem.

5.2.2.1 Link with combinatorial auctions

When optimizing for utilitarian welfare, the conjunctive weighted bids language
is closely related to the winner determination problem in combinatorial auctions.
In this section, we take a closer look at the similarities and differences of these
two concepts. We follow the definitions from Cramton et al. (2004).

Definition 5.9 (Combinatorial auctions). A combinatorial auction consists of
a tuple (N, G,v), where

— N ={1,...,n} is the set of agents;

- G ={1,...,m} is the set of items;

~ v = (v1,...,v,) are the valuation functions of each agent with v; : 2¢ — N.

The idea is that an agent can submit bids by reporting a valuation function
representing for each combination of items the price he is willing to pay for
receiving those items. After all agents have submitted their bids, the auctioneer
then chooses an allocation such that his total revenue is maximized. We call
the problem of determining the optimal outcome, given a combinatorial auction
instance and the agents’ valuations, the winner determination problem.

Definition 5.10 (Winner determination). The winner determination problem
finds an allocation 7* for which it holds that

7 = argmax Z v;(m(4)),
T ieN
where 7 ranges over all possible allocations.

Note that the setting of combinatorial auctions is almost identical to the setting
of fair division problems (compare with how we defined a fair division problem in
Definition [2.1]). The difference is mostly in which part we are trying to optimize.
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In fair division problems, the objective is to find an allocation such that the
utility is fairly divided among the agents. In combinatorial auctions on the other
hand, we are only interested in maximizing the revenue of the auctioneer and
we do not need to take fairness into account.

However, if we are concerned with finding an allocation optimizing utilitarian
welfare in a fair division problem, this problem becomes the same as the winner
determination problem. Results from the combinatorial auction literature can
thus also be relevant for optimizing utilitarian welfare in fair division settings.

Since expressing a valuation function v; : 2¢ — N explicitly would require expo-
nential size, bidding languages are used in combinatorial auctions to represent
preferences more compactly. Representation languages for valuation functions
for combinatorial auctions are usually defined using atomic bids combined by
XOR and OR constructs. Following Nisan (2000), this leads to these definitions:

Definition 5.11 (Atomic bids). An agent specifies an atomic bid (S, p), with
p € N indicating the price the agent is willing to pay for the items S C G. The
valuation function v(g p) of this atomic bid for a given bundle 7" is then defined

as
p if SCT,
T =
v(s.p) (T) {0 otherwise.

Definition 5.12 (OR/XOR formulas). Let v,u : 2¢ — N be valuation functions.
Given a bundle T, we define valuation functions (v XOR u) and (v OR u) as

(v XOR u)(T) = max(v(T),u(T)),
(v OR u)(T) = max v(R) + u(S).

)

s.t. RNS=0

An atomic bid (S, p) simply indicates that an agent is willing to pay a price p
as long as he receives all items in S. We can combine these atomic bids using
OR and XOR operators. The XOR operator expresses that an agent can obtain
at most one of the bids. The OR operator on the other hand indicates that an
agent can obtain multiple bids for the sum of their respective prices, as long
as the bids are disjoint. Thus, any two bids with overlap in the items cannot
simultaneously be satisfied.

Example 5.13. Suppose we are given valuation functions u and v with

v = ({a},3) XOR ({b},4) XOR ({a,b},5),
u = ({a},3) OR ({b},4) OR ({a,b},5).

In the XOR case, we can only satisfy at most one bid, so v({a,b}) = 5 (the
third bid is satisfied). In the OR case, we can satisfy multiple bids, but they
must be disjoint. This means that we can either satisfy both the first and
second bid (giving a value of 7), or just the third bid (giving a value of 5). So
u({a,b}) =T7. A

Based on these operators, we can define representation languages. The following
two languages have similarities to the conjunctive weighted bids language.
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Definition 5.14 (XOR bids). An agent ¢ can specify any number of atomic
bids, combining them by XOR operators. In other words, his valuation function
v; 18 of the form

V; = (Slapl) XOR (Sg,pg) XOR ... XOR (Sr,pr).

Definition 5.15 (OR bids). An agent ¢ can specify any number of atomic bids,
combining them by OR operators. In other words, his valuation function v; is of
the form

V; = (517]91) OR (Sg,pg) OR ... OR (Srapr)'

If we compare these two languages with the conjunctive weighted bid language
as defined in this chapter (see Definition and Definition , we do find
that the languages are slightly different. The XOR bids language differs in the
sense that at most one bid can be accepted per agent, while in the conjunctive
weighted bids language multiple bids per agent can be accepted. The OR bids
language on the other hand does allow multiple bids per agent to be accepted,
but still differs from the conjunctive weighted bids language, since there can
be no overlap between the accepted bids. We illustrate this with the following
example.

Example 5.16. Suppose an agent ¢ has specified the bids ({a, b},5), ({b, c}, 10)
and ({¢,d},12). According to the XOR bids language, the valuation function
would correspond to

v xor = ({a,b},5) XOR ({b, c},10) XOR ({¢,d}, 12).

At most one bid of the agent can be accepted, so v; xor({a,b,c,d}) = 12.

In the OR bids language, we would have the following valuation:
vior = ({a,b},5) OR ({b,¢},10) OR ({c,d}, 12)

Here, the agent could be assigned both the {a,b} and the {c,d} bid, but not
also the {b, ¢}, since there may not be any overlap in the accepted bids. So the
total price he would be willing to pay for everything is v; or({a,b,¢,d}) = 17.

Lastly, in the conjunctive weighted bids language, his preferences would be

expressed as
B; = {({av b}v 5)a ({bv 0}7 10)7 ({Cv d}v 12)}'

In this language, it is allowed for bids to contain overlap, meaning that all bids
can be accepted if the agent gets assigned {a, b, c,d}. Hence, his total utility
according would then be u;({a, b, c,d}) = 27. A

5.2.2.2 Link with weighted independent set

In this section, we show that there is a close intuitive connection between finding
the maximum USW in a conjunctive weighted bids fair allocation problem
and finding the maximum weighted independent set of a graph. Because this
problem is NP-hard, this will show that finding maximum USW in this scenario
is intractable as well. The weighted independent set decision problem is given as
follows:
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WEIGHTED INDEPENDENT SET

Input: An undirected graph G = (V, E) plus a weight for every vertex
w :V — N and a number k.

Question: Does there exist an independent set V' C V — i.e., a set
of nodes where {v,w} € E implies v ¢ V' or w ¢ V' — such that

ZUEV’ ’UJ(’U) > k?

In order to show the connection between these two problems, we first need to
introduce a new concept called a bid graph. This is a graph that represents the
different bids that the agents specify and their compatibility.

Definition 5.17 (Bid graph). Given a fair division problem in the conjunctive
weighted bids language F' = (N, O, B), we define the bid graph of F as Gp =
(V, E) with weights w : V' — N in the following way:

V= {(Bi_’j,uiyj,i) | i€ N and (Biﬁj,um-) S Bz}
E = {{(Bi;,ui,;,4), (Birjr,u,j,i")} | i # 1" and By ; N By jr # 0}

w((Bij,uij,1)) = uij

Intuitively, this bid graph has a vertex for every bid that an agent specifies.
Regarding the edges, we connect two vertices if their bids belong to different
agents and contain some overlap in the items. The idea is that two bids are
connected by an edge if they cannot both be satisfied. This is the case if the
bids overlap in the items they contain and belong to different agents. Finally,
every vertex gets the weight of the utility of the bid it represents.

Example 5.18. Consider a fair division problem in the conjunctive weighted
bids language with three agents N = {1, 2,3} and three items O = {01, 02,03}.
The agents’ bids are as follows:

By = {({01702}’2)? ({02703}?3)}
By = {({01}7 1)7 ({03}7 1)7 {02703}7 1)}
Bs = {({02},4)}

The bid graph corresponding to these preferences is then the following:

{01702} 2 1 {02,03} 3 1
/ W ({02},4,3)
{01} 1 2 {03} ]. 2 {02,03} 1 2

AN

We claim that there is a close correspondence between the maximum utilitarian
welfare in a fair division problem and finding the maximum weighted independent
set in the corresponding bid graph.
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Lemma 5.19. A weighted bids fair division problem F' has an allocation with
utilitarian welfare k if and only if bid graph G has a weighted independent set
with sum of weights k.

Proof. (=) Suppose G has a weighted independent set with sum of weights k.
This means that there exists V' C V with ), w(v) = k. We now define an
allocation m where we allocate exactly those bids to the agents. Thus,

7T(7,) = U Bi/,j/.
(Bilﬁj/,uilﬁj/,i/)evl
s.t. i=1'

We never assign an item to multiple different agents. This is because for any two
different bids (of different agents) that are incompatible — i.e., contain overlap
in the items — there exists an edge in Gr. As V' is an independent set of this
graph, only one of these two bids can be in V',

Furthermore, we have by construction that
ui(m(i)) = > s .

-/ ’
(Bz",j’ T )EV
Y
s.t. i=1

Hence,

USW(’]T) = E E Uyt 57 = E Uqr 1 = E w(v) =
i'eEN (B oWt j/,i/)ev’ (Bi/,]-/,ui/,]-/,i’)ev/ veV’
s.t. i=4

as desired.
(«<=) Suppose 7 is an allocation for fair division problem (N, O, B) with USW (7) =
Y ien wi(m(i)) = k. We define

V' = {(Bm,ui_,j,i) eV | Bi,j - 71'(1)}
We claim first of all that V” is an independent set of G. Suppose (B; ;, u; ;,¢) and
(Bir jr, uir jr,i") are connected by an edge in G, then i # i’ and B; ;N By j» # 0. If

both were in V’, then B; ; C m(i) and By ; C 7(¢'), implying that 7 (i) N (i") # 0.
This is in contradiction with the definition of an allocation.

Secondly, we have that

uz(ﬂ(z)) = Z U4,5 = Z W 57

(B,-,j,ui,j)eri (Bi/hj/,ui/’j/,i’)ev/
s.t. By ; C (i) s.t. =i
Hence,
g w(v) = g Ui = E ui(mw(i)) = k.
veV’ (Bi,j,uiyj,i)ev’ 1€EN

O

We can now use the correspondence that we proved in Lemma [5.19] to reduce
these two problems to each other.
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Theorem 5.20. USW <;,, WEIGHTED INDEPENDENT SET

Proof. Let F = (N, O, B) be a conjunctive weighted bids fair division problem.
Suppose we want to decide whether there exists an allocation with a utilitarian
welfare of k.

Given F', we construct the bid graph G as in Definition This can be done
in polynomial time, since we can simply find the edges by looping over all pairs
of bids and checking whether they have overlap in their items.

Because of Lemma [5.19] F has an allocation with utilitarian welfare & if and
only if GF has a weighted independent set of k. O

Theorem 5.21. WEIGHTED INDEPENDENT SET <, USW

Proof. For this reduction, we make use of an idea from the hardness proof
in Loker and Larson (2010) (more specifically Proposition 3.0.5), where they
consider a similar but slightly different representation language for combinatorial
auctions.

Suppose that we are given a graph G = (V, E) and a weight function w : V" — N.
We construct the following fair division problem F' = (N,O, B). The idea is
that we create an agent for every vertex in the graph and an item for every edge
in the graph. Each agent then has a single bid containing the edges connected
to the vertex of that agent.

We let N =V, O = FE and define for each v € V(= N) a single bid
By = {(N(v), w(v))},

where N(v) = {e € E' | v € e} are the edges incident to v.

We claim that this fair division problem F' contains an allocation with USW £k if
and only if G has a weighted independent set with sum of weights k. We do this
by proving that the bid graph Gy of this fair division problem is isomorphic to
G. Combining this with the correspondence in Lemma [5.19] this then proves
our claim.

Let G = (V, E) be the original graph and Gp = (V, EF) be the bid graph
of F as defined in Definition Following this definition we have that
Ve = {(N(v),w(v),v) | v € V}. For our isomorphism, we define f: V — Vg by
fw) = (NW),w(v),v). It is easy to see that this map is a bijection.

Now suppose that edge {v1,v2} € E. This means that {vi,v2} € N(v;) and
{v1,v2} € N(v2) and thus N(vy) N N(ve) # () with v; # ve. This again implies
by definition that {f(v1), f(v2)} = {(N(v1),w(v1),v1), N(v2), w(va),v2} € EF.

Conversely, suppose that { f(vy1), f(v2)} = {(N(v1),w(v1),v1), N(ve),w(vs),v2} €
Er. Then we must have that v; # ve and N(v1) N N(vg) # (. The only way

for this to occur is if {v1,v2} € N(v1) N N(v2), so we have that {v1,v2} € E.
Hence, f is indeed an isomorphism.

So given a graph G we construct fair division problem F'. Because of Lemma
F has an allocation with utilitarian welfare k if and only if G has a
weighted independent set of sum k. As we have shown that G is isomorphic with
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G, this again is the case if and only if G has a weighted independent set of
sum k, which concludes our proof. O

Note that Theorem [5.20] is technically not needed if we have already proved
Theorem [5.21] Combining Theorem [5.20] with the fact that WEIGHTED INDEPEN-
DENT SET is NP-hard, we can conclude that Usw is NP-hard, meaning that every
problem in NP can be reduced to usw. Now, because WEIGHTED INDEPENDENT
SET is also in NP, this means that there must exist a polynomial-time reduction
from USW to WEIGHTED INDEPENDENT SET.

However, the reason we proved Theorem [5.20] separately is that it becomes
apparent from the proof of this theorem that there actually is an intuitive and
easy to understand reduction between these two problems.

Corollary 5.22. usw for conjunctive weighted bids is computationally equiva-
lent under polynomial time reductions to WEIGHTED INDEPENDENT SET

This correspondence also allows us to show that maximizing utilitarian welfare
for conjunctive weighted bids is intractable.

Corollary 5.23. usw for conjunctive weighted bids is NP-complete, even if all
weights are equal to 1.

Proof. INDEPENDENT SET (the unweighted variant of WEIGHTED INDEPENDENT
SET, i.e., all weights are 1) is known to be NP-hard (Gary and Johnson, 1979,
p. 194). Theorem gives us a polynomial-time reduction to transform any
weighted independent set problem of a graph G into a conjunctive weighted bids
fair division problem F.

Note that this reduction is such that if all weights of G are 1, then all of the
conjunctive bids in F' also have weight 1. Hence, USw for conjunctive weighted
bids with all weights equal to 1 is NP-hard. O

5.2.2.3 Restricting the number of agents

As shown in the previous section, the general problem of maximizing utilitarian
welfare is intractable. However, in the reduction of Theorem [5.21] the number of
agents scales linearly with the number of vertices of the graph we want to find a
weighted independent set in. Perhaps the problem becomes easier to solve if we
have a restricted number of agents. Our first result shows that this is indeed the
case for the scenario of exactly two agents.

Theorem 5.24. MAX USW for the conjunctive weighted bids language with two
agents can be solved in polynomial time.

Proof. First of all, because of Lemma [5.19] in order to find the maximum
utilitarian social welfare of a fair division problem F' = (N, O, B), it suffices to
construct the bid graph G as defined in Definition [5.17] and find the maximum
weighted independent set of this graph.

In general, finding the maximum weighted independent set of a graph is NP-
complete. However, we will show that in the case of two agents, G is a bipartite
graph. For these classes of graphs it is possible to find the maximum weighted
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independent set in polynomial time, so this allows us to construct a polynomial
algorithm to find the maximum utilitarian welfare (Zhang et al., 2018; Kumar,
2003)).

What is left to prove is that G is bipartite. If we call the two agents i; and is,
then Vi, :=={(Bij,ui;) € V|i=1i1} and V,, .= {(B; j,ui ;) € V | i =iz} form
a partition of the graph. Moreover, there are no edges between vertices in V;,
(and similarly for V;,), since there can only be an edge between two vertices in
the bid graph if the bids are from different agents. Thus, G is bipartite. O

Thus, for two agents, calculating the maximum utilitarian welfare is possible in
polynomial time. This of course raises the question of whether we can generalize
this any further. Is it also possible to solve this fair division problem for a higher
number of agents n if we keep n fixed? As the following result will show us, this
is not the case. Starting from n = 3, the USw decision problem already becomes
intractable.

Theorem 5.25. When the number of agents is fixed to three (n = 3), usw for
the conjunctive weighted bids language is NP-complete.

To prove this theorem, we will reduce from the following problem.

INDEPENDENT SET BOUNDED DEGREE 3

Input: An undirected graph G = (V| E) such that every node has
degree at most 3 —i.e., [N(v)| < 3 - and an integer k.

Question: Does there exist an independent set V' C V —i.e., a set
of nodes such that {v,w} € FE implies v ¢ V' or w ¢ V' — of size at
least k7

The decision problem INDEPENDENT SET BOUNDED DEGREE 3 is known to be
NP-complete (Garey et al., 1976)|H Before we can reduce this problem to Usw
with n = 3, we first need the following graph-theoretic result.

Lemma 5.26. If G is a graph of bounded degree 3, then either we can find a
3-coloring of G or a maximum independent set of GG in polynomial time.

Proof. Let G be a graph with bounded degree 3. We make use of the following
theorem from the literature.

Theorem 5.27 (Brooks (1941)). For any graph G with degree A, there exists
a A-coloring unless G is a complete graph or an odd cycle graph.

The proof of this theorem also gives us a polynomial-time procedure to find this
A-coloring in case it exists (see also Zajac, 2018| for a linear time algorithm).
So we can conclude from this theorem that if G is not an odd cycle graph or a
complete graph, then we can find a 3-coloring in polynomial time.

Suppose that G is an odd cycle graph. We can also find a 3-coloring in this case.
Assume that the nodes are in the order of the cycle vy, ve,. .., va,4+1. We color
every node v; with i even blue and every node v; with 7 odd red, except for the

lGarey et al. (1976) show that the vertex cover problem with bounded degree 3 is NP-
complete. It is however very easy to reduce the vertex cover to the independent set problem
by taking the same graph G and setting k¥’ := |V| — k.
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last node vg,+1. Neighbor v; is colored red and neighbor vy, blue, so we color
Von4+1 green. This defines a valid 3-coloring.

Finally, consider the case where G is a complete graph. If G is a complete graph
with 3 or fewer nodes, it is easy to see that we can find a 3-coloring in polynomial
time. The only other complete graph where every node has bounded degree 3 is
the complete graph with 4 nodes. In this case, there is no 3-coloring possible.
However, the only independent sets of this graph are the four sets consisting
of a single node, so it is easy to compute a maximum independent set in this
case. O

Now we are ready to define the reduction and prove its correctness.

Proof of Theorem[5.25. Let G be a graph with bounded degree 3 and k an
integer. We want to construct a fair division problem F' in the conjunctive bids
language with n = 3 such that F' has an allocation with utilitarian welfare £ if
and only if G has an independent set of size k. If we have such a construction,
then we can solve an instance of INDEPENDENT SET BOUNDED DEGREE 3 using
an algorithm to solve USW for conjunctive weighted bids and 3 agents, meaning
that this problem is NP-hard.

Our reduction works in the following way. Given a graph G = (V, E) with
bounded degree 3 and integer k, we apply Lemma [5.26] Then, either we have
found a 3-coloring of G or we have found the maximum independent set of G.
In the latter case, we are already done.

So assume we have a 3-coloring of G and let ¢ : V' — {1, 2,3} be the mapping of
nodes to their respective color. Now split the nodes in three partitions depending
on their color Vi, Vs, V3 —i.e., for every v € V, v € V,(;). For any two nodes
v,v" € V; for i € {1,2,3} we have that {v,v'} ¢ E. We now define the following
fair division problem F = (N, O, B):

N =1{1,2,3}
O=E
By, = {(N(v),1) | v € V;} for i € {1,2,3}

We claim that the bid graph G is isomorphic to G. To show this, consider
the map f:V — Vg with f(v) = (N(v),1,¢(v)). It is clear that this map is a
bijection.

To show that this map is an isomorphism, let {v,v'} € E. Because two nodes
of the same color cannot be connected, we must have that c¢(v) # c(v'). As
{v,v'} € E, we have that both {v,v'} € N(v) and {v,v'} € N(v’), which shows
that N(v) NN (v') # 0. Hence, (f(v), f(v")) = (N(v),1,c(v)), (N(v'),1,¢(v")) €
Er.

Conversely, suppose that (f(v), f(v)) = (N(v),1,¢(v)), (N(v'),1,¢(v")) € Ep.
Then this implies that N(v) N N(v') # 0, which can only be the case if {v,v'} €
N(v) N N(v"). Hence, {v,v'} € E. So f is indeed an isomorphism.

This means that to find out whether G has an independent set of size k, it
suffices to check whether G has an independent set of size k. By Lemma [5.19]
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this is the case precisely when F' contains an allocation with utilitarian welfare
k. This concludes the proof of the reduction. O

Corollary 5.28. Let n be the number of agents. For any fixed n > 3, usw for
the conjunctive weighted bids language is NP-complete.

5.3 Disjunctive weighted bids

Disjunctive bids are easier to satisfy than conjunctive bids. With conjunctive
bids, all items of the bid need to be assigned to the agent for the bid to become
satisfied, while with disjunctive bids, a bid is already satisfied if at least one of
the items of the bid is inside the agents’ bundle.

We can ask ourselves the same questions about the computational complexity of
computing optimal solutions as we did for conjunctive bids. However, it turns
out that for all solution concepts (Usw, ESW, NSW) we consider, finding the
allocation elected by this solution concept is NP-hard, even in a very restricted
setting already.

To show, this we will first introduce an auxiliary decision problem OPT EXISTENCE.
A disjunctive weighted bids problem (N, O, B) is in this set if there exists an
allocation such that all bids are satisfied for every agent. More formally,

OPT EXISTENCE = {(N, O, B) | 37 such that u;(7(i)) = Z wi Vi € NV,
(Bi,j,ui,;)EB;

We will first of all prove that this decision problem is already NP-hard, even in
the unweighted case with just two agents and identical bids. Secondly, we show
that we can decide OPT EXISTENCE efliciently given an algorithm for Usw, ESW,
NSW or EEF, which proves NP-hardness for these problems as well.

Lemma 5.29. OPT EXISTENCE is NP-hard, even if all weights are equal to 1,
there are two agents and the agents’ bids are identical.

Proof. To show hardness, we will reduce from SET SPLITTING, which is known
to be NP-hard (Gary and Johnson, [1979, p. 221). We use a similar technique as
in Theorem [3.41

SET SPLITTING

Input: A set S and a collection C' = {S7,...,S.} of subsets of S.
Question: Does there exist a partition of S into S, and Sj such that
no subset in C' is completely in either S, or Sp?

Given an input instance (S, C) for SET SPLITTING, we show a polynomial-time
computable construction for a disjunctive weighted bids fair division problem F'
such that (S,C) € SET SPLITTING if and only if F' € OPT EXISTENCE.

Define F' = ({1,2}, 5, (B, By)), with
B =By = {(Si,l) | S; € C}

That is, we create a fair division problem with two agents and specify a bid of
weight 1 for every subset S; € C. We claim that (S, C) € SET SPLITTING if and
only if F' € OPT EXISTENCE
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Suppose there exists a set splitting in S, and S,. Then choose the allocation
m with (1) := S, and 7(2) := Sp. As no subset in C is completely in S, or
Sy, for every S; € C' at least one of these items is in S, and one of the items is
in S,. Hence, every bid (S;,1) is satisfied for both agents, which implies that
ui(m(i)) = |Bil.

Conversely, suppose there exists an allocation 7 with u;(7(1)) = |B1| and
u;(m(2)) = |Ba|. We claim that choosing S, := 7(1) and S, = 7(2) is a set
splitting. Let S; € C be arbitrary. We know that every bid in By and Bs is
satisfied, so in particular the bid (S;,1) must be satisfied for both agent 1 and 2.
This can only be the case if S; N7(1) # 0 and S; N 7(2) # (. Thus, there must
be both an item of S; in S, and in Sj. O]

Now that we have proved that OPT EXISTENCE is NP-hard, we can show that
computing the allocations elected by the solution concepts USW, ESW or NSW
is NP-hard as well, by reducing OPT EXISTENCE to these decision problems.

Corollary 5.30. usw for weighted disjunctive bids with all weights equal to 1,
two agents and identical bids is NP-complete.

Proof. Let n be the number of bids of a single agent in a two-agent weighted
disjunctive bids problem F with two agents and identical bids having utility
1. Because the bids of the agents are identical, both agents have n bids. Now
note that an allocation satisfies all bids of both agents precisely if the utilitarian
welfare of this allocation is 2n. Hence, we can reduce OPT EXISTENCE to USw. [

Corollary 5.31. ESW for weighted disjunctive bids with all weights equal to 1,
two agents and identical bids is NP-hard.

Proof. Let n be the number of bids of a single agent, then the other agent also
has n bids (all having weight 1). So an allocation here satisfies all bids if and
only if the egalitarian welfare of this allocation is n. Hence, we can reduce OPT
EXISTENCE to ESW. O

Corollary 5.32. Nsw for weighted disjunctive bids with all weights equal to 1,
two agents and identical bids is NP-hard.

Proof. If n is again the number of bids of a single agent, we claim that an
allocation satisfies all bids if and only if the allocation has Nash welfare n - n.

First of all, if an allocation 7 satisfies all bids, then both agents have utility n
and so the Nash welfare is n - n. Conversely, suppose that 7’ is an allocation
with Nash welfare n - n. We have by definition that uq(7(1)) - us(7(2)) =n - n.
Note that this can only hold if either both agents have utility n or one of the
two agents has utility strictly larger than n. The latter cannot be the case, since
at best all bids of an agent are satisfied, yielding him a utility of n. More utility
is not possible. Hence, both agents must have utility n and thus all their bids
are satisfied. This allows us to reduce OPT EXISTENCE to NSW. O
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We can conclude that for weighted disjunctive bids fair division problems in
this version there does not exist an efficient algorithm that finds an optimal
allocation (unless P=NP). As the hardness result already holds for two agents
and unweighted bids, restricting the number of agents or the possible weights
will not help us in finding a tractable subclass.

5.3.1 Connection to the dichotomous language

Although it might not seem clear at first, there is a close relation between
the disjunctive weighted bids language and the dichotomous language. If the
propositional formulas of the agents are positive (i.e., contain no negative literals)
and are given in conjunctive normal form (CNF), then we can encode these
preferences in the disjunctive weighted bids language.

The idea for this is the following. A formula in CNF consists of conjunctions
of clauses. For each clause in the formula, we specify a disjunctive bid where
the items in the bid are precisely the items occurring in that clause. Using this
approach, we can reduce the OPT EXISTENCE problem — i.e., does there exist an
allocation such that the formula of every agent is satisfied — to a similar problem
for disjunctive bids.

Theorem 5.33. Let F' be a fair division problem in the dichotomous language,
where the propositional formulas are positive and in CNF. Then we can construct
an ‘equivalent’ problem F’ in the disjunctive weighted bids language, with all
bids equal to 1.

That is, every agent in F' can be satisfied completely if and only if every agent
in F’ can be satisfied completely and all agents have the same utility.

Proof sketch. Let F'= (N, O,u) be such a fair division problem in the dichoto-
mous language, with ; indicating the formula of agent i for each i € V.

Because ¢; is in CNF and positive, ¢; is of the form
(0171 VeV 01711) A (0271 VeV 02712) EERWAN (0071 VeV Oc,lc)-

where c is the total number of clauses and /; is the number of literals in the jth
clause. Furthermore, let cax be the maximum number of clauses of a formula
among all ;.

We construct a fair division problem F' = (N, O’,u), where N = N’, O’ =
O U Ogummy and agent ¢ has the following disjunctive bids:

Bi - {({01,17 SR 701,l1}a 1)7 ({02,1a R 02,l2}7 1)7 sy ({Oc,la sy OC,lc}a 1)}UBi,dummy

Here, B; qummy indicates a set of cmax — ¢ dummy bids all having weight 1 that
can always trivially be satisfied. The idea behind this is that we pad all the bids
with extra dummy bids so that all agents have exactly cpnax utility if all their
bids are satisfied. We can do this by adding cmax — ¢ extra items to Ogqummy
that only agent ¢ wants and adding cpax — ¢ bids of the form ({0qummy,j},1)-

Now suppose there exists an allocation 7 of F' such that every formula ¢; is
satisfied. For an agent 4, this means that he received at least one item of every
clause in ¢;, so if we let allocation 7’ = 7 for F’, then every of the ¢ 'real’ bids
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in B; are satisfied. We can moreover easily satisfy all the dummy bids B; qummy-
So in total all the bids of all agents are satisfied and they all have utility cpax.

Conversely, if there exists an allocation 7’ in F’ such that all bids of all agents
are satisfied, then this implies that every agent i receives at least one item of
every clause in ;. Hence, if we set 7 = 7’ (and get rid of the dummy items),
we have an allocation 7 that satisfies all formulas of all agents. O

We can use this relation to prove that we can solve the OPT EXISTENCE problem
for (a subset of) the dichotomous language using various solution concepts for
the disjunctive weighted bids language.

Corollary 5.34. If there exists a polynomial-time algorithm for USw, ESW or
Nsw for the disjunctive weighted bids language with all weights equal to 1, there
also exists a polynomial-time algorithm for OPT EXISTENCE for the dichotomous
language with formulas that are positive and in CNF.

Proof. Let F' be a fair division problem in the dichotomous language, where
the propositional formulas are positive and in CNF. By Theorem [5.33] we
can construct a weighted disjunctive bids fair division problem F’ such that
it suffices to check whether there exists an allocation in F’ that satisfies every
agent completely to solve OPT EXISTENCE for F'.

Note that an agent is completely satisfied in F” if and only if he has utility cpax
and note furthermore that an agent can never receive more utility than this.
We can thus check whether every agent is satisfied completely by one of the
following:

— Checking whether there exists an allocation © with USW(7) > n - ¢pax;
— Checking whether there exists an allocation 7 with ESW(7) > ¢pax;
— Checking whether there exists an allocation 7 with NSW(m) > ¢pr .. E|

2To obtain a Nash welfare of at least c?., either every agent should receive utility cmax,
or there should be at least one agent with utility > cmax. The latter case is not possible, so
the former case must hold.
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Chapter 6

The partition language

We have seen in the previous chapter that allowing agents to specify disjunctive
bids — the case where an agent receives utility if his allocation contains at least
one item from the bid — quickly makes the language NP-hard. Both maximizing
utilitarian social welfare and maximizing egalitarian social welfare is NP-hard,
even if there are only two agents, the bids are not weighted and we use only
positive literals. In order to find a language in which we can express such
disjunctive preferences such that this language is tractable for these solution
concepts, we need to look at different restrictions.

The restriction that we will look at in this chapter is requiring that the disjunctive
bids from the same agent have no overlap in the items occurring in them. We
will show that such a restriction does allow us to calculate an allocation elected
by a solution concept such us utilitarian welfare efficiently.

6.1 Definitions

First of all, we need to define this language formally. Instead of letting agents
specify bids and requiring that they do not overlap, we define a slightly different
preference language, which we will show is actually more general. We let agents
specify a partition of all the items and let them furthermore specify their utility
for every item. The idea is that agents will only receive the utility of one item
from each equivalence class.

Definition 6.1 (Disjunctive partition language). A disjunctive partition lan-
guage consists of a set of a set of utility functions w = (uq,...,u,) and a set of
equivalence relations ~ = (~1,...,~,). Each u; : O — N indicates the utility
of every item according to agent 7. Additionally, ~; is an equivalence relation
on the set of items O, representing which items are similar for agent 1.

When calculating the utility of an agent’s bundle, for every equivalence class we
only count the utility of one item — the one with highest utility. This leads to
the following definition of the utility of an agent’s bundle. Note that here (and
later throughout this chapter), we use the notation O/~; to denote the set of
all equivalence classes according to equivalence relation ~;. We furthermore use
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the notation [0].,, where o € O, to refer to the equivalence class according to
~; that contains o.

Definition 6.2 (Utility of disjunctive partition language). Given a disjunctive
partition language (u,~), we define the utility of an agent i given a bundle
SCQO as

0€0/~;

A different way in which we might also specify the agent’s preferences equivalently
is by restricting the possible allocations. This leads to the following alternative
definition of the utility of an agent’s bundle.

Definition 6.3 (Utility of disjunctive partition language (alternative)). Given
a disjunctive partition language (u, ~), we define the utility of an agent ¢ given

a bundle S C O as
ui(S) = ui(o),
o€S

where S can contain at most one object out of each equivalence class of ~;. More
formally, we require that S is such that

Yoe O :|o];NS] < 1.

We will now show that these two ways to define the utility for the disjunctive
partition language are actually equivalent.

Proposition 6.4. There exists an allocation 7 with utilities uq,...,u, for the
agents respectively according to Definition [6.2] if and only if there exists an
allocation 7’ with utilities wg, ..., u, for the agents according to Definition [6.3

Proof sketch. Direction (<) is simple: if there exists an allocation 7’ such that
Yo € O : |[o]; N S| < 1, every agent receives at most a single item from each
equivalence class. This implies that the utility of every item is also counted
according to Definition [6.2} so the utilities are the same.

For the (=) direction, suppose we are given an allocation m. We then create a
new allocation 7’ where we only let him keep, for each equivalence class, the
item from that class that his maximum utility for him and unassign all other
items from that equivalence class (these items will not be assigned to anyone).
Doing so will yield us an allocation 7’ that satisfies Yo € O : |[o]; N.S| < 1. Since
unassigning these items does not change the utility according to Definition [6.2]
and all the leftover items now contribute to the utility of an agent’s bundle, the
utilities are the same according to both definitions. O

There is a close connection between this preference language and the disjunctive
weighted bids language (as defined in Definition that has the restriction that
bids within a single agent are not allowed to overlap. Note that the language
presented here is slightly more general: it also allows to express different utilities
for items within the same bid.

Proposition 6.5. Any set of preferences in the disjunctive weighted bids lan-
guage with no overlap in bids can also be expressed in the disjunctive partition
language
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Proof sketch. Suppose we are given a set of preferences in the disjunctive
weighted bids language. Then we are given B = (By,...,B,), witch B; =
{(Bi,1;%i1)s -, (Binr,u;r)} representing the set of bids of agent i. Because of
the no overlap condition, we have that j # k implies that B; ; N B; ; = () for all
agents ¢. Since the bids contain no overlap, we can just define an equivalence
relation where every element from the same bid belongs to the same equivalence
class. We give every item in the same equivalence class the same utility, namely
the weight of the corresponding bid. We put the items that are not in any bid
all in the same equivalence class and define the utility of all those items to be 0.

It can be checked that this encoding of the problem in the disjunctive partition
language is indeed equivalent to the original preferences as represented in the
disjunctive weighted bids language. O

6.2 Basic algorithm

We will now give an algorithm with which we can efficiently find an allocation
with maximum utilitarian welfare given a fair division problem in the disjunctive
partition language. To this end, we first define the notion of a preference graph.

Definition 6.6 (Preference graph). Given a fair division problem in the dis-
junctive partition language (N, O, u, ~), we define the bipartite preference graph
Gp = (V, E) with weights w : E — N in the following way:

V=AUB with A= {(i,[0];) |] o€ O,i€ N} and B=0
E={((,0),0") | o € O}
w(<(i70>70/>) :ui(ol)

In words, we define a bipartite graph with on one side a vertex for every item
O and on the other side a vertex for every equivalence class of an agent. We
connect two of these vertices with an edge if the item occurs in this equivalence
class and use the utility of that item as the weight of this edge.

Example 6.7. Consider a fair division problem in the disjunctive partition
language with two agents N = {1,2} and four items O = {01, 09, 03,04}
The utility functions of the agents are given as follows:

) =2 u(02) )
) =4 uz(02) )

Furthermore, the agents have the following equivalence relations on the items:

O/Nl = {{01302}7 {03}7 {04}}
O/~2 = {{02},{01,03,04}}

Then the corresponding preference graph G, looks like this:

ul(

2 ul(
UQ( 1

2 U1(04) =3
UQ( 1

UQ(O4) =2

01 02 03
01 02 03
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(1’{01’02}) (15{03}) (17{04}) (2, {02}) (2, {01a03704})
A

Matchings in this preference graph can be interpreted as allocations in the fair
division problem. There is a close connection between the weight of such a
matching and the utilitarian welfare of the corresponding allocation, which we
can use to compute an allocation maximizing utilitarian welfare in polynomial
time.

Theorem 6.8. There exists a weighted bipartite matching in G,, of size k if
and only if there exists an allocation with utilitarian social welfare k.

Proof. Suppose there exists a weighted bipartite matching £’ C E with )~ w(e) >

k. We now define allocation 7 in the following way:
(i) = {o € O[((i,[0]s),0) € E'}

First of all, each item o € O is allocated to only one agent. Since E’ is a matching,
there can be at most one edge to any node o € O. Moreover, every agent ¢ has at
most one item of each of his equivalence classes [0];, again since E’ is a matching,
which makes 7 a valid allocation. Finally, Y.y ui(7(i)) = > cp w(e) = k.
Conversely, suppose we are given an allocation 7 with ),y u;(7(i)) = k. We
define the following matching:

E' = {{(i,0),0) € B | o' € 7(i)}

E’ is a valid matching, since (1) every item is allocated to only one agent
and hence there can be no two different edges in E’ ending in the same node
o € O and (2) every agent only receives at most one item from each equivalence
class, meaning that there cannot be two edges ending in the same node in
{(3,[0]i) | 0 € O,i € N}. Note that > _p w(e) = > oy ui(m(i)) = k. O

Corollary 6.9. MAX USW for the disjunctive partition language is computable
in polynomial time.

Proof sketch. By Theorem [6.8] we can reduce the problem of finding the maxi-
mum utilitarian welfare of such a fair allocation problem to finding a maximum
weight bipartite matching in the corresponding preference graph. Calculating
such a matching can be done in polynomial time using the Hungarian algorithm
(Munkres, 1957)). O

We have now shown that we can compute the maximum utilitarian welfare of

the disjunctive partition language in polynomial time. One criticism of using the
solution concept utilitarian welfare is that this solution concept does not ensure
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fairness in the elected allocation in any way (e.g. it might assign all items to a
single agent).

However, optimizing for utilitarian welfare in the disjunctive partition language
will most likely not lead to a single agent receiving all the items. This is because
the preferences that agents express in this language are subadditive. If an
agent receives multiple items from the same partition, only one of these items
contributes to his utility. If we instead were to split up these items among
different agents, then all these items might contribute to the utility of the agent
they are assigned to and thus doing this often leads to a higher utilitarian welfare.

So, in the disjunctive partition language, by optimizing utilitarian welfare we
in a way already implicitly incentivize to not assign all items to one agent, but
instead divide them over multiple agents. This of course does not mean that
every agent will always receive a fair share; there is still no guarantee in fairness
when optimizing for utilitarian welfare and unfair situations like this might still
happen. But this at least makes it a little bit more interesting to study utilitarian
welfare optimization algorithms for the disjunctive partition language.

In Chapter [7] we will study the solution concepts leximin and Nash welfare,
which provide more fairness guarantees, with respect to the disjunctive partition
language. But to find tractable algorithms for these solution concepts, we need
to restrict the disjunctive partition language further.

6.3 The extended language

We know from the previous section that maximizing utilitarian welfare for the
disjunctive partition language can be done in polynomial time. This raises the
question of whether we can generalize this model even further, so that more
complicated preferences can also be expressed. In this section, we investigate
such extensions.

We first define the extended language and prove that we can indeed calculate
the maximum utilitarian welfare in polynomial time. It might however not be
easy to see what kind of desirable properties can (or cannot) be expressed in this
extended language. Therefore, we also provide a few examples of complicated
forms of preferences that can be encoded in the extended disjunctive partition
language.

Definition 6.10 (Extended disjunctive partition language). An expression in
the extended disjunctive partition language consists of a tuple (u;, ~;, c;, m;) for
each agent ¢ € N with:

— a function u; : © — N indicating the utility of every item,

— an equivalence relation ~; on the set of items O, representing which items
are similar,

— a function ¢; : O/ ~;— N on the equivalence classes indicating how many
items from the same equivalence class we can pick,

— a function m; : O/ ~; xO/ ~;— N, where m;(O, O’) represents the extra
utility for agent 4 if no item from O or O’ is allocated to him, with the
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restriction that m;(O,0’") # 0 implies that:
- Cl‘(O) = Ci(O/) = 1,
— there is no other O” € O/ ~; such that m;(O’, 0") # 0 or m;(0,0") #
0.

Definition 6.11 (Utility of extended disjunctive partition language). Given a
disjunctive partition language (u,~, ¢, m), we define the utility of an agent i
given a bundle S C O as

wi(S) = uilo) + > mi(0,0"),
o€S 0,0'e0/~;
s.t. ¢;(0)=c;(0")=1
and SNO=SNO'=0

where S can contain at most one object out of each equivalence class of ~;. More
formally, we require that S is such that

Yo e O :[o]; NS| < ¢i([0];).

This definition can be seen as an extension of Definition [6.3] Similarly, we also
define a preference graph for this language.

Definition 6.12 (Extended preference graph). Given a fair division problem
with an extended disjunctive partition language (N, O, u,~, ¢, m), we define
the preference graph G, = (V, E) with weights w : E — N in the following way:

V =AUB with A={(i,j,[0];) |o€ O,i e N,1 < j <¢(o];)} and B=0O
E={{(i,5,0),0) | o € O} U{((i,1,0), (i,1,0)) | mi(0,0") > 0}

w(<(lv.7’ 0)70/>) = ui(ol)
’LU(<(Z, L O)v (i7 1, O/)>) = ml(07 O/)

Intuitively, this graph is very similar to the preference graph for the original
partition model. The difference is that there are now ¢;([o];) nodes per equivalence
class of an agent instead of just 1. Furthermore, for any two equivalence classes
such that m;(O,0’) > 0, there is an extra edge between these two nodes.

Example 6.13. Consider the same fair division problem as in Example but
now in the extended language. So we let uy, ug, O/~1 and O/~y be the same
as in Example [6.7} but we now also define the following capacities:

c1({or,02}) =1 c1({os}) =1 c1({os}) =1
c2({o2}) =1 c2({o1,03,04}) =2

Furthermore, we define m;(O,0") = 0 for all O,0 € O/~;, except we define

mi({o1,02},{03}) = 3.

Then the corresponding extended preference graph G, is the following:
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(2,1,{02}) (2,1,{01,03,04}) (2,2,{01,03,04})

1
(1,1,{01,02}) —— (1,1,{03}) (1,1,{o04})

A

Theorem 6.14. There exists a weighted matching in G, of size k for a fair
division problem in the extended disjunctive partition language if and only if
there exists an allocation with utilitarian social welfare k.

Proof sketch. The general idea of the proof is still the same as in Theorem [6.8]
Given a weighted matching £’ C E , we define the allocation 7w with

7(i) = {o € O|{(4,4,]0]:),0) € E' for some j}.

Note that each agent now has at most ¢;([o];) objects of an equivalence class [o];
assigned to him, since there are ¢;([0];) nodes for this equivalence class in G.

Furthermore, if an edge ((7,1, 0), (¢,1,0")) is part of the matching, then it must
be the case that no object from O and no object from O’ is assigned to agent 1,
so this agent receives the bonus utility of m;(O,0’). In this way, we can show
that allocation 7 has the same utilitarian welfare as the weight of matching E’

Conversely, given an allocation w, we define a matching E' C FE consisting of
the following;:

— For every o' € (i), we add the edge ((i,7,0),0') to E’, where j is the
least j for which (4, j,0) is still a free node.

— For every two equivalence classes 0,0’ € O/ ~; with SN0 =5N0" =0
and ¢;(0) = ¢;(0') = 1, we add edge ((3,1,0), (i,1,0")) to E'.

The weight of matching E’ is the same as the utilitarian welfare of 7. O

Corollary 6.15. MAX Usw for the extended disjunctive partition language is
computable in polynomial time.

Proof sketch. By the theorem that we have proved, finding the maximum util-
itarian welfare is equivalent to finding a maximum weighted (not necessarily
bipartite) matching in G,. Since we can construct G, in polynomial time and
finding the maximum weighted matching of a general graph is also computable
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in polynomial time (see Plummer and Lovéasz, [1986]), computing maximum
utilitarian welfare can be done in polynomial time. O

We will now show a few interesting forms of preferences that we can encode with
this model.

6.3.1 Allowing multiple items from an equivalence class

The original preference language only allows us to choose a single item from an
equivalence class. The idea behind this is that the items within one equivalence
class are mutually exclusive. Two (or more) of these ‘similar’ items will not yield
more utility than a single item does. However, we sometimes might want to
allow multiple items to be chosen from the same equivalence class, as long as
the total number of items does not exceed a certain threshold k. In this case the
mutual exclusivity property occurs only from k + 1 items (instead of from two
items already).

The extended preference language allows us to express such preferences. For
each equivalence class O of a certain agent i, we can specify that at most k items
can be chosen from this equivalence class by setting ¢;(O) = k.

The way in which utility is defined in Definition this upper bound on items
within an equivalence class is achieved by putting a restriction on the bundles
that are allowed: we require that each bundle contains at most k items from
each equivalence class. While defining bundles this way makes it easier to prove
the connection with weighted matchings, it might not be the conceptually easiest
way to think about these kind of preferences.

A better way to think about these type of preferences is to allow all bundles
(also those that have more than k items from an equivalence class), but only
count the utilities of the k best items of an equivalence class when calculating
the utility of a bundle. To define this properly, we need to introduce a bit more
notation. First of all, let us define max(®)(X) as the sum of the k largest items
in X. That is,

Then, given a bundle S, we utility of that bundle for agent i is defined as

u;(S) = Z max(“(©@) (0N S).
0e0/~;

This definition is more in line with Definition for the (non-extended) dis-
junctive partition language. Although this is a different definition of utility,
note that these two notions of utility (restricting the bundles vs. count only
the k-best items) are actually equivalent. That is, there exists an allocation 7
according to the first definition that achieves a utility vector of (u1,us,...,un)
for all the agents if and only if there exists an allocation 7’ according to the
second definition that achieves the same utility vector of (uy,us,...,u,). Given
an allocation according to the second definition, we only keep the ¢;(O) items
with the highest utility for each equivalence class O of an agent ¢. This will not
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give us any less utility, while this new allocation does satisfy the requirement for
the first allocation.

6.3.2 2-conjunctive preferences

The extended preference language allows us to encode a ‘bonus’ for not choosing
any of two items. We would like to also be able to encode conjunctive preferences
for two objects. That is, for two objects 0; and 0 we want to model preferences
in such a way that receiving one (or zero) of them does not give any utility, but
receiving both of them does give some non-zero utility .

We can actually reduce this case to the extended preference language in the
following way. For an agent i that wants to represent this, we specify his
equivalence relation ~; such that we have two separate equivalence classes {0}
and {o2}. We let u;(01) = u;(02) =z, ¢;({o1}) = ¢;({o2}) = 1 and specify that
m;({o1},{02}) = . We can now use the algorithm described above for finding
the maximum utilitarian social welfare in the extended preference language. At
the end, we subtract x utility from the final result.

To see why doing this is correct, note that any allocation that chooses neither oy
nor oy receives x utility (because m;({o1}, {02}) = z). If exactly one of these
two items is chosen, the total utility is still z (now the bonus m; is not received
anymore), while in the case both items are chosen the total utility equals 2z.

6.3.3 Allowing negative preferences

Another possible extension is to allow agents to encode negative preferences for
items. Agents can specify whether they have a negative or positive preference
for an item. If they have a positive preference for an item, they receive the
associated utility if the bundle they receive contains that item (and not too many
other items from that equivalence class are satisfied already) just as normal.
However, if an agent indicates a negative preference for an item, they receive
the associated utility if the bundle they receive does not contain that item (and
again only if not too many other items from that equivalence class are satisfied).

In this way, we can represent 'unwanted’ items in our representation language;
an agent receives utility if his bundle does not contain that item. Note that the
notion of negative preferences only makes sense if we require that the allocation
is complete (i.e., all items must be divided). If not, we can always satisfy these
negative preferences by simply not assigning these items to anyone if no agent
has a positive preference for this item.

We will now define these preferences and how we calculate utility more formally.
An agent can express negative preferences by splitting all items in a set of
positive items Ops,; and a set of negative items Oyeg ;. Of course, we require
that Opos,i N Oneg,i = 0 and Oposi U Opeg,i = O. Given a bundle S C O of an
agent, we define the set of satisfied items for agent i, i.e., the set of items in the
bundle that are in accordance with ¢’s preferences, as follows:

Ssat,i = (Opos,i N S) U (Oncg,i N (O/S))

Now we define the utility of a bundle in a similar way as we did in Section [6.3.1]
namely by only counting the utility of the k& best items that you have satisfied
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from an equivalence class. This leads to the following definition of utility:

ui(S) = > max®O(0N Ss)
O€e0/~;

We will for now restrict ourselves to the case where we only specify negative
preferences for equivalence classes with ¢;(O) = 1. We show that we can reduce
the problem of finding maximum utilitarian welfare for this case to the extended
preference language (with only positive preferences).

Suppose that we are given a fair division problem F' with negative preferences
specified as above. We construct the following fair division problem F’ (with
only positive preferences). For each item o € O, we create n — 1 dummy items
Odum,1; - - - ; Odum,n—1- Now, for every agent, we add these n — 1 dummy items to
the equivalence class O in which item o occurs, i.e., the new equivalence class
becomes O U {0dum,1, - - - s Odum,n—1}- If agent i values o positively, then we keep

7(0) == u;(0) and set all u;(0qum,;) = 0. If agent ¢ values o negatively, then we

Uy
set u(o0) := 0 and set all ©}(0dum,;) := u;(0).

Claim 6.16. Let ' and I’ be as defined in the construction above. The
maximum utilitarian welfare in F' is equivalent to the maximum utilitarian
welfare in F’

Proof sketch. Suppose we are given an allocation 7 for F, then we create a new
allocation 7’ for F’. For all objects o € O and agents i € N, we specify that
o € 7'(i) if o € (i) and otherwise give agent i one of the n — 1 dummy items
Odum,j- It is easy to see that allocation 7’ yields at least as much utility as
allocation 7.

Conversely, if 7’ is an allocation for F’, then we define allocation w(i) =
(1) /{0dum,15 - - - s Odum,n—1} for F. That is, we choose the same allocation of
objects as in 7', but we get rid of all the dummy items. Since ¢;(O) = 1 for
all items with negative preferences, every agent can only have received either
a single dummy item oqum,; or the item o. In case the agent received o in 7’
and receives utility for this, he will still receive o in allocation 7, so he receives
the same utility. In case the agent received oqum ; in 7" and gets utility for this,
he will thus not receive o in 7. By construction of F’ this agent can only have
non-zero utility for oqum,; if he values o negatively in F', so he will also receive
the same utility for not having this item in w. This implies that the sum of
utilities of allocation 7 is at least as large as the sum of utilities of 7’ O

6.3.4 (Super)linear penalty

The preference language allows us to give an upper bound « on how many items
an agent can receive from one equivalence class. This allows us to represent
subadditive preferences: receiving all the items is worth less than the sum of
receiving each of these items individually. However, the cutoff is quite strict. As
long as an agent receives fewer than u items, the utility from this equivalence
class is still additive. But starting from the u + 1st item, the agent receives zero
utility for these extra items.

59



We might like this cutoff between additivity and mutual exclusiveness to be more
gradual. That is, starting from some number of items [, receiving more than [
items will incur a penalty in utility that increases as more items are chosen from
that equivalence class. We show that we can express such preferences using the
extended preference language.

More specifically, we can specify the following preferences. For an equivalence
class O C O, let us specify an upper bound u and a lower bound [ with [ < u < |O)]
and a penalty vector (p1,...,pu_1) € (N)*~! such that p; < p;1. The idea is
that an agent cannot receive more than u items of an equivalence class (just like
the ¢; function in the language) and that for every item of this equivalence class
more than [ the agent receives penalty p;. More formally, for a bundle S that
an agent receive, we require that |O N S| < u and calculate the utility in the
following way:

|oNS|—1
u;(S) = ZW(O) - Z Di
0ES =1

We claim that these type of preferences can already be encoded in the extended
preference language. Suppose we are given such a fair division problem F with
a (super)linear penalty: for some equivalence class O for an agent j, we are
given a lower and upper bound and a penalty vector. We transform this into an
equivalent fair division problem F” in the extended disjunctive partition language
in the following way.

We add u — [ extra items to the equivalence class with the ith item o; having
utility u,;(0;) = p; for agent j and utility 0 for all other agents and set ¢;(O) = u.
We now use the algorithm described above to find the maximum utilitarian social
welfare and subtract Z?;ll p; from the resulting total utility.

Claim 6.17. Let F and F’ be defined as in the construction above. There
exists an allocation 7 for F' with utilitarian welfare = if and only if there exists
an allocation 7’ for F’ with utilitarian welfare x + Z?:_ll Di-

Proof. Suppose that « is an allocation for F' with utilitarian welfare = and let
O be the equivalence class with (super)linear penalties. First consider the case
where an allocation chooses [ or fewer items from O. Then we can define 7’
to pick all items from O that 7 picked and still also pick all the v — [ items o;,
yielding a total utility of = + Z;‘:_f p; in allocation 7.

Suppose now that the allocation 7 chooses [ + k items from O, then we can only
pick u — I — k of the extra items in 7. We would like to maximize utility, so we
will pick the items with the largest utilities (that is, the items ok, 011, .-, 0u—_i)-
So we define 7’ to pick all the items that 7 picks plus the u — | — k extra items
with the largest utilities. This yields us a total extra utility of Z;:kl p; and thus
our net extra utility is Z?;;i Di — Z?;ll pi=— Zle p;. This penalty of Zle D
is the same as we receive according to 7 in F'

Conversely, if 7’ is an allocation for F’ with utility = + Z?:_ll p;i, We can create
an allocation 7 (i) = n'(i) /{01, ...0u—1}. We simply keep the same allocation of
7', but get rid of all the extra items. Now, if all extra items o1,...0,_; were
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assigned in 7', this means that there are [ or fewer items chosen from O, thus 7
will not get any penalty and thus receive utility z.

If on the other hand there were [ + k items in O assigned according to 7’ with
k > 0, this means that at least k of the extra items were not assigned in 7', so
the utility that we receive from the extra items is at most Z;:ll Di — Zle D

The penalty for receiving [ + k items in 7 is Zle p;, so w indeed has utilitarian
welfare of at least x. O

6.3.5 Restricting the items that can be divided

Until now, we have mostly looked at fair division problems where in the end
every item will be allocated to someone. However, a possible scenario could
be that we want to restrict the total number of items that are allocated. For
example, in a fair division problem with 10 objects O, you might want to require
that at most 8 of those objects are allocated. It does not matter to you which of
those objects are the ones that are allocated or the ones not allocated, as long
as at most 8 of them are allocated.

We might even take this further by only requiring this for a subset of objects.
As an example, if you have 10 items O = {0y, ..., 010}, you might require that
at most two of the objects from {03, 04, 05,04} are assigned to an agent, while
there is no such restriction for the other items. We will show that we can encode
such preferences in the extended disjunctive partition language.

First of all, let us define such preferences more formally. We specify an equivalence
relation ~j;;, on the set of objects O and a function ¢y, : O/~;im — N on the
equivalence classes. For any allocation m we require that

Yoo/ || (1) O] < 1 (O).

i€EN

The way we can encode this in the extended disjunctive partition language is by
adding an extra agent nqummy With her item equivalence relation ~y, ... :=~1im
and capacity gy, (O) = |0 = clim(0). We make sure to set the utility
he receives for these items to some very high utility uyax, i.e for all o € O
We et Ungynmy (0) = Umax- We can take Umax to be a number higher than

> 0co 2ien i(0) for example.

The idea behind this is that we always want that agent nqummy gets the maximum
number of items he could receive according to his capacity function ¢y, -
Because we set the utility he obtains for every item that he receives very high,
any allocation that maximizes utilitarian welfare will give agent nqummy all items
he can possibly receive. If an allocation were to assign fewer items to Zqummy,
the loss from not assigning the items to nqummy would always be greater than
the gain of the other agents.

Since any utilitarian welfare optimal allocation will assign exactly |O] — ¢jim (O)
items to agent Ngummy, this means that there are only cjin (O) items that can
still be divided between the other agents. Thus, if we calculate the utilitarian
welfare of the fair division problem with the extra dummy agent and at the end
subtract all the utility umax that agent nqummy received for his items, we can
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calculate the allocation that yields maximum social welfare given the capacity
constraints ¢y, (O).

6.4 Relation to combinatorial auctions

As we already discussed in Section [5.9] maximizing utilitarian welfare in fair
division is closely related to the winner determination problem in combinatorial
auctions. We already saw that conjunctive weighted bids are similar to OR bids.
However, now we are studying disjunctive weighted bids instead of conjunctive
weighted bids.

A closely related bidding language found in the combinatorial auctions literature
is the OXS bidding language. In the OXS language, an agent can describe their
bids as an OR of a group of singleton atomic bids, combined by XORs (Miiller,
20044)).

Definition 6.18 (OXS bids). An agent i € N can specify multiple groups of
singleton atomic bids, where the bids within a group are combined by XOR/’s
and the groups themselves are combined by OR’s. In other words, his valuation
function v; is of the form

Vi = [ ({gl,l}vpl-,l) XOR ... XOR ({gl,m}apl,rl) ] OR ... OR
[ ({gs.1},ps1) XOR ... XOR ({gs,r. },Psr.) |5

where each g; € G and p; € N.

We claim that any fair division instance in the disjunctive partition language
can actually also be described using OXS bids.

Proposition 6.19. Any expression in the (basic) disjunctive partition language
can be expressed equivalently in OXS bids.

Proof sketch. Consider an arbitrary expression in the disjunctive partition lan-
guage. This expression consists of a set of utility functions w = (ug,...,uy)
and equivalence relations ~ = (~1,...,~,). Given an agent ¢ € N, define the
following valuation function v; in the OXS language:

vi= OR | XOR({o}, ui(0))

0e0/~; o€0

Now we claim that valuation function v; : 2¢ — N is equivalent to the utility
function u; : 2¢ — N as defined in Definition To see this, note that within
every partition O € O/ ~;, we can receive utility for at most one item o € O
according to u;. We ensure that this is the case in v; by combining the singleton
atomic bids (0, u;(0)) using XOR.

Furthermore, to make sure that bids from different equivalence classes O, O’ €
O/~; can be accepted simultaneously, we combine these using OR. Note that
with the OR operator, two bids can only be accepted simultaneously if they do
not have any overlap. In our case, since O and O are equivalence classes in a
partition, they never have any overlap, i.e., O N O’ = (). Hence, the OR operator
also behaves as we would expect according to wu;. O
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Because of this connection between the disjunctive partition language and the
OXS bids language, we can relate algorithmic results from the combinatorial
auctions literature to the disjunctive partition language. Lehmann et al. (2006)
have shown the existence of a polynomial-time algorithm for the winner determi-
nation problem in case of OXS bids. The extended model we describe in Section
[6-3] is however more general than the OXS bids language and allows us to also
represent more complicated preferences.

Some of the extensions that we describe in Section [6.3] have also been studied
separately. For example, Rothkopf et al. (1998) describe an algorithm for the
winner determination problem in case all bids are specified as 2-conjunctive pref-
erences (compare with Section . Miiller (2004b) also investigates and finds
a tractable algorithm for the winner determination problem additive language
where convex discounts can be specified, which is similar to the (super)linear
penalties we introduced in Section [6.3.4] The extended partition language we
present however is more general, since in this model we can combine all of
these extensions, including some extra extensions, all in the same representation
language.

6.5 The conjunctive partition language

As we have shown in the previous sections, the idea of representation languages
with partitions allowed us to find tractable algorithms in the case of disjunctive
preferences. In this section, we look at the (in)tractability results when we use a
similar model, but now with conjunctions instead of disjunctions.

From Section [5.2:2.2] we already know that conjunctive weighted bid languages
are intractable. It would be interesting to see whether the conjunctive language
also becomes tractable once you impose the additional restrictions that bids may
not overlap. To do so, we first define the conjunctive partition language formally.

Definition 6.20 (Conjunctive partition language). An expression in the conjunc-
tive partition language consists of a set of equivalence relations ~= (~1,...,~y)
on the set of items O and a set of utility function w = (u1,...,u,) on these
equivalence classes. Each u; : {[0]; | 0 € O} — N indicates the utility of having
every item in that equivalence class according to agent i.

Definition 6.21 (Utility of conjunctive partition language). Given an expression
in the conjunctive partition language (u,~), we define the utility of an agent i
given a bundle S C O as

ui(S) = Z u;([o]i).

{[0]i|o€O and [0];CS}

Note that for the conjunctive partition language, we specify a single utility value
for each equivalence class. This is unlike the disjunctive partition language,
where we specified a utility value for every item (also those itsm that are in the
same equivalence class). The reason for this is that a conjunctive bid can only
be satisfied if all items from that bid are given to the agent. So either we receive
the utility of all the items from the bid or we receive no utility at all. Thus, even
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if we specified a utility value for every item, this would not make our language
more expressive.

However, even in a very restricted form, the conjunctive partition language
already becomes intractable. Our hardness proof relies on the following result
from the literature.

Lemma 6.22. INDEPENDENT SET for graphs where each node has degree at
most 3 is NP-complete.

Proof sketch. Garey et al. (1974) show that the vertex cover problem for graphs
with degree of at most 3 is NP-complete. There is a close relation between the
vertex cover problem and the independent set problem: a graph of n nodes has
an independent set of size k if and only if that graph has a vertex cover of size
n — k. This shows that INDEPENDENT SET DEGREE 3 is NP-complete. O

Theorem 6.23. Usw for the conjunctive partition language is NP-complete, even
if every equivalence class has size at most 3 and the utility of every equivalence
class for any agent is equal to 1.

Proof. We will prove NP-hardness by reducing from INDEPENDENT SET DEGREE
3. Suppose that G = (V| E) is a graph with degree at most 3. We define
the following conjunctive partition language fair division problem (N, O, u,~),
where

N=VU {ndummy,i ‘ 1<i< d}7

O=FEU {Odummy,i | 1< < d}7

with d = [|E|/2] + 1. For every agent v € V we define the following equivalence
relation ~, consisting of d + 1 equivalence classes:

— the first equivalence class is F(v) (the edges originating from v; we have
that |E(v)| < 3),

— for the rest we split up O/E(v) in d equivalence classes such that any
equivalence class has size at most 3 and contains exactly one dummy item
Odummy,i- Any way to do this will suffice for our reduction; it is always
possible to find such a partition in polynomial time.

For any agent nqummy,i, we define the following equivalence relation ~
consisting of d equivalence classes:

MNdummy,i

— one equivalence class {0dummy,i},

— we split up O/{0dqummy,i} in d — 1 equivalence classes such that any equiv-
alence class has size at most 3 and contains exactly one dummy item
Odummy,j (except for ogummy,i). We can always find such a partition in
polynomial time; any partition satisfying these properties is sufficient.

We furthermore let u;([0]) be equal to 1 for any agent ¢ and any equivalence class
[0]. In Example [6.24] we illustrate how this reduction works for a specific graph.

We claim that G has an independent set of size k if and only if (N, O, u, ~) has
an allocation with utilitarian social welfare of k + d.
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(=) Suppose that G contains an independent set V/ C V of size k. We then
define the following allocation:

E(i) ifieV’
w(i) =<0 itie v/ vV’
{Odummyﬁj} ifi = Ndummy,j
Note that this allocation does not assign any item twice, since for any two nodes
i,7 € V', E(i) N E(j) = 0 and every dummy agent receives ’his’ dummy item.

Furthermore, every agent in V' receives utility 1 and every dummy item receives
utility 1 according to = and thus USW(rw) = k + d.

(<) Suppose there exists an allocation = with USW(rw) = k + d. Since there are
only d dummy items and every agent has at most one equivalence class without
a dummy item, there must be at least k agents that got assigned an equivalence
class with no dummy item. All these agents must be non-dummy agents, so
we have a set V' C V of size k with v,v’ € V’ implying that E(v) N E(v') =0
Hence, V' is indeed an independent set of size k. [

Example 6.24. As an illustrating example for the reduction defined in the
proof of Theorem [6.23] suppose we are given the following graph G with degree
at most 3 of which we want to find an independent set:

€4
V3 — V4
e/ %
€1
V) —— Vg
Using the reduction, we end up with the following fair division problem.
— N = {v1,v2,03,04,N4,1,Nd,2,Nd,3},
- 0= {61762763a6470d,170d,2,0d,3},

— uj(0)=1forallie Nandoe€O,

— The following equivalence classes for the agents:

Ofroy, = {{617 63}- {04,1,€2,¢e4},{042}, {011.:;}}
O/~y, =1{{e1,e2}, {041, €3, e4}, {0ao} {oast}
O/~ = {{e2,€3,€4}. {001, ¢1}. {042} {0as}}
O/~ ={{ea}t. {001, 62,5}, {002, €4}, {0as}}
Of~ngy = {H{oa, }, {0a2,e1.e0}, {0a3, €3, ¢4} }
Of~ng, = {{0a,}. {0a1.e1.00) {0a3,e5.04}}
O/Nnd,g = {{o04,}. {041, €1,e2}, {042, €3,e4}}

G has an independent set of size k if and only if this fair division problem has
an allocation with utilitarian welfare of k + 3. A
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If we restrict the problem even further to requiring that every equivalence
class has size at most 2, then the problem of maximizing USW does become
tractable. We have actually already described this language in Section [6.3.2
where we discussed 2-conjunctive preferences. We showed here that these kind
of preferences are expressible in the extended disjunctive partition language, for
which we have a polynomial-time algorithm to compute MAX USW.

Theorem 6.25. MAX USW for the conjunctive partition language is computable
in polynomial time if the size of all equivalence classes is at most 2.
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Chapter 7

The partition language for
leximin

In the previous chapter, we have looked at the disjunctive partition language and
found tractable algorithms for maximizing utilitarian welfare. This raises the
question of whether we can also find the maximum egalitarian welfare, a leximin-
optimal allocation or the maximum Nash welfare of the disjunctive partition
language efficiently. This is not possible without making further restrictions, as
the next result shows.

The reason behind this is that the disjunctive partition language is still a more
general version of the additive language. Since ESW, NSW and EEF are already
NP-complete for the additive language, we will not be able to find a tractable
algorithm for these solution concepts if we take the disjunctive partition language
without any further restrictions.

Proposition 7.1. Esw, Nsw and EEF for the disjunctive partition language are
NP-hard.

Proof sketch. We show that it is possible to encode any expression in the additive
language in the disjunctive partition language. We can do this easily by choosing
the same utility functions u, but setting the equivalence relations ~; to have a
separate equivalence class for every item (every item is only similar to itself). In
this case, our restriction that S contains at most one object of each equivalence
class is trivially satisfied and thus we end up with the same problem as the
additive language without any partitions. As ESW, NSW and EEF are already
NP-hard for the additive language (see Theorems and , this implies
that these decision problems are also NP-hard for this language. O

However, if we make a similar restriction as we did in Section — namely,
restricting the utilities of single items to only 0 and 1 — there does exist a
polynomial-time algorithm that finds a leximin-optimal allocation (and thereby
also the maximum egalitarian welfare allocation).
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Theorem 7.2. MAX LEX for the binary-valued disjunctive partition language is
computable in polynomial time.

In this chapter, we will provide an algorithm that solves this problem in polyno-
mial time and prove its correctness. In order to do this, we first need to introduce
a few definitions and lemmas. We start by proving a sufficient condition for
proving that an allocation 7 is a leximin-optimal allocation in Section In
Section we will subsequently describe an algorithm that returns an allocation
satisfying this condition and prove that this is indeed the case. Next, we will
show in Section [7:3] that the leximin-optimal allocation actually coincides with
the allocation that maximizes Nash welfare in this setting. And finally, in Section
[7-4] we look at which generalizations of this language are not possible to make
whithout losing tractability by studying different hardness results.

7.1 A sufficient optimality condition

The goal of this section is to define an optimality condition for a leximin-optimal
allocation. This will be helpful later on for proving that an algorithm returns a
leximin-optimal allocation, since we then just need to show that the algorithm’s
output satisfies this optimality condition.

We first define the notion of a partial preference graph, which we will use in the
optimality condition.

Definition 7.3 (Partial preference graph of N'). Given a fair division problem
in the binary-valued disjunctive partition language (N, O, u, ~) and a subset of
agents N’ C N, we define the bipartite partial preference graph of N' G, n» =
(V, E) in the following way:

V = AUB with A= {(i,[0];) |]o€ O,i e N'} and B= 0O
E={{(i,0),0) € Ax B|d €O and u;(o') = 1}

This graph is similar to the preference graph defined earlier (see Definition ,
but only contains the item equivalence classes of agents in N’. Furthermore, the
edges have no weights anymore, since we restrict ourselves to the 0/1 scenario
now and they are only connected if the utility of that item for that agent is 1. If
the utility is 0, the items are not connected. We give a concrete example of a
fair division problem in the binary-valued disjunctive partition language and its
partial preference graph in Example

In a partial preference graph, we can represent an allocation 7 by a matching in
this graph.

Definition 7.4. Given an allocation 7 and a set of agents N’, we define M, n-
as the following matching in G, yv = (V, E):

My n ={{(i,0),0") e E| o € (i)}

Note that M, - is indeed a matching, since an allocation 7 only assigns every
good to one agent and at most one good to every equivalence class of an agent.

The general idea of the optimality condition will be that an allocation satisfies
this condition if M, n/ is a maximum matching for various groups N’ C N.
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Next, we will prove a few lemmas that show the connection between matchings
in this partial preference graph and utilitarian welfare. For this, we will also
define the notion of utilitarian welfare for a certain group N’. This is simply
equal to the sum of utilities of every agent’s bundle in N’.

Definition 7.5. The utilitarian social welfare of a group of agents N’ C N
according to an allocation 7 is defined as follows:

USWA(N') = Y ui(m(i))

iEN'
The following connection then exists between the matching M, y: we defined
and utilitarian welfare of a group N’.
Lemma 7.6. Let 7 : N — O be an allocation and N’ C N a subset of the
agents. Then we have that

USW, (N') = | My n-

Proof. Let p(i) := {0 € O | u;(0) = 1} be the set of items that agent i gives
utility 1 to. We have that

USWA(N') = 3 win(i) = Y Z ui(0) = Y |x(i) N p(i)
ieEN’ i€EN’ oem (i) iEN/

We can split up the matching in disjoint sets My n+ = ) My nv; with M nv;
only containing all edges from an equivalence class of agent i. Then we have that
M o) = Y | Mo il
iEN’

Note that there is a bijection between (i) N p(i) and M, n/,;. Every item
o € 7(i) N p(i) corresponds to exactly one edge ((7, [0];),0)) € MTr N,;. Because
of this bijection we have that |M; n/ ;| = |7 (i) N p(i)|, which suﬁices to prove
our claim that USW,(N') = | M, n/|. O

Lemma 7.7. Let 7 : N — O be an allocation and N’ C N a subset of the agents.
If M n/ is a maximum matching in G, nv, then USW (N') > USW . (N’) for
all allocations 7’.

Proof. Suppose that M, n/ is a maximum matching in G, n-. Now suppose,
towards a contradiction, that there exists an allocation 7’ with USW ./ (N') >
USW,(N’). Then by Lemma

|M7r’,N’| = USW, (N/) > USWW(N/> = ‘Mﬂ-’N/|.

However, this implies that there exists a matching M, n/ larger than M, N,
contradicting our assumption that M, y is a maximum matching. O

Let us now illustrate these definitions and lemmas with an example.
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Example 7.8. Consider a fair division problem in the binary-valued dis-
junctive partition language with three agents N = {1,2,3} and four items
O ={01,02,03,04}. The agents have the following preferences on the items:

ul(ol) =1 Ul (02) =1 U1(03) =0 U1(04) =0
U2(01) =1 u2(02) =1 ’U,2(03) =1 U2(04) =0
U3(01) =1 ’LLg(OQ) =1 U3(03) =1 U3(O4) =1

Furthermore, the agents’ equivalence relations on the items are the following:

O/~1 = {{01,02},{03,04}}
O/~2 = {{0o1},{02,03},{04}}
O/~3 = {{01,02,03},{04}}

Now consider the coalition N’ = {1,2} and an allocation 7w with

m(1) = {02}, 7(2) = {01, 03}, 7(3) = {ou}.

The partial preference graph of N’, G, n/, now looks like this:

ey

1 {01,02} ]. {03,04} 2 {01} 2 {02,03} 2 {04})

The thick lines in the graph indicate the matching M, y+ corresponding to
allocation 7. Lemma dictates that USW,(N') = |M; n/| = 3, so the
utilitarian welfare of the coalition {1,2} for allocation 7 is 3. As M, ' is a
maximum matching in G, n-, Lemma@ tells us that there is no other allocation
7’ that has a strictly higher utilitarian welfare for this coalition. A

We are now ready to define an optimality condition for when an allocation is
leximin-optimal. Note that with the notation N, . . », we mean all agents
having a utility between u and w’ according to allocation 7. For convenience, we
often leave out the allocation 7 in this notation if this is clear from the context.

Definition 7.9 (Optimality condition). An allocation 7 satisfies the optimal-
ity condition if for all v/ € {Umin,-..,Umax} there exists a coalition N’ with
w C N CN, w41 such that M, n/ is a maximum matching in

Umin;s--- Umin;--

Gy

We will now show that this condition that we have defined is indeed an optimality
condition: namely, any allocation that satisfies this condition is leximin-optimal.

Lemma 7.10. If an allocation 7 satisfies the optimality condition, then 7 is
leximin-optimal.

Proof. Suppose towards a contradiction that there exists an allocation 7’ with
a strictly higher lexicographic score. Let (u]®,u3”®,...,u*) be the sorted
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utility vector of the agents according to allocation 7 and (uf/’s, ugl’s, ul )
the sorted utility vector of allocation 7’. Then, for a certain k, we have that

’ ’
ul®=wu; “for1<i<k-—1andu; ®>up”.

As allocation 7 satisfies the optimality condition, there exists a coalition N’ with
ure C N' CN, w1 such that M, n/ is a maximum matching in

Umins:-+» Umin,--+

Gp,n'. By lemma this implies that USW (N') > USW . (N’).
Note first of all that

IN'|

USW,(N') => ™,

i=1
since N’ is the set of the |N’| ‘poorest’ agents according to allocation 7. To see
why this is the case, remark that every agent not in N’ has a utility higher or
equal than u;’® + 1 and thus every agent not in N’ has a higher or equal utility
than the agents in N'. Hence, N’ indeed consists of the |N'| ‘poorest’ agents
according to .

Since all agents in N’ have a utility of at most uy® + 1, we have that

IN'|
USW,(N') => ul*
=1

k—1 IN'|
o T,8 T8 s
= E ,“z T+ E U
i=1 i=k+1

IN

k—1
Soult bt (N~ k= 1) (a4 1),
i=1

Now, we do not know the exact utilities that 7’ assigns to the agents in N’ but
in the worst case they receive the |N'| lowest utilities according to the sorted
utility vector. Hence,

IN'|
USWo(N') > > “ul
=1

k-1 |V’
’ ’ ’
:E :u?’s—kuZ’S—i— }: ur’ s
i=1 i=k+1
k—1 IN'|
! ’ ’
:5 ul® +up 0+ g u; * (uj®=u] " for1<i<k-—1)
i=1 i=k+1
k-1 |N/‘ ’ ’
> Zufs +up® + Z u; * (up® < up ™)
i=1 i=k+1
— 8 8 / T8 s s .
Zg u " +upg + ([N —k—1)- (up” +1). (u] ® >y ° for i > k)
i=1

However, this would imply that USW,(N’) < USW,,(N'), which is a contradic-
tion. Therefore, allocation 7 must be leximin-optimal. O
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7.2 The algorithm

Now that we have defined an optimality condition, let us define the algorithm
that calculates a leximin-optimal allocation in polynomial time for the binary-
valued disjunctive partition language and prove its correctness. The algorithm
consists of two parts: the general algorithm (Algorithm [1)) and the FindSwap
algorithm (Algorithm .

Algorithm 1: The general algorithm

Take an empty allocation 7’ ;
mi=a;
u =0
while v < umax (according to w) do
while FindSwap(m,u') returns a swap do
‘ 7 = FindSwap(m,u');
end
uwi=u +1;
end

The general algorithm starts with an empty allocation and v’ = 0. The algorithm
keeps calling FindSwap to find any swap that improves the utility of an agent
with utility «' until there are no more swaps possible for that u’. The idea
is that if we can find no more swaps for v/, then the resulting allocation is
leximin-optimal for those items with a utility smaller or equal than u’. We then
increment u’ by one and repeat the same process for agents having this utility
until «’ is larger than the utility of any of the agents in 7.

Next we describe the FindSwap algorithm, which given an allocation 7 and a
utility value u finds a swap that increases the utility of an agent with utility «'.

Algorithm 2: The FindSwap algorithm

Input: An allocation 7 and utility value v’
N':= Noinyoou’
while M, n+ has an augmenting path P starting from an Ny node in Gp n
do

n := the free A-node in augmenting path P ;

o := the free B-node in augmenting path P ;

M = MmN/AP ;

if o is unassigned or 771(0) € Nx,s41 then

' i=7[M'] ;

return 7’ ;

end

N’ := N U{r o)} ;
end

return no swaps possible ;

Here, A denotes the symmetric difference of two sets of edges. An augmenting
path always contains one free A-node n (at the start of the path) and one free
B-node o (at the end of the path). The node n represents (the equivalence class
of) the agent that will get extra utility, while o represents the extra item that
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will be assigned to one of the agents in order to realize this. So, M, n/AP
represents the new matching in the partial preference graph G, y+ after applying
augmenting path P.

The notation 7[M'] (with M’ some matching in G, n/) denotes an allocation
where every item having an edge to an agent in M’ is assigned to that agent,
while every other item is assigned as in 7. More formally,

i if ((¢,0),0) € M' for some i and O,

7~ 1(0) otherwise.

Thus, the new allocation 7’ is the same as 7 except for the agents involved in the
augmenting path. Agent n will have a utility of one more in the new allocation
7. If o is already assigned to an agent, then that agent m—1(0) will receive a
utility of one less, since o is no longer being assigned to him. All other agents
involved in the augmenting path will keep the same utility, since they lose an
item and gain another item.

So the idea of the FindSwap algorithm is that we are looking for a swap that
increases the utility of an agent with utility »’, while only decreasing the utility of
some agent with utility > u’ 4 1. This way, any such swap has the net effect that
the number of agents with utility «’ decreases by one. If we find an augmenting
path ending with an agent 7~ !(0) having utility precisely v/ + 1, we add that
agent to our coalition N’ and try again to find a swap.

In order to prove the correctness of this algorithm, we will first show that the
allocation that this algorithm outputs satisfies the optimality condition defined
earlier. Secondly, we will show that this algorithm always finishes within a
polynomial number of steps.

Proposition 7.11. The allocation outputted by Algorithm [I| satisfies the opti-
mality condition.

Proof. We split up this proof in two claims. Let us say that n satisfies the
optimality condition for u if there exists coalition N’ with N, w CN' C
N, uw+1 and My nv is a maximum matching in G n-.

Umins-:-

mins--

Claim 7.12. Let 7 be an allocation that already satisfies the optimality condition
for wmin up to u — 1. If FindSwap(rw,u) cannot find a swap, then 7 also satisfies
the optimality condition for w.

Proof of claim. In Algorithm [2| on input 7 and u, we first initialize N’ as
Ny, and during the while-loop we potentially add agents m=!(0) to N’.

Note that 771(0) € Ny41, since 771(0) € Nsyui1. So, it always holds that
N Lu! g N/ g Num;n,...,u’+1~

Uminy--
Now, whenever Algorithm [2] cannot find a swap anymore, it must be the case
that M, n+ has no augmenting path in G, n- starting from an NV, node in G, n-.
We show that this implies that M, n+ has no augmenting path in G, x/ from
any node.
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Suppose there did exist an augmenting path starting from a node in N1, then
that node was added to N’ in some iteration of the while-loop. But we only
add nodes to N’ if there exists an augmenting path from a node in N, to that
node, so then there must also exist an augmenting path starting from a N,
node. Furthermore, there cannot be an augmenting path starting from a node
in N, with v/ < u, since this contradicts that 7 already satisfies the optimality
condition for v’

Since there exists no augmenting path, this must mean that M, n/ is a maximum
matching in G, n+ and so 7 satisfies the optimality condition for u. |

Claim 7.13. Suppose that 7 is an allocation that satisfies the optimality
condition for u and let #’ := FindSwap(m, ') for some v’ > u. Then 7’ also
satisfies the optimality condition for .

Proof of claim. Since 7 satisfies the optimality condition for u, there exists N’
with N, w SN CN, /41 such that M, n is a maximum matching

Umin;--

in Gp’N/.

min;---

Allocation 7’ is the the same as 7, with the exception of one swap starting from
a node ng in N,/ and ending in a node n, with N-,/. After this swap, the only
agents with a different net utility are agents ns and n. (all other agents involved
in the swap keep the same net utility), both of which are not in N’. Hence,
USWW(N/) = USWﬂ—/ (N/) and we have that |M7T,N’| = |M71—/’N/|.

M N+ must thus also be a maximum matching, since we know that M, n- is a
maximum matching and M+ n is a matching with the same size. This shows
that 7’ also satisfies the optimality condition for u. |

We can now show that Algorithm [I] indeed outputs an allocation satisfying the
optimality condition for all u. The algorithm starts by finding swaps for wmin
until FindSwap can no longer find any swaps. Then we have by the first claim
that the optimality property for wmi, holds for the resulting allocation. The
algorithm will then find swaps for uni, + 1. Because of the second claim, the
allocations after the swap will all still satisfy the optimality condition for tmiy-
The algorithm continues doing this until no more swaps are possible, implying
that the optimality condition is met for um,i, + 1. It will continue this process
for all larger u. Hence, when the algorithm terminates the resulting allocation
will satisfy the optimality condition for all w. O

Proposition 7.14. Algorithm [I] always finishes within a polynomial number of
steps.

Proof. We start our proof by calculating a bound on the time a single FindSwap
call (Algorithm [2) takes. This algorithm starts by checking whether M, y+ has
an augmenting path. If so, then either the end node of this path is an unassigned
object or an object belonging to an agent in Ns,y1. In these cases, we can
return the swap right away. Otherwise, we add a single agent 77 1(0) in N,
to N’ and again search for an augmenting path. In the worst case, we might
have to add all agents in N4 1 to N’ one by one before the algorithm terminates
(note that once all agents in N, 41 are added, any remaining augmenting path
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directly gives a swap). So after at most n iterations, the FindSwap algorithm
will terminate.

Next, we claim that if FindSwap(w,u) finds a swap, then the number of agents
with utility u has decreased by one in the new allocation #n’. To see this, if
FindSwap(m,u) finds a swap, then the path that it found always starts with a
node ny in N, and ends with a node n, that is either in N-,; or unassigned.
The utility of ng will increase by one and the utility of n. will decrease by one,
while the utility of all other agents will stay the same. So the net result is that
there is one agent less with utility u, since agent ng now has utility v 4+ 1 and
agent n. still has a utility strictly larger than w.

Now we are ready to give a bound on the complete algorithm by bounding the
number of times FindSwap is called. Algorithm [If calls the procedure FindSwap
a number of times, for every u between 0 and ... Note that by the claim
above, after every swap FindSwap(rm,u), the number of agents with utility u
decreases by one. In the worst case, all n agents have utility u, so we have found
all swaps for utility u after at most n calls to FindSwap(m,u). As we repeat this
process for every u between 0 and upy,ayx and the maximum utility possible is m,
the number of goods, there are at most n - m calls to FindSwap in total.

So in order to calculate the final allocation, we need to make at most n - m calls
to FindSwap that each again take at most n iterations. So in total, the number
of steps needed to calculate the allocation is bounded by a polynomial.

It is also possible to prove an even tighter bound on the number of times
FindSwap is called, but this is not needed to prove that Algorithm [1| runs in
polynomial time. O

Now we have all the ingredients to prove the main theorem (Theorem [7.2)) that
there exists a polynomial-time algorithm for MAX LEX for the binary-valued
disjunctive partition language.

Proof (of Theorem , By Proposition we know that Algorithm [1] always
outputs an allocation satisfying the optimality condition. Since any allocation
satisfying the optimality condition is also leximin-optimal (because of Lemma
, this shows that Algorithm [1| indeed returns a leximin-optimal solution
whenever it terminates.

Finally, by Proposition [7.14] we know that Algorithm [I] always returns an
allocation in a polynomial amount of time. Thus, it is indeed possible to
calculate a leximin-optimal solution in polynomial time. O

7.3 Connection to Nash welfare

In Section we studied the binary-valued additive language. This represen-
tation language can be seen as a more restricted version of the binary-valued
disjunctive partition language. Namely, if we only have singleton equivalence
classes, then the disjunctive partition language becomes the same as the additive
language.
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For the binary-valued additive language, Theorem [£.14] tells us that the Nash-
optimal allocation and the leximin-optimal allocation coincide. It is therefore
interesting to investigate the relation between these two solution concepts for the
binary-valued disjunctive partition language, as this is a more general version.
We will show in this section that these two solution concepts still coincide in
this more general representation language.

Lemma 7.15. If an allocation 7 is Nash-optimal, 7 is also leximin-optimal.

Proof. Suppose that allocation 7 is not leximin-optimal. Then by Lemma
7 does not satisfy the optimality condition. This means that there exists a
uw' € {Umin, - - -, Umax} such that for all coalitions N” with N, _. . . C N C
N, _u+1 there is an augmenting path for M, n/ in G, n-.

Umins:-

We claim that this implies that there exists a swap that increases the utility
of an agent with utility < v’ by one and decreases the utility of an agent with
utility > «’ + 1 at most by one (while keeping the utility of the other agents the
same). Take N’ = N,,_. ., then M, y has an augmenting path. If the last

node (item o) of this augmenting path is unassigned or 771(0) € Nx,/41, then
we have such a swap. Otherwise, we have that 7= 1(0) € Ny 1.

In this case, we take N’ := N’ U {7~ 1(0)}. There also must be an augmenting
path for M, n/ in Gp nv. If the last node (item o) of this augmenting path is
unassigned or 7 1(0) € Ns,/11, then we have found a swap. Otherwise, we
again add this agent 771(0) to N’ and repeat the process. At some point, we
must either have found an augmenting path ending in an agent with utility
>« + 1 or an unassigned node, or N’ = N,, . 41. In the first case, we have
found a swap and in the second case, M, ns must still contain an augmenting
path and this augmenting path must now end in an unassigned node or a node

belonging to an agent in N5, 4+1. So we can indeed always find such a swap.

Finally, we show that such a swap implies that 7 is not Nash-optimal. Let 7’
be the allocation after the swap. Then there exist two agents ¢,j € N with
uy((7)) —us(m(i)) > 1such that i (7' (0)) = w;(x(i)+1, w3 (7' (7)) = 1 ((j))~1
and ug(7'(k)) = ug(n(k)) for all k € N/{i,5}.

Then the following holds:

NSW(r') = ] ui(#'(i))

iEN
=ui(n'(D) (@' () [T w' (k)
keN/{i.j}
= (uwi(n(@) + 1) (i (n(G) =1 - J]  wnln(k)
keN/{ij}
= (ui(m (i) - uy(m () +uj(w(j) = wilw(@) = 1) - [[  wn(w(k)

keN/{i.j}

>ui(w(i) - uy(w(§) - [ un(x(k)
REN/ (1.5}
— NSW(r)
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Hence, 7’ has a strictly higher Nash welfare than 7, meaning that 7 is not
Nash-optimal. O

Theorem 7.16. An allocation 7 is Nash-optimal if and only if 7 is leximin-
optimal.

Proof. We know from Lemma that if 7 is Nash-optimal, than 7 is leximin-
optimal as well.

Conversely, let 7 be a leximin-optimal allocation and let 7’ be a Nash-optimal
allocation. By Lemma 7’ must then also be leximin-optimal. Because the
lexicographic order is a total order, any two leximin-optimal allocation must
have the same utility profile (with possibly a different permutation of agents).
Since the Nash welfare of an allocation is calculated as the product of that utility
profile, any two leximin-optimal allocations have the same Nash welfare. So m
has the same Nash welfare as 7/, meaning that 7 must also be Nash-optimal. [J

Now that we know that the notion of a Nash-optimal allocation and a leximin-
optimal allocation coincide, we can conclude from this that we can also calculate
the allocation with maximum Nash welfare in polynomial time using the same
algorithm as we described in Section [7.2}

Corollary 7.17. MAX NSW for the binary-valued disjunctive partition language
is computable in poynomial time.

Proof. We calculate a leximin-optimal allocation. By Theorem [7.2] we can
calculate a leximin-optimal allocation for the binary-valued disjunctive partition
language in polynomial time. And because of Theorem [7.16] this leximin-optimal
allocation that we calculated also maximizes Nash welfare. O

7.4 Hardness results

Until now, we have mostly focused on tractability results in this chapter. Now,
we will discuss a few variations and extensions of the disjunctive partition
language that make the language intractable. This shows us the limits of the
extent to which we can generalize this representation language while maintaining
tractability. In order to make the intractability results as strong as possible,
we prove NP-hardness results for a language that is otherwise as restricted as
possible.

The first variation we discuss is specifying conjunctive partitions instead of
disjunctive partitions. In Section we defined a partition language with
conjunctions instead of disjunctions and found that usw for such a language is
intractable for partitions of size larger or equal than 3. We can pose the same
question for egalitarian welfare. In this case, it turns out that allowing partitions
of size larger or equal than 2 already suffices to obtain an intractability result.

Theorem 7.18. ESW for the binary-valued conjunctive partition language is
NP-complete, even if every equivalence class has size exactly 2.

Proof. Consider the following decision problem:
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THREE-DIMENSIONAL MATCHING

Input: Three disjoint sets X, Y and Z with | X| = |Y| = |Z| and a
relation T C X x Y x Z.

Question: Does there exist a perfect matching M C T - that is, a
subset M such that all x € X, y € Y, z € Z occur in exactly one
triple of M7

This problem is known to be NP-complete (Karp, [1972)). We will prove our
theorem by reducing the problem of finding a perfect three-dimensional matching
to the problem of finding an allocation with egalitarian welfare 1.

Let ny := [{(y,2) | (x,y,2) € T}| be the number of edges in T" in which x € X
occurs. The general idea is to have an agent for every edge (z,y, z) in T. Now
look at this from the perspective of a single element x € X. If there exists a
perfect matching, exactly one of the n, edges containing x should be in this
matching and the other n, — 1 edges should not be.

We translate this into a fair division problem by adding n, — 1 dummy items
for each = € X such that we only need to satisfy a real bid for one of the n,
agents; we can satisfy all other n, — 1 agents using the dummy items. We then
give that agent (x,y, z) the items {y, z}, meaning that this edge (z,y, z) will
be used in the perfect matching we construct. This ensures that y and z are
only assigned to one agent and thus to only one edge of the perfect matching we
are constructing. If we can do this for all items x € X, we are able to extract a
perfect matching from the resulting allocation.

Now we will define the reduction more formally and prove its correctness. We
define a fair division problem (N, O, ~,u) with N =T and

O=|J{owijll<i<n,—1,je{ab}}UYUZ
reX

For each agent (z,y,2) € N we define the following equivalence relation ~
and utilities

©,y,2)
z,y,2)"

— One equivalence class of {y, z} with utility 1.

— For every i with 1 <4 < n,—1 an equivalence class of the form {0, ; 4, 0z.i.6}
with utility 1.

— Lastly, we take all items that we have not yet divided O,est and split them
up in equivalence classes each of size 2. We assign utility 0 to all these
equivalence classes.

We illustrate the idea of this reduction with an example in Figure
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('731’ Y1, Zl) O/N(frhyhm) = {{yh Zl}’ {Owhl,a’ 01‘171,11}’ {01‘1727117 01‘172,11}’ s }
(56‘1, Y2, ZS) = O/N(Ihyz,zg) = {{y27 23}7 {0931,1,11’ 093171,17}7 {0$1,2,a’ OI172,17}7 <o }

(xlv Y1, 22) O/N(ml,yl,ZQ) = {{yh ZQ}; {Oml,l,av Oacl,l,b}a {0m1,2,a7 0x1,2,b}; cee }

Figure 7.1: An example of how to transform edges (z,y,z) € T into agents and
their equivalence classes using the reduction. We have excluded in this example
the equivalence classes consisting of Oyegt-

We now claim that there exists a perfect matching M C T if and only if
(N, O, ~,u) has an allocation with egalitarian welfare 1.

(=) Suppose that M is a perfect matching. Then we define the following
allocation 7. For every agent (x,y,z) € M, we assign 7((z,y,2)) = {y, z}
so that he receives a utility of 1. For every agent (x,y,z) ¢ M, we assign
7((z,y,2)) = {04,i,a,02,i,p} for some i that is not yet assigned, giving that agent
utility 1 as well. Note that we have enough o, ; , and o, ;; to do so, since there
n, — 1 such items and n, agents who possibly want these objects. Exactly one
of these agents (z,y,z) € M and thus does not need to receive such an oy ; o or
04.i,p- Hence, this is a valid allocation and every agent receives utility 1.

(<) Conversely, suppose that 7 is an allocation with egalitarian welfare 1,
meaning that every agent has utility at least 1. The only way for an agent
(z,y,2) € N to receive a utility of at least 1 is if he receives either items y and
Z or items 044, and oy 5 for some i. Because for a given x € X there are n,
agents containing « and only n; — 1 0., and o, items, at least one agent
gets assigned y and z.

So we can define the following matching:

M= {(z,y,2) €T |y, z € n((x,y,2))}

By the argument above, for every x € X there exists y and z such that (x,y, z) €
M. Note furthermore that each y € Y and z € Z can only appear at most once
in an edge in the matching M, since y and z can only have been assigned to one
agent in allocation 7. Hence, |[M| < |Y| = |Z] = |X].

Because we know that every x € X occurs at least once in an edge of M and
|M| < |X]|, every x € X occurs exactly once in an edge of M and |M| = |X|.
Thus, M is indeed a perfect matching. O

A different relaxation that is interesting to investigate is to allow more different
utility values than just 0 and 1. All our tractability results in this chapter for
egalitarian, lexicographic and Nash welfare assumed that the agents’ utilities for
an item could only be either 0 or 1. We already know that allowing arbitrary
(positive) utilities makes maximizing Nash and egalitarian welfare intractable,
since NSW and ESW for additive languages is NP-hard (see Theorem and
Theorem |4.5)).
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However, it could still be that up to a certain k, languages allowing utilities
{0,1,2,...,k} remain tractable to maximize Nash or egalitarian welfare for.
However, it turns out that this becomes intractable from k = 2 already, as we
will show in a moment.

But first of all, note that if the agents can specify utilities {0, 1,2} to items in
the additive language, then the Nash-optimal and leximin-optimal solution no
longer coincide. This is in contrast to the additive language with utilities {0, 1}
(see Theorem and the binary-valued disjunctive partition language (see
Theorem [7.16)), where we know that these two concepts are the same.

Proposition 7.19. For the additive language where the utilities that agents
can assign to items are restricted to {0, 1,2}, the Nash-optimal allocation and
the leximin-optimal allocation do not necessarily coincide.

Proof. Counsider the following additive fair divison problem with N = {1,2} and
O ={01,09,03,04,05,06}. Agent 1 assigns utility 1 to every item and agent 2
assigns utility 2 to every item. That is, for all 0 € O, u1(0) = 1 and uz(0) = 2.

An allocation 7 that maximizes Nash welfare is to let w(1) = {01, 02,03} and
m(2) = {04, 05,06}. Then the utility vector is (3,6) and hence NSW(7) =3-6 =
18. However, we can also obtain utility vector (4,4) by choosing allocation 7’
with 7'(1) = {01, 02, 03,04} and 7'(2) = {05, 06}. Since (4,4) is lexicographically
better than (3,6), 7 cannot be a leximin-optimal allocation. O

Now, we will show that both ESW and NSw are NP-hard to decide for this
representation language.

Theorem 7.20. ESW for the additive language with the restriction that the
utility of every item is in {0, 1,2} is NP-complete.

The proof of this theorem was found by Golovin (2005). We include the proof
here, because we make use of the same construction to prove NP-hardness for
Nash welfare.

Proof of Theorem[7.20. We reduce from the problem (3,B2)-SAT, which is
known to be NP-hard (Berman et al., 2003)).

(3,B2)-SAT

Input: A formula ¢ in 3-CNF such that every literal occurs exactly

twice in ¢.

Question: Is @ satisfiable?
Let ¢ be a formula consisting of n variables {x1, ..., z,} and k clauses {Cy, ... Cy}
such that every literal occurs exactly twice. We specify the following fair divi-
sion problem F(p) = (N,O,u). We create 2n agents N := {(z;,v) | 1 <i <
n and v € {true, false}} and three types of items O = Op U O¢c U Op.

Op ={0P,..., 08} consists of n goods with the utility

ug (o

B 2 if a € {(a;,true), (z;, false) },
i) = :
0 otherwise.
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Oc ={0f,...,0{} is a set of k goods with the utility

¢y _ 1 if a = (z;,v) and setting z; to v makes clause C; true,
0 otherwise.

And finally, Op = {oP,..., 02 ,}isaset of 2n—k dummy goods with u,(oP) =
1 for every agent a € N.

Claim 7.21. ¢ € (3,B2)-SAT if and only if F(¢) has an allocation such that
the utility of every agent is 2.

Proof of claim. Suppose that F(p) has an allocation that gives every agent
utility 2. Because the maximum sum of utilities possible in this fair division
problemis 2-n+1-k+1-(2n—k) = 2-2n and there are 2n agents, this is only
possible if every good is assigned to an agent receiving utility for it. Then the
(partial) assignment A = {{x;,v} | 0§ € w({z;,v}) for some j} must make all
the k clauses of ¢ true. Note that {x;, false} and {z;,true} cannot be both in
the assignment, since either {z;, false} or {x;, true} must have received item o.
Because this item already gives utility 2 to that agent, this agent cannot have
received any other item from Oc. Hence, the assignment A is valid and makes

@ true.

Conversely, suppose that ¢ is satisfiable and let A C N be an assignment
that makes ¢ true. We define the following allocation 7. For every a € N, if
a = (z;,v) ¢ A, then 7(a) := {oP}. For every clause C; we choose (one of the)
literals (x;,v) that are satisfied according to A and assign of to agent (z;,v).
Because every literal occurs exactly twice, there will be no agent with utility
more than 2. Finally, we assign all Op to the agents that do not yet have utility
2. Because we assigned every item to an agent who receives utility for it and
no agent receives utility more than 2, this must mean that w gives every agent
utility exactly 2. This idea is also illustrated in Figure ]

We can easily check whether there exists an allocation that gives every agent
a utility of 2 by checking whether there exists an allocation with egalitarian
welfare of 2. Hence, ESW is NP-hard for this language. O

7((a, true)) = {0, 0P}

p=(aV-bV-c)A(-aVeVb) 7((a, false)) = {oP}
a — true 7((b, true)) = {05, 08’}

b — true = 7((b, false)) = {of}

¢ — false 7((c, true)) = {0P}
makes ¢ satisfiable 7((c, false)) = {0%, 0P}
gives everyone utility 2

Figure 7.2: An example of a (3,B2)-satisfiable formula ¢ and how we can
transform it into an allocation that gives every agent utility 2.
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Theorem 7.22. Nsw for additive languages with the restriction that the utility
of every item is in {0, 1,2} is NP-hard

Proof. We make use of the same reduction as in the previous proof. We claim
that F(¢) has an allocation such that the utility of every agent is 2 if and only
if there exists an allocation with Nash welfare 227.

Suppose 7 is an allocation such that uy(w(a)) = 2 for every agent a € N. Then,

NSW(r) = H ug(m(a)) = 22"

a€EN

Conversely, suppose F(p) has no allocation that makes the utility of every agent
2. Take an arbitrary allocation 7’ of F(p), then we know that this allocation
does not give every agent utility 2. We have that

‘N‘/NSW(W’) = |n| / H U (' (a)) S(*) ZaeNﬁ;l(ﬂ' (a)) _ US\;VV(lﬂf) <9.
a€EN

where (*) holds because of the inequality of arithmetic and geometric mean. () is
an equality if and only if it is the case that a,b € N implies u, (7' (a)) = up(7’'(b)).

We now claim that NSW(7’) < 22", We only need to consider the cases where
the utilities of all agents are the same, since in all other cases (x) is a strict
inequality and it follows from the equation above that the Nash welfare is strictly
smaller than 2. We know that 7’ cannot assign every agent’s utility to 22", so
the only cases left are when every agent receives utility 1 or 0. But in those
cases, the Nash welfare is respectively 1 and 0 and thus also strictly smaller than
22n,

Hence, for every allocation 7’ of F(¢), NSW(n') < 22" meaning that there

exists no allocation of F(¢) with Nash welfare 22".

Combining this with Claim [7.21] we can thus find out whether formula ¢ €
(3,B2)-SAT by constructing fair division problem F'(¢) and checking whether
F(y) contains an allocation with Nash welfare 22, This proves that NSW is
NP-hard for this language. O
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Chapter 8

Fixed-parameter tractability

In the previous chapters, we have looked at various representation languages and
studied the computational complexity of finding the allocations elected by the
solution concepts for these languages. Many times, we also found intractability
results such as NP-hardness, which show us that it is impossible to find a
polynomial-time algorithm for that problem unless P = NP.

It might however be interesting to study these intractable problems on a finer
scale. In all of the representation languages we have considered so far, various
parameters can be identified in the input of the problem, such as the number of
agents, the number of items or the number of bids. It could be the case that
the problem is actually exponential in a single parameter such as the number of
agents and only requires polynomial time in the other parameters.

In this chapter, we will perform such an analysis: we analyze the role that
the different parameters of a fair division problem play in the computational
complexity of the fair division problems we studied earlier. To do so, we make
use of concepts from parameterized complexity theory. In Section we give a
short overview and explanation of the concepts that we need from parameterized
complexity. If the reader is already familiar with parameterized complexity, this
section can be skipped.

We will first look at fixed-parameter tractability in general for representation
languages that have polynomial-time computable utility functions (Section
. Afterwards, we look in more depth at fixed-parameter tractability results
specifically for the additive language (Section and for the conjunctive
weighted bids language (Section .

8.1 Preliminaries in parameterized complexity

In this section, we give a quick overview of the definitions and concepts from
parameterized complexity that we use later in this chapter. For a more thorough
overview of parameterized complexity, see, e.g., Cygan et al. (2015]).

A classical decision problem £ C »* is defined as a subset of strings over the
alphabet 3. In a parameterized problem on the other hand, every string in the
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language also includes an integer value called the parameter, i.e., a parameterized
problem is a language £ C ¥* x N. As an example, suppose that we parameterize
the SAT problem by the number of variables. Then a pair (¢, n) belongs to this
parameterized language if and only if formula ¢ has n variables and is satisfiable.

We can now define what it means for a problem L, parameterized by k, to be
fixed-parameter tractable. Intuitively, this is the case whenever there exists an
algorithm that decides P and runs in time that is allowed to be exponential (or
worse) in k, but polynomial in all the other parameters of the input.

Definition 8.1 (Fixed-parameter tractability). We call a parameterized problem
L C ¥* x N fized-parameter tractable if there is a computable function f : N —» N
such that there exists an algorithm that given (z, k) € ¥* x N decides whether

(z,k) € L in time f(k) - |(z, k)P,

Usually, f here is an exponential function, although f is allowed to be any
computable function. We call the class of all parameterized problems that are
fixed-parameter tractable FPT.

For showing that a parameterized problem is fixed-parameter tractable, it suffices
to describe an algorithm that solves the problem within the specified time bounds.
To prove that a parameterized problem is fixed-parameter intractable, we require
a different approach.

Just like we believe NP-hard problems to be intractable, there exists a class
of parameterized problems called W[1]-hard problems that we believe to be
fixed-parameter intractable. Although we have no hard evidence that these
problems are indeed fixed-parameter intractable, we make the assumption that
W(1] # FPT, just like we often make the assumption in our intractability proofs
that P # NP.

For our purposes, we do not need to know how the complexity class WJ[1] is
defined (a full definition of this complexity class is given in Cygan et al., 2015).
We can show W[1]-hardness of parameterized problems by reducing from other
parameterized problems that are known in the literature to be W[1]-hard. For
parameterized problems, we need a slightly different version of a reduction to
ensure fixed-parameter tractability is preserved under reductions.

Definition 8.2. A function f : (z,k) — (2/, k') is a parameterized reduction
from parameterized problem £ C ¥* x N to £’ C ¥* x N if it holds that:

— (z,k) € L if and only if (z/,k') € L',
— f((x,k)) can be computed in time f(k) - |(x, k‘)|o(1), and
— k' < g(k) for some computable function g.

A parameterized reduction differs from a polynomial-time reduction in the
requirement that there should be a bound on the new parameter k' in terms of
the old parameter k. On the other hand, f is allowed to take exponential (or
worse) time to compute in k, as long as it takes polynomial time in the other
parameters.

Fixed-parameter tractability of parameterized problems is closed under parame-
terized reductions. We omit the proof of this property (for a proof, we refer to

84



Cygan et al., |[2015).

Proposition 8.3. If there is a parameterized reduction from £ to £’ and £’ is
fixed-parameter tractable, then £ is fixed-parameter tractable as well.

Conversely, if we know that problem L is fixed-parameter intractable and there
exists a parameterized reduction from £ to £’, then £’ must be fixed-parameter
intractable as well. Moreover, parameterized reductions are transitive.

Proposition 8.4. If there is a parameterized reduction from £ to £’ and there is
a parameterized reduction from £’ to £”, then there also exists a parameterized
reduction from £ to £”

8.2 General algorithms

We start by analyzing the fixed-parameter tractability of computing the allo-
cations elected by solution concepts from a general perspective. We consider
algorithms that work on any representation language for which we can compute
the utility of an agent’s bundle in polynomial time. Recall that we defined this
class of languages as representation languages with polynomial-time computable
utility functions in Section [2:4]

An easy exponential-time approach to find the allocations that are elected
by solution concepts for any representation language with polynomial-time
computable utility functions is to iterate over all possible allocations 7 and
compute the solution concept for each allocation. This leads to the following
algorithm.

Theorem 8.5. Let R be a representation language with polynomial-time com-
putable utility functions running in time p(|z|). Then MAX USW, MAX LEX and
MAX NSW are computable in time bounded by n™ - n - p(|z|).

Proof sketch. This can be done be enumerating over all possible allocations. If
we have n agents and m goods, then there are n™ ways to assign these goods to
the agents (for each good we have n choices of agents to which we can assign
it). For each allocation 7, we compute the utility of every agent’s bundle, which
can be done in time n - p(|z]). We calculate either the utilitarian welfare, Nash
welfare or the lexicographic vector and keep track of the current best allocation
we have seen so far. The allocation that is returned at the end maximizes the
solution concept. O

Corollary 8.6. MAX USW, MAX LEX and MAX NSW are fixed-parameter tractable
in n 4+ m.

This raises the question of whether these problems are also fixed-parameter
tractable in just the number of items m or in just the number of agents n. For
the number of items, it turns out that this is indeed the case. Such an algorithm
may take exponential time in m, but can only take polynomial time in all the
other parameters. For example, we cannot iterate over all allocations, since this
also takes exponential time in n.
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A different idea is to iterate over all possible partitions of the set of items O
(of all sizes). The number of such partitions depends only on m — the size of O
— and not on anything else. In the literature, the number of different ways to
partition a set with exactly m elements is also called the mth Bell number.

Proposition 8.7. There are at most m™ ways to partition a set with exactly
m elements.

Proof. First of all, note that a set of m elements can have at most m partitions.
This is the case only when every element of the set is placed in a different
partition.

Let S be a set with |S| = m. A single particular way to partition S can be
described by a function f: S — {1,...,m}, which indicates for each element
s € S to which of the (at most) m partitions it belongs.

Clearly, we can describe any possible way of partitioning S by a map of type
S — {1,...,m} (although some maps will refer to the same partitioning). Hence,
the number of maps from S to {1,...,m} is an upper bound on the number of
ways to partition S. This number of such maps is equal to m™. O

Note that there exist other tighter upper bounds on Bell numbers in the literature,
but for our purposes this simple upper bound suffices. We can namely use this
bound to create an algorithm and show that this algorithm is fixed-parameter
tractable with respect to the number of items m.

Theorem 8.8. Let R be a representation language with polynomial-time com-
putable utility functions running in time p(|x|). Then MAX USW is computable
in time bounded by O(m™ - ((n+m)3+n-m-p(|z|))) and hence fixed-parameter
tractable in m.

Proof sketch. We present an algorithm that enumerates over all possible parti-
tions of the m items. By Proposition [B.7] there are at most m™ such partitions.
For each partition, we do the following.

Let P ={O1,...,0,} be the partition of O we are currently enumerating, where
p < m. The idea is that every agent i receives at most one partition O; of P,
which becomes agent i’s bundle. If an agent does not receive any partition, his
bundle becomes the empty set. Our goal is to find the assignment of agents to
partitions such that the utilitarian social welfare is maximized.

To this end, we construct the following weighted bipartite graph Gusw =
(V,E,w):
V=PUN
E=PxN
w((O1,4)) = u;(O)

Note that the maximum weighted matching of G indeed corresponds to the
assignment maximizing utilitarian social welfare that we are looking for. Gysw
consists of n + m vertices and is bipartite, so computing the maximum weighted
matching can be done in O((n + m)?) time (Munkres, [1957). Computing the
weights of the graph takes time O(n - m - p(|z|)).
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If we repeat this process for every partition of O while keeping track of the
current best assignment, we will find the allocation that maximizes USW in time
O(m™ - ((n+m)®>+n-m-p(|z]))). Since the running time is only exponential
in m, MAX USW is fixed-parameter tractable in m. O

We can use a similar approach as we did for utilitarian welfare to find the
maximum Nash welfare. However, we now need to maximize the product of the
weights of the matching instead of the sum of the weights. We can achieve this
by taking the sums over the logarithms of the weights.

Theorem 8.9. Let R be a representation language with polynomial-time com-
putable utility functions running in time p(|z|). Then MAX NSW is computable
in time bounded by O(m™ - ((n+m)3+n-m-p(|z|))) and hence fixed-parameter
tractable in m.

Proof sketch. We use the same approach as in the proof of Theorem [8:9] We
enumerate all partitions of the items O.

For each partition P = {O1,...,0,}, we now construct the following weighted
bipartite graph Gnsw = (V, E, w):

V=PUN
EFE=PxN
w((Oy, 1)) = logu; (O;)

The difference between Gnsw and Gusw (in the proof of Theorem is that
we define the weights as the logarithms of the original utility. If we now compute
the maximum weighted matching in Gnsw, we essentially find the matching
maximizing the sum of the logarithms of the utilities. This is equivalent to
maximizing the product of the original utilities.

The rest of the algorithm is equivalent to the algorithm for maximizing utilitarian
welfare and hence also runs in time bounded by O(m™ - ((n + m)3 +n-m -

p(|z])))- O

For maximizing egalitarian welfare, we construct the same bipartite graph as we
did for utilitarian welfare of which we need to find a matching. Now however,
we want to find a matching of size n that maximizes the minimum weight in the
matching.

Theorem 8.10. Let R be a representation language with a polynomial-time
computable utility function running in time p(|x|). Then MAX ESW is computable
in time bounded by O(m™ - ((n+m)3+n-m-p(|z|))) and hence fixed-parameter
tractable in m.

Proof. Just as in the previous proofs, we enumerate all partitions of the items
O. We construct the following weighted bipartite graph Grsw = (V, E, w):

V=PUN
E=PxN
w((O,3)) = ui(O1)
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This graph is the same as Gusw (defined in the proof of Theorem . The
optimal matching that we are now looking for is however defined by another
metric. We are looking for a matching of size n such that the minimum weight
of the edges in the matching is maximized. This corresponds to assigning agents
to the bundles in such a way that the least happy agent’s utility is maximized.
This problem is also known as the linear bottleneck assignment problem in the
literature and can be solved efficiently in O((n+m)?) steps (Burkard and Derigs,
1980; Armstrong and Jin, [1992).

The total running time of the algorithm is O(m™ - ((n +m)® +n-m - p(|z|)))
and thus fixed-parameter tractable in m. O

Now that we have seen that the problem of finding the allocations that are
elected by various solution concepts is fixed-parameter tractable in the number
of items m, we can ask ourselves the same question for the number of agents n.
However, here the result is negative.

Theorem 8.11. If one of USW, ESW, NSW or EEF EXISTENCE is fixed-parameter
tractable in n for any representation language with polynomial-time computable
utility functions R, then P=NP.

Proof. Suppose that USW is fixed-parameter tractable in n for any representation
language with polynomial-time computable utility functions. Note that the
dichotomous language (see Chapter [3) has polynomial-time computable utility
functions, since we can check easily given a propositional formula ¢ and a
bundle whether that formula is true. This means that there must exist an
algorithm solving USW for expressions in the dichotomous language running in
time f(n) - p(|z|) with f some function (which is allowed to be exponential), p a
polynomial, |z| the input size and n the number of agents.

This also implies that there exists an algorithm running in time f(2) - p(|z|) —
i.e., a polynomial algorithm — for solving USW for dichotomous language with
only two agents. But from Corollary [3.5] we know that Usw is already NP-hard
for the dichotomous language and two agents.

The proof goes similarly for ESW, NSW and EEF EXISTENCE, since Corollaries
and [3.8| respectively show that these decision problems are also already
NP-hard for the dichotomous language and two agents. O

8.3 Algorithms for the additive language

Since the additive language has polynomial-time computable utility functions,
computing an optimal solution for any decision problem is fixed-parameter
tractable in the number of items m. Although we have proved in the section
above that there is no fixed-parameter tractable algorithm in the number of agents
n that works on any representation language with polynomial-time computable
utility functions, there could still exist such an algorithm specifically for the
additive language. However, it turns out that this is not the case.

Theorem 8.12. ESW, NSW and EEF EXISTENCE for the additive language are
fixed-parameter intractable in n, unless P=NP.
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Proof. By Theorem (for EswW), Theorem (for nsw) and Theorem (for
EEF EXISTENCE), these decision problems are already NP-hard for the additive
language restricted to two agents (n = 2). A fixed-parameter tractable algorithm
in n for one of these decision problems would give a polynomial-time algorithm
when restricted to the special case of n = 2, which would imply that we have
found a polynomial algorithm for an NP-hard problem. O

In order to find a fixed-parameter tractability result in n, we might try to look at
a restricted version of the problem. One idea is to look at the additive language
where all utilities are furthermore encoded in unary, as we also did in Section [1.2]
We already know that the problem remains NP-hard under this restriction, but
perhaps such a restriction might make the problem fixed-parameter tractable in
the number of agents n.

It turns out unfortunately that this is not the case, as the following hardness
result shows us. This hardness result does however require a different (stronger)
complexity-theoretic assumption

Theorem 8.13. ESW, NSW and EEF EXISTENCE, with all preferences are encoded
in unary, are fixed-parameter intractable in the number of agents n, unless
FPT = WI[1].

Proof. From the proof of Theorem @ we know that UNARY BIN PACKING <,
ESW. But it is known that UNARY BIN PACKING is W[1]-hard (Jansen et al.,
2013) when parameterized by the number of bins. Looking at the reduction
defined in the proof of Theorem [£.8 the number of bins corresponds linearly to
the number of agents. So this also is a parameterized reduction from UNARY BIN
PACKING in the number of bins to unary-encoded ESW in the number of agents.

Thus, we can conclude that unary-encoded Esw is W[1]-hard in the number of
agents n. So if there did exist a fixed-parameter tractable algorithm for UNARY
ESW in n, any problem in W[1] would have a fixed-parameter tractable algorithm,
implying that FPT = W[1].

For Nsw and EEF EXISTENCE, the proof works in the exact same way, but we now
make use of Theorem and Theorem respectively for the reduction. [

This theorem shows us that there exists no fixed-parameter tractable algorithm
for these solution concepts if the parameter is the number of agents n. However,
as we will show below, there does exist a fixed-parameter tractable algorithm in
Umax and n, where umax 1S the maximum utility that a single agent can achieve.
That is, Umax = MaXien Y c o ©i(0).

Theorem 8.14. MAX ESW and MAX NSW are fixed-parameter tractable in tyax
and n.

Proof. We use a dynamic programming approach to design an algorithm. We
will construct for all k£ < m and v; < umax the following state:

1 if 3r with U,cy 7(4) = {o1,..., 01} s.t. Vi€ N :uy(n(i)) > v;

ossible(k,vy,...,v,) =
P (ks v, n) {O otherwise
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In words, we let possible(k,v1,...,v,) be equal to 1 if and only if there exists
an allocation 7 that only assigns the first k& objects such that every agent i has
at least v; utility.

Once we have constructed this table of states, we can easily find the maximum
egalitarian welfare and the maximum Nash welfare. For the maximum egalitarian
welfare, we loop over all states possible(k,v1,...,v,) that are possible (i.e.,
equal to 1) and find the one where the smallest utility v; is the largest. In
formula form,

max ESW(r) = max <min vZ) .
T V1yeeeyUn iEN
s.t. possible(m,vy,...,v,)=1
For Nash welfare, we also loop over all possible states, but now we find the one
where the product of the utilities v; is the largest. Thus,

max NSW(rw) = L max (H vi> .

s.t. possible(m,vi,...,v,)=1 \iEN

Now, we describe how to construct the dynamic programming table. We start
by assigning possible(0,0,...,0) = 1 and possible(0,v1,...,v,) = 0 for all
other values of v;. We use the following recursive relation:

possible(k,vy,...,v,) = E%%((possible(k—l, v1, ... ,max(0,v;—u;(0g)), .., vp))
The intuition behind this equation is that if it is possible to achieve utilities of
at least vy, ..., v, using the first k items, item o must have been given to one
of the agents i € N. We check every such possibility. If oy is given to agent 1,
then he must have received v; — u; (o) utility from the first £ — 1 items, while
the other agents must have received the same utility v;.

We wrap v; — u;(0x) into max(0,v; — u;(0x)), because it might also happen that
v; — u;i(og) is negative, which indicates that agent ¢ receives more utility than v;
by getting assigned item o. Since we are only checking whether it is possible
for agent ¢ to obtain at least utility v;, we want to allow this.

We assume here that the allocation has to divide all the items, but it is easy to
adapt the recursive relation to also allow non-complete allocation. We can do
this by also returning 1 whenever possible(k — 1,v1,...,v,) = 1.

As for the time complexity, the dynamic programming table contains O((umax)™ -
m) entries and we need O(n) time to compute each entry. Hence, our algorithm
runs in time O((tmax)™ - m - n) in total. O

Note that we can provide a slightly tighter running time on this algorithm. If
U; max represents the maximum achievable utility for agent 4, then a bound on
the running time of the algorithm is also O(([[;c n %i,max) - m - 1).

Now let us compare this algorithm to the two general exponential algorithms
for computing ESW and NSW: the O(n™) algorithm described in Theorem
and the O(m™) algorithm described in Theorem and Theorem If every
agent assigns a (positive) non-zero utility to every item, umax quickly becomes
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very large. In particular, this implies that umax > m, making the dynamic
programming algorithm run in time Q(m™).

On the other hand, the dynamic programming algorithm is especially useful
whenever each agent only assigns non-zero utility to a few items (and utility
0 to all the other items). In this situation, umax can be much smaller than
m, making an O((umax)™) algorithm possibly a better choice than a O(n™) or
O(m™) algorithm.

Another useful observation is that we do not need to compute the complete
dynamic programming table when we are only interested in finding out whether
an allocation exists with an egalitarian welfare of at least x. For this, it suffices
to compute the table entry possible(k,z,...,x), so we do not need to compute
the table for entries where v; > x. Hence, the running time of our algorithm is
bounded by O(x™ - m -n). This algorithm is thus in particular useful when there
are only a few agents and the egalitarian welfare value x that we wish to obtain
is relatively low. This leads us to the following corollary.

Corollary 8.15. ESW is fixed-parameter tractable in n + x, where x is the
egalitarian welfare value we wish to find the answer to whether an allocation
with this value exists.

Lastly, for computing EEF EXISTENCE, a slightly different approach is required.
Bliem et al. (2016)) have devised such an algorithm that computes EEF EXISTENCE
for additive preferences — also based on dynamic programming — running in time
O((umax)”2 -mn?).

8.4 Algorithms for the conjunctive weighted bids
language

First of all, note that the conjunctive weighted bids language has polynomial-
time computable utility functions, meaning that the fixed-parameter tractability
results for n + m and m from Section [8:2] also apply to this language. We
can again ask ourselves whether there also exists a fixed-parameter tractable
algorithm parameterized just by the number of agents n.

For utilitarian welfare, we already know that the problem remains NP-hard when
restricted to 3 agents, so there cannot exist such a fixed-parameter tractable
algorithm in n for USW.

Theorem 8.16. UsSw for the conjunctive weighted bids language is fixed-
parameter intractable in n, unless P=NP.

Proof. By Theorem [5.25] usw for the conjunctive weighted bids language is
already NP-hard when restricted to 3 agents. If there did exist a fixed-parameter
tractable algorithm for Usw in n, this would give a polynomial-time algorithm for
the case of 3 fixed agents, implying that we found a polynomial-time algorithm
for an NP-hard problem. O

Regarding conjunctive weighted bids for the solution concepts ESW, NSW and
EEF, we already showed in Section [5.2.1] that finding the allocations elected by
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these concepts remains NP-hard, even when all the weights can only be equal to
1. However, even with this restriction, there does not exist a fixed-parameter
tractable algorithm for these solution concepts.

Theorem 8.17. ESW, NSW and EEF EXISTENCE for the conjunctive weighted
bids language with weights restricted to 1 are fixed-parameter intractable in n,
unless W[1|=FPT.

Proof sketch. We make use of Theorem which tells us that any fair division
problem in the unary additive language can be expressed in the conjunctive
weighted bids language with weights restricted to 1. From Theorem [8:13] we
furthermore already know that ESW, NSW and EEF EXISTENCE for the unary
additive language are W[1]-hard.

Note that the reduction in the proof of Theorem keeps the number of agents
n the same. Thus, this reduction is a parameterized reduction in n. Combining
this with Theorem [5.7, we find that ESW, NSW and EEF EXISTENCE for the
conjunctive weighted bids setting with weights 1 must also be W[1]-hard. O

Because of the close connection between USW for conjunctive weighted bids and
WEIGHTED INDEPENDENT SET (see Section[5.2.2.2)), fixed-parameter intractability
results for WEIGHTED INDEPENDENT SET also imply the same intractability result
for usw for conjunctive weighted bids.

Proposition 8.18. usw for the conjunctive weighted bids language is fixed-
parameter intractable in z, unless W[1]=FPT. Here, z is the utilitarian welfare
value we wish to find out of whether an allocation with this value exists.

Proof sketch. By Downey and Fellows (1999) we know that WEIGHTED INDEPEN-
DENT SET is W([1]-hard in k, where we want to find a weighted independent set
with sum of weights k. Note that the reduction from WEIGHTED INDEPENDENT
SET to USW in Theorem is also a parameterized reduction in k. Hence, USW
for the conjunctive weighted bids language is also W[1]|-hard. O

Lastly, we study the conjunctive weighted bids language from a different param-
eter: the number of bids b submitted in total by the agents. If we parameterize
the problem in this way, we can find a fairly easy O(2°) algorithm.

Theorem 8.19. Usw, ESW and NSW for conjunctive weighted bids are fixed-
parameter tractable in b, where b is the total number of bids.

Proof sketch. Let By be the set of all b bids that the agents have. We iterate
over every possible subset of B’ C By.. For every subset B’, we try to create
an assignment 7 that satisfies all bids occurring in B’. That is, if (B; j, u; ;) is
a bid from agent i, we try to assign all items B; ; to agent ¢ (i.e., B; ; C m(¢)).
If this is not possible (for example because an item is assigned to two different
agents), we skip this subset and continue with the next.

Otherwise, we end up with an allocation 7 that satisfies every bid in B’. We
now compute the solution concept (USW, ESW or NSW) for this allocation 7
and keep track of the current maximum. Once we have iterated over all subsets
of Byot, we return the allocation that maximizes the solution concept. O
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This of course raises the question of whether we can do any better than this. For
utilitarian welfare, we show that a sub-exponential algorithm in the number of
bids b is not possible, at least assuming that the Exponential Time Hypothesis
is true.

The Exponential Time Hypothesis is another complexity theoretic assumption
that is often made in proving lower bounds for computational problems. Note
that the truth of the Exponential Time Hypothesis also implies that FPT # W][1]
(and hence also that P # NP). Thus, this is a stronger complexity-theoretic
assumption than we have made so far.

Theorem 8.20. Under the Exponential Time Hypothesis, there exists no 2°(%)
algorithnﬂ that decides Usw for the conjunctive weighted bids language.

Proof. By Lokshtanov et al. (2013) we know that there exists no 2°(*) algorithm
that decides INDEPENDENT SET if the Exponential Time Hypothesis is true.
Here, v denotes the number of vertices of the graph in which we want to find an
independent set.

Now suppose that there exists a 2°() algorithm that decides usw for conjunctive
weighted bids and let G = (V, E) be a graph of which we want to find out
whether there exists an independent set of size k. In Theorem [5.2I] we provide
a construction to transform G into a fair division problem F' such that F' has an
allocation with utilitarian welfare k if and only if G has an independent set of
size k. The construction assumes that a weighted graph is given of which we
want to find the weighted independent set, but we can transform this to the
unweighted variant by setting the weight of all edges equal to 1.

Since we create one bid for each vertex in G, the fair division problem F' contains
v bids. If we now use the 2°(®) algorithm to decide whether there exists an
allocation in F' with utilitarian welfare k, we also know whether G has an
independent set of size k. But this whole procedure runs in time 2°(*), which
would mean that we have found a 2°(*) algorithm that decides INDEPENDENT
SET. Hence, there cannot exist a 2°() algorithm that decides USw for conjunctive
weighted bids. O

1The little-o notation here expresses that the function grows asymptotically strictly slower
than the other function. There are various ways to define this formally. Here, we use the
definition that f(n) € o(g(n)) if and only if lim,— oo f(n)/g(n) = 0.
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Chapter 9

Conclusion

9.1 Summary

In this thesis, we have looked at many different representation languages for
specifying utility functions over sets of objects and studied the computational
complexity of finding the allocations that are elected by various solution concepts
for these languages in the setting of fair division of indivisible goods. We have
included an overview of the different complexity results we obtained for these
languages in Table[0.2] This table is not intended to be a complete overview
of all results obtained in the thesis, but it gives more insight in the relation
between the different (in)tractability results that we proved.

The goal of this thesis was to find representation languages that have polynomial-
time algorithms for finding allocations elected by solution concepts, while at
the same time remaining as expressive as possible. The disjunctive partition
language (see Chapter |§| and [7]) is an example of such a tractable representation
language that we discovered in this thesis.

Besides looking for tractable algorithms, we also proved various intractability
results for different representation languages. These results are useful in two
ways. First of all, these results show us the limits of what is possible to do in
polynomial time and secondly, intractability results for restricted versions of
representation languages also allow us to understand better from which part of
the problem the intractability stems. From these intractability results, we can
learn which restrictions on representation languages do not help us to achieve
tractable results and which restrictions could help.

We started by studying the dichotomous language in Chapter 3] Although this
language still looks fairly restrictive — agents can only have utility 0 or 1 — we
found that for all solution concepts that we considered, finding allocations elected
by these concepts was NP-hard even after simplifying the setting further.

In Chapter[d] we considered the additive language and saw that finding allocations
elected by solution concepts is NP-hard for all solution concepts besides utilitarian
welfare. While restricting the language by requiring a unary encoding of the
utility values did not make the problem easier, restricting the language even
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further to binary-valued utilities did make tractable algorithms possible for more
solution concepts. The problem remains however that agents cannot represent
any relations between objects in their utility functions.

Conjunctive and disjunctive weighted bids are a way to represent such relations
between objects, which we study in Chapter 5} Because this is a generalization
of the additive language, the only solution concept that could possibly have a
polynomial-time algorithm is utilitarian welfare. We show that this setting is
very similar to that of combinatorial auctions and prove NP-completeness for
the general case of conjunctive weighted bids. When restricting ourselves to
two agents, we do find a polynomial-time algorithm, but the problem becomes
NP-complete when there are three (or more) agents, as we prove. For disjunctive
weighted bids, we discover that, for all solution concepts considered, calculating
allocations elected by these concepts is intractible in a very restrictive setting
already and note that this may be because of the overlap that is allowed between
the bids.

Motivated by this, we consider in Chapter [6] and [7] a restricted version of the
disjunctive weighted bids language where there is no overlap between bids of a
single agent: the disjunctive partition language. We find that this representation
language has interesting complexity-theoretic properties.

For utilitarian welfare, there exists a tractable algorithm for calculating an
optimal allocation based on weighted matchings. We subsequently study various
language extensions that allow for more preferences to be represented in the
disjunctive partition language, while still maintaining tractability.

For egalitarian welfare and the leximin-optimal allocation, we need to look at the
binary-valued version of the disjunctive partition language. This is because the
disjunctive partition language is more general than the additive language, which
is only tractable for these solution concepts when we have binary-valued utility
functions. We present and prove correctness of a polynomial-time algorithm
that calculates allocations elected by these solution concepts. The idea of
this algorithm is based on iteratively finding swaps of items that increase the
lexicographic value of the allocation. Moreover, we show that in this setting the
Nash-optimal allocation coincides with the leximin-optimal allocation.

We can thus conclude that the disjunctive partition language seems like a good
example of a representation language that still allows agents to express non-
trivial preferences and relations between objects and on the other hand is still
tractable for various solution concepts to compute optimal allocations for.

Finally, in Chapter [§| we look at the computational problems from a different
perspective, namely using parameterized complexity. We showed fixed-parameter
tractability in the number of items for any reasonable representation language,
which gives us a way to compute optimal allocations efficiently if the number of
items is not too large. If we parameterize by the number of agents however, we
find mostly fixed-parameter intractability results. Lastly, we discussed two fixed-
parameter tractable algorithms for the additive language and the conjunctive
weighted bids language specifically.
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9.2 Directions for future research

Most representation languages that we studied in depth in this thesis were based
on weighted bids. We looked for restrictions on this language that made it
possible to compute the allocations that are elected by various solution concepts
in polynomial time. One interesting direction for further research is to study
other types of representation languages and find restrictions on them that make
computing elected allocations possible in polynomial time or to look for different
types of restrictions that might yield interesting complexity results.

For example, a different type of representation language to study is a language
where each agent specifies their preferences in an ordinal way. The representation
language then transforms this order to cardinal utilities by a positional scoring
vector such as (4,3,2,1,0) (meaning utility 4 for the most preferred item, utility 3
for the second-most preferred item and so on). We know that if this scoring vector
is of the form (1,1,...,1,0,0,...) that we can compute an optimal allocation
efficiently in most cases, since this is (a special case of) the binary-valued additive
language.

On the other hand, Baumeister et al. (2013)) and Darmann and Schauer (2015)
have shown that for the lexicographic and the Borda scoring vector, optimizing
Nash and egalitarian welfare becomes NP-complete. It might be interesting to
try to generalize this result further for other types of positional scoring vectors:
for what types of scoring vectors do there exist tractable algorithms? What
kind of restrictions do we need to put on these scoring vectors such that we can
compute the allocations elected by various solution concepts efficiently?

Besides looking at different representation languages, we can also study the
same representation languages but with other solution concepts. Perhaps we
need different kinds of restrictions on the representation languages in order to
make computing the allocations elected by these solution concepts tractable.
For example, while we studied some complexity results for envy-free and Pareto
efficient allocations (EEF EXISTENCE), we did not find many tractability results
for this solution concept. We focused mostly on restrictions on representation
languages that made leximin-optimal and Nash-optimal solutions tractable to
compute. It could be interesting to look at which restrictions are necessary to
make EEF EXISTENCE tractable to compute and whether this is possible without
making the language completely trivial.

Another specific possible direction would be to study the algorithm we designed
in Chapter [7] that computes a leximin-optimal allocation for the binary-valued
disjunctive partition language in more detail. It might be possible to generalize
the idea of the algorithm even further so that it works for a more expressive
language as well. In that case, it is also interesting to investigate whether Nash
welfare and the leximin-optimal allocation still coincide in this language. Does
there exist a representation language where the Nash-optimal allocations and
the leximin-optimal allocations are different, but they are both computable in
polynomial time?

Finally, further research could also look in more depth at fixed-parameter tracta-
bility. In Chapter[8] we obtained some basic tractability and intractability results,
but there are still many directions that we have not yet explored. One idea would
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be to represent a fair division problem as a graph in some way (for example as
we did with the bid graph in Section and study the complexity of finding
allocations elected by various solution concepts when parameterizing over the
treewidth or cliquewidth of the grap}ﬂ By studying different parameters, one
can easily obtain new fixed-parameter tractability and intractability results.

1These are measures that capture in a way how complex the structure of the graph is. A
full definition of these concepts in the context of fixed-parameter tractability is given in Cygan
et al. (2015).
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USW ESW LEX NSW EEF
dichotomous
- identical preferences, NP-c NP-c NP-c NP-c NP-h
2 agents7 pos. formulas (Cor. (Cor. (Cor. (Cor. (Cor.
- clauses p p - p p
(Thm. (Thm. (Thm. (Thm.
additive
- veneral P NP-c NP-c NP-c NP-h
g (Prop. (Thm. (Thm. (Thm. (Thm.
. P NP-c NP-c NP-c NP-h
- unary encoding (Prop. (Thm. (Thn. (Th. (Then
. P P P P NP-c
- blnary_valued (Prop. (Thm. (Thm. (Thm. (Thm.
P NP-c NP-c NP-c NP-h
- 0/1/2'Valued (Prop. [4.3) (Thm. (Thm. (Thm. (Thm. [4.15)
conj. weighted bids
- weights 1 NP-c NP-c NP-c NP-c )
g (Cor. (Cor. (Cor. (Cor.
P
- 2 agents (Thm, - - - -
NP-c
- 3 agents (T, - - - -
disj. weighted bids
- 2 agents, weights 1, NP-c NP-c NP-c¢ NP-c¢ i
identical preferences (Cor. (Cor. (Cor. (Cor.
disjunctive partition
- veneral P NP-c NP-c NP-c NP-h
g (Cor. (Prop. (Prop. (Prop. (Prop.
. . . P NP-c NP-c NP-c NP-h
- with various extensions (Cor. (Prop. (Prop. (Prop. (Prop.
- binary-valued p P P P NP-L
y (Cor. (Thm. (Thm. (Cor. (Thm. [4.15)
conjunctive partition
- size eq. class < 3, NP-c
all utilities 1 (Thm.
- size eq. class = 2, P NP-c NP-c ) )
binary-valued (Thm. (Thm. (Thm.

Table 9.1: An overview of the complexity results for the different representation
languages studied in this thesis. NP-hardness and NP-completeness are shortened
to NP-h and NP-c respectively in this table.
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