V neddvné dobé prisli Steindl Zehavi s novym pohledem na modelovani
slozitéjsich preferenc¢nich relaci agentt v prirazovani. Ukolem je priradit nanejvys
jeden predmét kazdému agentovi tak, ze vysledné prifazeni bude zavidéni prosté
ve vSech vrstvach agentskych preferenci. Jak se ukazuje, pro vétsinu zadani
takova prifazeni nemohou existovat a je algoritmicky velice obtizné je nalez-
nout.

Cilem préce je nastudovat dostupnou literaturu a nasledné prozkoumat moznosti
relaxovani podminek puvodné definovaného ptifazeni. Déle bude tieba nalez-
nout nové koncepty tzv. férovovosti prifazeni a prozkoumat algoritmickou slozitost
navrhovanych konceptu. Zérovei by bylo dobré zjistit strukturdlni vlastnosti
instanci, které garantuji néjakou férovost.
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Abstrakt

Prirazovaci problém je problémem na pomezi matematické a ekonomické teorie. Prirazovaci
problém se skldda z agentii a polozek, agenti vyjadiuji své preference k polozkdm a cilem je
najit (uréitym zpiusobem) optimélni pfifazeni. Problém pfifazeni je velmi dynamicky problém,
protoze muze byt vzato v ivahu mnoho dalsich aspekti. V tomto prikladu maji agenti vice
seznamu preferenci, jak je predeslano v Parameterized Analysis of Assignment Under Multiple
Preferences. My jsme vsak k problému pristoupili jinak nez v ¢lanku, motivovani mnozstvim
vyzkumt, které jiz byly provedeny v oblasti problému prifazeni jednoho preferen¢niho profilu,
uvadime syntézu jednoho profilu z vice profili. Stejné jako pfedstaveni algoritmu pro nalezeni
Pareto optiméalniho feseni na takovych profilech. Vzhledem k tomu, zZe ndmi prezentované profily
umoznuji rovnost mezi dvéma polozkami (coz znamend, ze zadné z nich neni preferovina pred
druhou), museli jsme zvolit ponékud odlisny pfistup. Hlavnim cilem bylo najit algoritmické
feseni se slozitosti alespon v polynomidlnim ¢ase, coz se podafilo. Zabyvame se také riznymi
aspekty spravedlnosti pri takovém zadani. Nasledujici feSeni by méla byt prinosna nejen pro
Piifazovaci problém s vice preferencemi, nebot piedstavuji novy pohled na neddvno publikovany
problém, ale také pro Prirazovaci problém s nestriktnimi profily.

Klicova slova Pritazovaci problém, Pareto optimalita, Pritazovaci problém s nestriktnimi
profily, Prifazovaci problém s vice preferencemi

Abstract

The assignment problem is a problem on intersection of mathematical and economical theory.
Assignment problem consist of agents and items, the agents express their preferences over items
and the goal is to find (in some way) optimal allocation. The assignment problem is very dynam-
ical problem, because lot of others aspects might be taken into consideration. In this example
agents have multiple preference lists as presneted in Parameterized Analysis of Assignment Un-
der Multiple Preferences. However we took different approach to the problem than in the article,
motivated by the amount of research already done on single preference profile assignment prob-
lem, we present synthesising one profile from multiple ones. As well as presenting an algorithm
for finding Pareto optimal solution on such profiles. Since the profiles we presented allowed
equations between two items, (meaning none of them is preferred over the other) we had to
take a slightly different approach. The main focus was to find algorithmic solution with at least
polynomial time complexity, which was achieved. We also discuss different aspects of fairness in
such assignments. following solutions should be beneficial not only to Assignment Under Mul-
tiple Preference as to present a new view on the recently published problem, but also to the
Assignment problem with non-strict profiles.

Keywords Assignment problem, Pareto Optimality, Assignment problem with non-strict pro-
files, Assignment Under Multiple Preference
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Introduction

Let us start with an example. Three brothers encounter a magical jhin who has three gifts that
he will grant the brothers, unlimited power, invisibility, and immortality. However, each of them
can only take one of the three gifts mentioned. The brothers must come to an agreement on
who will take which gift. Or there should be some way to distribute those things fairly among
all participants. But fairness is not something simple and there are multiple ways we can define
fairness. For example, brothers could choose one wish at a time. In order from the oldest to the
young, or maybe from the youngest to the oldest, or the order in which they choose could be
random (e.g., the outcome of rock-paper-scissors, by lottery...). All of those solutions would be
fair in some sense. What we have informally described here are some cases of serial dictatorship.
Which is a method commonly used for such problems [1]. Serial dictatorship offers some fairness
namely, Pareto optimality, which means that there are not two or more people who would be
willing to swap their item for another one so that they would all benefit if they traded with each
other. There may be some that are not happy with their item, but they would simply not be able
to find anyone willing to trade with them. So we can say that if someone has an item I would
like more than my own, that he prefers his item over mine. As this is some defined fairness,
however, there may be some who will be much worse off than others. For such cases, we might
want results that are envy-free, meaning that no one would even be wanting to change their item
for someone else, which is another common method of fairness[2]. In such an example, there can
be observed some similarities to the cake cutting problem [3]. Where also some mechanics and
definitions of fairness must be considered.

If we extract this to abstract and less ordinary terms. We have a set of agents and a set of
items. There might be more items than agents or vice versa. Every agent can only take one item
and one item can be taken by only one agent. Each agent has some preferences over the items.
The dilemma of the problem is which agent will get what item. That would be an instance
of an assignment problem, of which there are many versions. The solution is usually called an
assignment, where the assignment states which agent will get what item. This problem is usually
compared to a campus problem where each student prefers different housing units[4]. However,
items don’t have to be always a positive thing, that people only benefit from having, it can be
distributions of housework or tasks in a company.

There can be other components of the assignment problem as well [5]. Ownership could be
part of the problem. Meaning instances where some agents already have ownership over some
items, think of people trading their cars for example. This will stress what we desire from
our allocations since now we have to consider that agents, who are having ownership, might
not want to participate if we do not present them with acceptable terms. Furthermore, other
models consider agents to be able to take more than one item, presenting with them some upper
and lower bounds of consumption. Another modification of the problem would be stating some
agents’ priority over others, as in the example of the company some members can have priority
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over others due to their seniority.

With all this considered, it should not be a surprise to state that the assignment problem
is a quite evolving problem with many variations to study. Such as Parameterized Analysis of
Assignment Under Multiple Preference by Steindl and Zahavi [6]. In which they explored where
there is more than one preference profile, meaning that agents have more than one criteria over
items they want. We can imagine such a scenario with houses, where not only the size of the
houses but also their location matters. In the following examples, all agents would present their
preferences on the location of the house and on the size of the house. It should be easy to imagine
other criteria that were taken into account, resulting in more than one preference profile for each
agent.

The approach of the thesis was to study assignments, with multiple preferences to be consid-
ered. With their fairness of choice being a-globally-optimal, which, focuses on Pareto optimality,
in a sense that there cannot be agents willing to come to an agreement on trading items that
would benefit everyone. However, their model was very restrictive, demanding the resulting as-
signment to be Pareto optimal in regards to every preference, meaning that if two agents come
to each other wanting to trade items because one got pink and the other one green (while they
both preferred the other color), such assignment would not be considered Pareto optimal, even if
all their other preferences suggested that they would not swap their item with one another. This
concept was presented as an assignment that is a-globally optimal. Where « specifies the required
number of such layers, so that assignment will be a-globally-optimal. Pareto optimal layer means
that if you look at a specific preference (color, for example), the corresponding layer must be
Pareto optimal. This means that two or more agents would not be motivated to swap their items
for better results in that quality (swapping pink for a green item, for example). That would be
a Pareto optimal layer (in regards to color preference). As we can imagine 3-globally-optimal
assignment will always be 2-globally-optimal as well, but not vice versa.

Here lies the question if it is really necessary for an assignment to be a-globally-optimal. Per-
haps an assignment could be acceptable if agents are satisfied in the majority of their preferences.
After all, if such an instance occurs, agents would still not be willing to trade so we could talk
about a different kind of Pareto optimality, but Pareto optimality nonetheless.

Ultimately, one of the key ideas of this thesis is to reduce multiple preference profiles into just
one. Some information would be lost during such process. But merging more criteria into just
one rating is something reasonable as it is already done in rating, or ultimately in price tagging
items.

The core of this thesis is the assignment problem which has been studied in both economical
and informatics literature. There is also more than one approach to what we are looking for in
an algorithmic finding of assignment, the main ones are time complexity, fairness, and how well
is the algorithm resistant to cheating. We will be mainly focusing on time complexity and on
fairness. But we will try not to neglect the other parts of the problem in the overall discussion.
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Aims

We will start by reflecting on the key concepts used throughout this thesis. Such as assignment
problem fairness, and Pareto optimality.

The thesis builds upon the work of Steindl and Zahavi, their goal was to find a solution of
the assignment problem under multiple preferences that is Pareto optimal. Coined the term
a-globally-optimal assignment. That has proven to be (by them) an NP-hard problem, however,
the problem limits could be relaxed to find a solution in a more effective way (than NP-hard).

More specifically, this work aims to find an easier to compute algorithm that will in some
defined way estimate the «-globally-optimal assignment, or find at least some solution if «-
globally-optimal assignment solution does not exist. Namely, we will have to define different
optimality.

In the following work, we will “reduce” assignment problem under multiple preferences to
an assignment problem with non-strict profiles, from that point onward we will be analyzing
solutions for the Assignment problem with non-strict profiles.
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Chapter 1

Preliminaries and Relevant work

Assignment problem and fairness

We should go right ahead by defining the assignment problem, there is no reason why not to use
the same definitions as in Parameterized Analysis of Assignment Under Multiple Preferences.
ﬂgﬂ. We need to define assignment problem, assignment, and Pareto optimality.

The Assignment problem. An instance of the assignment problem is a triple (A, I, P) where
A is a set of n agents {ay,...,an}, I is a set of m items {b1,...,bn}, and P = (<ay,- .., <a, ),
called the preference profile, contains the preferences of the agents over the items, where each
~q; encodes the preferences of a; and is a linear order over a subset of I (preferences are allowed
to be incomplete). We refer to such linear orders as preference lists. If b; <,, b,, we say that
agent a; prefers item b, over item b;, and we write b; =<, b, if b; <q, b or b; = b,. Item b is
acceptable by agent a if b appears in a’s preference list. An assignment is an allocation of items to
agents such that each agent is allocated at most one item, and each item is allocated to at most
one agent. Since the preferences of the agents may be incomplete or the number of items may
be smaller than the number of agents, some agents may not have available items to be assigned
to. In order to deal with this case, we define a special item by, seen as the least preferred item
of each agent, and it will be used as a sign that an agent is not allocated an item. Throughout
this thesis, we assume that by is not part of the input item set, and that it appears at the end of
every preference list (we will not write by explicitly in the preference lists). We formally define
assignments as follows:

» Definition 1.1. Let A = {a1,...,a,} be a set of n agents and let I = {by,...,by} be a set
of m items. A mappingp: A — I U{bp} is called an assignment if for each i € [n], it satisfies
one of the following conditions:

1. p(a;) = by.
2. Both p(a;) € I and for each j € [n] \ {i}, p(a;) # p(a;).

We refer to p as legal if, for each i € [n], it satisfies p(a;) = by or p(a;) € I is acceptable
by a;. For brevity, we will omit the term “legal”, referring to a legal assignment just as an
assignmentm Moreover, when we write a set in a preference list, we assume that its elements are
ordered arbitrarily unless stated otherwise. In the Assignment problem, we are given such triple
(A, I, P), and we seek a Pareto optimal assignment.

LAll the “optimal” assignments that we construct in this thesis will be legal in a sufficient number of layers,
where they are claimed to be Pareto optimal.
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Pareto Optimality. There are different ways to define the optimality of assignments, but the
one that received the most attention in the literature is Pareto optimality. Informally speaking,
an assignment p is Pareto optimal if there does not exist another assignment ¢ that is “at least as
good” as p for all agents and is “better” for at least one agent. It is formally defined as follows.

» Definition 1.2. Let A = {a1,...,a,} be a set of agents and let I be a set of items. An
assignment p : A — I U {bp} is Pareto optimal if there does not exist another assignment
q:A— TU{by} that satisfies:

1. p(a;) =4, q(a;) for every i € [n].
2. There exists i € [n] such that p(a;) <q; q(a;).

If such an assignment q exists, we say that ¢ Pareto dominates p.

Now that we have the most important definitions established. We can examine Pareto op-
timality. This has achieved great renown in both game theory [7], but also in economics [8].
However, it is important to note that even though the direction of searching for a Pareto optimal
solution is the focus of this thesis as well as in the Parameterized Analysis of Assignment Under
Multiple Preferences [6], it is not, however, the only relevant one.

Social utility, which is the sum of all agents’ utility is another method studied with great
attention [9]. But even maximizing all agents’ utility might not be desirable in all cases, the
motivation here is the fact that a fairer allocation indirectly implies less variation in taxes, which
can be desirable in a situation where the (implicit) individual agent budgetary constraints make
payment of large taxes unrealistic [10]. This should be easy to imagine in a case where goods
are taxed, having now to consider both the upside and downside of allocating the item.

Another problem might arise from measuring social utility for every agent, for example, if
agents have incomplete preference profiles then one agent might only accept three items but the
other one would accept five items. Is it the same social utility if the first agent receives his
second choice and the other one his third choice (middle of their preference profiles), or is it the
same social utility if both of them receive their third-best choice? One of the benefits of Pareto
optimality is that it is strict and easily definable.

Pareto optimality and Trading graph

Another possibility of how to look at Pareto optimality is that it makes it impossible for agents
to group after the allocation and agree on a trade of their items because every participant would
benefit from such trade. It is intuitive that a solution that would allow this is not great, because
if two or more agents could trade items for better results for all, why was not that possibility
found in the algorithm in the first place? And the same goes for just one agent who finds out
that he would rather take the item that was not allocated to anybody instead of his. Again, if
there exists an improvement that only benefits agents, there is no reason for it not to be done.

The idea of agents not being able to find some all-satisfactory trading option is the concept
for Trading graph, which is an oriented graph. In the graph there will be nodes for every agent
and every item, there will also be edges to all items from agents are willing to accept in trade and
edges, and lastly, there will be edges from items to agents that have the item allocated. Lastly,
items are not allocated points to all agents that accept them.

Cycles in such a graph will represent an option for agents to trade items in a way that benefits
every participant. So, the problem will be reduced to constructing a graph and checking if there
is a cycle. Formally described as follows.

> Definition 1.3. An assignment p admits a trading cycle (aiq,bj, @iysbjys -+ @iy 15 b5 1) if
for each r € {0,...,k — 1}, we have that p(a;.) = bj, and bj, <, b;

r+1( mod k) °



» Definition 1.4. An assignment p admilts a self loop if there exist an agent a; and an item b;
such that b; is not allocated to any agent by p, and p(a;) <q, bj.

» Proposition 1.5 (Folklore; see, e.g., Aziz et al [11,12]). . An assignment p is Pareto optimal
if and only if it does not admit trading cycles and self loops.

By this proposition, the problem of checking whether an assignment admits trading cycles
or self loops can be reduced to the problem of checking whether the directed graph defined next
contains cycles. For an instance (A, I, P) and an assignment p, the corresponding trading graph
is the directed graph defined as follows. Its vertex set is AUI, and there are three types of edges:

m For each a € A such that p(a) # by, there is a directed edge from p(a) to a. Namely, each
allocated item points to its owner.

m For each agent a € A, there is an edge from a to all the items it prefers over its assigned item
p(a) (if p(a) = by, a points to all its acceptable items).

m Fach item without an owner points to all agents that accept it.

» Proposition 1.6 (Folklore; see, e.g., Aziz et al [11} 12]). . An assignment p is Pareto optimal
if and only if its corresponding trading graph does not contain cycles.

By this proposition, given an assignment, we can check if it is Pareto optimal. We can do so
by constructing a trading graph and then using DFS [13] to check if the constructed graph does
contain cycles. Here we will use the fact that DFS marks vertices as opened and closed. If we
from any vertex discover another vertex that is still opened, it must mean that there is a cycle
in the graph.

Example. Suppose that A = {a1,a9,a3,a4,a5} and I = {by,ba,bs, by, b5}. Assume that the
preferences of the agents are defined as follows.

ma: by = by = by = by
may: by = by = by
maz: by = by

m ay: by = by

m a5 by

Let p : A — I'U{bp} be an assignment such that p(a1) = ba, p(az) = bg, p(as) = b1,
p(ag) = bs, and p(as) = by. The trading graph of the preference profile with respect to p is:

ai a9 as a4 as

b1 bz bg b4 b5

Observe that the agents aj, ag and a3 admits to the trading cycle (a1,be, as,bs, as,br), and
that agent a4 admits a self loop with b3. By 1.6, p is not Pareto optimal. If aj, as, and a3
exchange their items, a4 gets bs, and a5 gets b5, we have a Pareto optimal assignment ¢ in which

q(a1) = by, qlaz) = b1, q(a3) = ba, q(as) = b3 and q(as) = bs.
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Serial dictatorship

A simple assignment mechanism is the greedy serial dictatorship mechanism. For a given per-
mutation over the agents, the mechanism takes agents in turns, one in each turn, according to
the permutation. That is, the agent which is ordered first allocates its most preferred item, the
second allocates its most preferred item among the remaining items, and so on. If at some point,
an agent has no available item to allocate in its preference list, it allocates by. We say that an
assignment p is a possible outcome of serial dictatorship if there exists a permutation 7 such that
applying serial dictatorship with respect to 7 results in p.

» Proposition 1.7 (Abdulkadiroglu and Sénmez @) An assignment p is Pareto optimal if
and only if it is a possible outcome of serial dictatorship.

» Corollary 1.8. A Pareto optimal assignment always exists and can be found in polynomial
time, and the number of Pareto optimal assignments for an instance with n agents is at most n!.

Proposition [1.7yields a surjective mapping from the set of permutations on the agents to the
set of Pareto optimal assignments. This implies an upper bound of n! on the number of Pareto
optimal assignments. Observe that this bound is tight: Consider an instance where there is an
equal number of agents and items, and all the agents share the same complete preference list.
Observe that each permutation gives us a unique assignment after applying serial dictatorship
with respect to it. Thus, there exist exactly n! Pareto optimal assignments.

Work of Barak Steindl and Meirav Zehavi

As we mentioned previously, our main source is Parameterized Analysis of Assignment Under
Multiple Preferences @

Generalization of the Assignment Problem. We introduce a generalized version of the
Assignment problem where there are ¢ layers of preferences. For each j € [¢], we refer to 4((1{.)
as a;’s preference list in layer j. The preference profile in layer j is the collection of all the
agents’ preference lists in layer j, namely, P; = (-<£31), ceey -<Ef)) We say that assignment p is
Pareto optimal in layer j if it is Pareto optimal in the single-layered instance (A, I, P;). To adapt
the notion of optimality to the new context, we introduce a natural generalization requiring an

assignment to be optimal in a given number of layers.

> Definition 1.9. An assignment p is a-globally optimal for an instance (A,I,Py,...,P;) if
there exist  layers i1,...,1q € [(] such that p is Pareto optimal in layer i; for each j € [a].

Thus, the new problem is defined as follows.

a-Globally Optimal Assignment

Input: (A, I,Py,..., Py a), where A is a set of n agents, I is a set of m items, P; is
the preference profile in layer ¢ for each i € [{], and « € [{].

Question: Does an a-globally optimal assignment exist?
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bl b2 b3 b4

M Figure 1.1 The trading graph with respect to p in the fourth layer, where p admits the trading cycle
(a1,b1,as3,b3,a2,b2).

Consider the following instance, where the agent set is A = {a1, as,as, a4}, the item set is
I ={by,ba,b3,bs}, and there are four layers, defined as follows.

Layer 1: Layer 2:
ma: by ma: by>-b
m as: by by =Dy m as: by > b3
m az: bz > by m az: by > by >~ b3
m ay: by = by = b3 m ay: b3
Layer 3: Layer 4:
map: by =by m ay: by > by = by
m ag: by bo > by m ap: by > b
m as: by = b3 m a3 : by = b3
m ay: by = by = b3 -a4:@

Consider an assignment p in which a; gets b; for every ¢ € {1,2,3}, and a4 gets bg. The
assignment is 2-globally optimal, since it is Pareto optimal in the first two layers. To see this,
apply serial dictatorship in the first layer with respect to the permutation (a1,as, as,a4), and
in the second layer with respect to the permutation (as,ai,as,as), and verify that p is the
outcome of both runs. In contrast, p is not Pareto optimal in the third layer since it admits
a self loop among ay and by (by is available and is preferred by ag over its assigned item bs).
Furthermore, assignment p is not Pareto optimal in the fourth layer because it admits a trading
cycle (ay,b1,as,bs,az,by) (see Figure ’ﬁ) if ai,as and as trade their items, we get a new
assignment ¢ in which a; gets b3, as gets by, and a3 gets bs; assignment q Pareto dominates p in
the fourth layer, and we can verify that it is also Pareto optimal in this layer.

Furthermore, the work of Barak Steindl and Meirav Zehavi continues to examine the com-
plexity class and running time of the following problems under different parameters. However,
we are trying to take the problem in a different direction.
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Preliminaries and Relevant work

Game theory and cheating

Now some further things should be mentioned; if we look at the problem from the game theory
perspective, we quickly realize that a couple of things should be true for all agents in order for us
to be even able to talk about a fair game. We assume that players act rationally and that players
play fair, or in this case agents. That means that the agent will not lie about his preferences,
since he is rational and obliged to play fair.

Lying about one preference might seem like an irrational thing to do, but if you combine it
with prior information about other agents. You could potentially assess your preferences profile
accordingly to prior knowledge, to gain an advantage.

For example, let us examine a situation where all agents find item A the most desirable,
except for one agent and this agent has the desire and motivation to not be honest, let us call
him the villain. Our villain does not find the item A desirable at all. What the villain could
do is lie about wanting the item as there would be (%) chance for him to receive the item A.
Now he could trade item A since it is the most desirable item for any other item, thus unfairly
increasing his chance of getting the other item the real item of choice unfairly, and furthermore,
he could trade item A and demand ransom from the agent that would have preferred item A in
the first-place.

Another problem is if agents do not act rationally. In such a case, an agent does not act
rationally and simply will not state accurately which items are desirable for him. In such cases,
we might just allocate items randomly since all of the information we received might not be true
or relevant. Of course, it is possible for the information not to be 100% accurate, which is a
problem of almost any real life application, but it is beyond the power of an algorithm to fix its
input data, so we will treat them as 100% accurate.

Ideally, agents would have no prior knowledge of other agents’ preferences, so that it would
eliminate options to use that information to their advantage. In some cases, this could be achieved
by agents submitting such information Confidentially to the authority. But only in cases where
it is reasonable to assume that the preferences of agents could not be effectively predicted. In
cases where preferences could be effectively predicted, it becomes a problem, when we take into
consideration market research, which is commonly used practice [15], we can see that in many
cases, such as when we are distributing items close to a real life marketed goods, in such cases
chances of preference prediction among agents would be noticeable. Another case would be if
(big) companies were agents, in such cases a lot of information about the company is public
(its location, net worth, specialization), so also here it is reasonable to be watching out for such
tactics.

In conclusion, a problem in fairness has its origin in the unfairness of players and prior
information, which are mostly problems that occur without dependence on the algorithm. It is
not that it was impossible to design an algorithm that prevents at least some forms of cheating
[16]. But designing an algorithm that would prevent cheating is beyond this thesis’s limits, we
will, however, discuss possible cheats and exploits of further presented algorithms.
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Finding Algorithm

First, we will define our problem properly, then we will follow up with a transformation of
Assignment problem with multiple layers to assignment problem with nonstrict profiles. Lastly,
we will move to find the solution algorithm.

We first present the definition of Assignment problem with non-strict profiles so that we know
some context for the transformation of the problem.

Definitions

The Assignment problem with non-strict profiles. An instance of the Assignment with
equation problem is a triple (A, I, P) where A is a set of n agents {a1,...,a,}, I is a set of m
items {b1,...,bm}, and P = (<4, ..., <a, ), called the preference profile, contains the preferences
of the agents over the items, where each <,, encodes the preferences of a; and is a linear order
over a subset of I (preferences are allowed to be incomplete) But profiles may or may not contains
~q, instead of <,,. We refer to such linear orders as preference lists. If b; <4, b,, we say that
agent a; prefers item b, over item b;, and we write b; 34, by if b; <4, by or bj ~¢, b.. And the
relations are exclusive, because for any item can be b; <g, b, or b; ~g, b, or b; =4, b, but it can
be only one of those. Since the preferences of the agents may be incomplete or the number of
items may be smaller than the number of agents, some agents may not have available items to be
assigned to. To deal with this case, we define a special item by, seen as the least preferred item
of each agent, and it will be used as a sign that an agent has not allocated any item. Throughout
this paper, we assume that by is not part of the input item set, and that it appears at the end of
every preference list (we will not write by explicitly in the preference lists). We formally define
assignments as follows:

» Definition 2.1. Let A = {ay,...,a,} be a set of n agents and let I = {by,...,by} be a set
of m items. A mappingp: A — I U{bp} is called an assignment if for each i € [n], it satisfies
one of the following conditions:

1. p(a;) = by.
2. Both p(a;) € I and for each j € [n] \ {i}, p(a;) # p(a;).

What the definition says is that the function p(a;), which is the function representing the
item that the agent has assigned to him, is simple, except when p(a;) = by.

Preference tier. Given the triple (4, I, P). If there is ~,, relation between any two different

items. In a specific profile of an agent. We call them the same preference tier in the context of

11
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a given agent. There can be one or more items in one preference tier, if we say one preference
tier is higher than another, we mean that all items in such tier are more desirable for the agent
than the one from the former preference tier. Similar with the lower preference tier. If some tier
is (exactly) one preference tier higher, it means that the preference tier is higher and there are
no other preference tiers between the two.

» Definition 2.2. Given the agent preference profile and item set (I, P). One preference tier
is a set of one or more items where each two different items from the set have one of these
conditions met:

1. ~,, relation between, for some i € I
2. In transitive closure of ~q, for i € I relation, there exists ~, between the considered items.

The preference tier is higher (or lower) than the other if between any two items, one from the
higher (or lower) tier and one from the other following conditions are met:

1. =g, (or =g, ) relation between, for some i € I

2. In transitive closure of <, for i € I relation, there exists <, (or »,) between the considered
items.

We will use the terms preference tier and tier interchangeably.

Pareto Optimality. Informally speaking, an assignment 7 is Pareto optimal if there does not
exist another assignment o that is “at least as good” as « for all the agents, and is “better” for
at least one agent. Formally defined, as follows:

» Definition 2.3. Let A = {a1,...,a,} be a set of agents, and let I be a set of items. An
assignment p : A — I U {by} is Pareto dominated if there does not exist another assignment
q: A—= TU{by} that satisfies:

1. p(a:) Sa, alas) for every i € [n].
2. There exists i € [n] such that p(a;) <q; q(a;).
If such an assignment q exists, we say that ¢ Pareto dominates p.

» Definition 2.4. If there is no assignment that Pareto dominates assignment m, we say that
m is Pareto optimal

Note that the definition of Pareto optimality is almost the same, as for the assignment
problem, but now some agents can trade their item for item of the same preference tier. However,
trade where all agents just accept a different item of the same preference tier will not result in
Pareto dominant assignment.

Trading graph

» Definition 2.5. Trading graph G(w) is a representation of an assignment w. The construction
of such a graph is as follows:

Nodes:
m node for every item
m node for every agent

Different edges:



m black edges: from each item to an agent that the item was assigned

m green edges: from each agent to all items that are higher preference tier
m blue edges: from each agent to all items that are the same preference tier
Trading cycle

» Definition 2.6. If the trading graph G(m) contains a cycle that contains at least one green
edge, we refer to such cycle as a trading cycle.

Self Loop

» Definition 2.7. An assignment © admils a self loop if there exist an agent a; and an item b;
such that b; is not allocated to any agent by p, and p(a;) <a, bj.

Such occurrence can be also observed as trading cycle of length 2.
Example.

agents profiles:
may: by ~ by ~ by = ..

mas: by > by — ...
moag: bs ~ by > by~ ..
= ay: by > ...

= as: by >~ ..

Let m: A — I U {by} be an assignment such that 7(a1) = be, 7(az) = b4, w(az) = b1,
m(ay) = b3, and 7(as) = bs. The trading graph of the preference profile with respect to 7 is:

We look for all cycles where at least one edge is green, if there would be all edges blue and
black that would not be a trading cycle in G(r).

The cycle exists for the following agents and items: (a1, by, as, b1, as, ba).

So¥oNoNo

T

bl b2 b3 b4 b5
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Now that we found a trading cycle we can simply reassign the items, in the direction of the trade
between agents. Reassignment is done in the direction of blue and green edges so that every
agent gets the item that shares a green/blue edge that is part of the trading cycle.

b5

In the previous graph, there are no self loops, but if there were some it would be a case of
trading cycle with length 2.

With graph looking the following after reallocation.

» Proposition 2.8 (Folklore; see, e.g., Aziz et al. [Ilj, ) An assignment p is Pareto optimal
if and only if it does not admit trading cycles and self loops.

Proof. If there exist a self loop or a trading cycle in the trading graph G(r), then we can
rearrange items resulting in the Pareto dominating solution. Therefore assignment 7 is not
Pareto optimal if trading graph G(7) contains self loop or a trading cycle.

If there exists an agent without an item and an item he finds more desirable that situation
must result in a self loop. Because it was defined that, the item has a black edge to every agent
that accepts it if it is not allocated. The agent has by the definition green edge to all items he
finds more desirable than his current choice. So such a situation would result in a cycle consisting
of green and black edge which is a trading cycle and a self loop.

If there exists a cycle of agents and agents such as that at least one agent would get a strictly
better item if all agents traded their item for one of the next agents, and none of them would get
a less preferred item. Then each agent must have assigned the item he is trading, corresponding
black edges. Also, every agent must have an edge to an item he is willing to except in such a



cycle, this is represented in blue and green edges. Lastly, at least one edge must be green, this
corresponds to at least one agent getting a more preferred item.

Therefore if there are no self loops or a trading cycles in G(w), then assignment 7 must be
Pareto optimal. <

Problem transformation

Relation between Assignment Under Multiple Preference and Assignment problem
with non-strict profiles.

Even though we cannot use the methods from the second problem to solve Assignment Under
Multiple Preference, we can use these algorithms to approximate the solution. With the approach
of synthesizing an instance of Assignment problem with non-strict profiles from an instance of
Assignment Under Multiple Preference. Then proceeding to solve the assignment problem with
non-strict profiles.

For example, imagine the often used example of students and dormitories [17], [garlick2018academi]
. Suppose that every student has multiple preferences, one being it’s location, size, and number
of roommates. following preferences should not be hard to extract from students. Let us say
that all of those preferences create a separate preference profile.

If we try to solve this to be Pareto optimal in every layer of preference as Assignment Under
Multiple Preference is trying to do, you run into problems such as student A and student B are
willing to trade their room due to the more suitable number of roommates (therefore the solution
is not Pareto optimal for every layer), but if they did it, it would result in a massive loss for
them regarding their desired location.

However, it seems that the solution where the two students could trade because of a small
change in the number of roommates for huge dissatisfaction with their desired location seems
logical and acceptable.

What we want to express is how much a specific preference is important for a student. In
order to do so, we give the agents 10 points that they can distribute to all three things based on
how much important they are to them. Not spending all points might or might not be allowed,
in this case we allow it. For example (4,1, 5) (3,3, 3) or (8,1, 1) would be all valid distributions of
how much a specific attribute is important to them. Let’s take an example of preferences being
(5,4,1) Let order our A, B, C, D items in order of each preference and give the least desired
item in that order 0 points and the other +X points where X is how many points agent assigned
to this preference. Finally, we can simply add all the points of all items considered, which will
result in final ordering.

» Definition 2.9. Let P = {p1,...,pn} be a set of profiles, V- = {v1,...,v,} be a set of vote
weights and let I be a set of items. Function value(p;,b;), that returns 0 if b; < by for each k
from {1,...,n}\ j, or Xv; where is X is the number of k for which b; > by, is true:

1. (be) < (ba) if Y_i, value(p;, be) < Y_i; value(p;, by).
2. (be) ~ (bq) if Yo, value(p;, be) = > i, value(p;, ba).
We will refer to this method as point addition.

In the definition, you can see that we can compare any two items to see whether there is a
(>, <, or ~) relation between them. However, it should not be hard to observe that all (>, <, ~)
relations are transitive between items. Due to that fact preference profile P = ([< or ~]g,, ..., [<
or ~|,, ) will give full information about relation between items from the entire set. We use such

n

a preference profile to store the information.

Our situation could look like this:
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» Example 2.10. Given profiles:

P: B-A=C>=D
U1:5

P: B-C>=A>=D
U2:4

P;: B-C>=A>=D
123:1

Synthesised profile:

P.B>=A~C =D

B; 25 A; 15 C;15 D;0

Where the first three graphs represent the three preference profile for each different preference,
with corresponding item order and vote weight. Below we have the graph that we get as a result
of point addition.

As you can see in the final graph, elements A and C have the same amount of points that
puts them on the same preference tier, we could force such occurrences not to happen, by simply
choosing randomly which item will be more preferred. That would allow us to use the (random)
serial dictatorship algorithm to distribute the elements.

However, by removing the possibility of two items being indifferent to one another, meaning
equally desirable, in our synthesized profile. The room for different assignments would be lost
assignments that could be better, and by better, we mean better in terms of social welfare, in
our example we could simply make B < C instead of B ~ C, but with B ~ C this agent could
trade item B for item C letting someone else take the more desired item. It should be easy to
observe that the more items would share the same preference tier the more room for such trades
could occur. Accept for the case where all items in agents’ preferences profiles are indifferent to
one another.

This approach is relatively simple and almost straightforward, definitely, there is a place
for more work on this subject. We can come up with different methods on how to transform
more preference profiles into just one, perhaps a different problem where multiple preference
profiles arise will demand different transformations for a different result. For example, we could
even support the equation between elements, trying to find some transformation that creates as
many items in the same preference tiers as possible, such changes would leave more variables for
different possible solutions of the problem. Or even go as far as to include altruism (one agent
would be willing to trade an item if his loss would be small and others’ gain will be big).



It should be mentioned that for n agents and m items and p preference profiles, we get
O(n - m - p) time complexity.

We also tried a simple voting system among profiles. Where one agent prefers item A over B
if and only if in all of his preference profile wins vote for item A if compared to item B. If there

is no A over B nor B over A preference, then A and B are in the same Preference Tier. Formally
defined as follows:

» Definition 2.11. Let P = {p1,...,pn} be a set of profiles, V = {v1,...,v,} be a set of vote
weights, and let I be a set of items. Function vote(p;,b;, by ), that returns 0 if b; < by, in p; or v;
if bj > by in p;. Finally, we construct one preference profile as follows:

1. (bC) < (bd) Zf Z;L:l vOte(ph b67 bd) > Z:’Lzl UOte(phbda bc)

2. (be) = (ba) if >ory vote(pi, be,ba) =Y i vote(pi, ba,be).

However, if we try to synthesize preference profiles using this method defined in run into

the following problem:

(Some profiles can have more than one vote to reflect their importance, but in the following
example, every profile has just one vote for simplicity.) The defined relation is not transitive, so
we cannot simply order items from the most desirable to the least desirable (even indifference
between two items would not have been transitive here, meaning if A ~ B and B ~ C it does
not mean that A ~ C).

17
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» Lemma 2.12. Pareto optimal solution to an assignment problem with non-strict profiles
always exists.

It is not apparent right away that the following problem always must have a solution. For the
sake of analysis, it is better to first prove that finding a solution is always possible.

However the idea for proof is quite simple, if there is no Pareto optimal solution, all must have
some solution that Pareto dominates the first solution, due to the finite numbers of solutions we
must have a cycle of solutions that each Pareto dominates the previous one. Further, we define
social welfare score for a solution, that is a number and the number will be strictly bigger when
the two solutions compared Pareto dominates one another, due to the fact that the social welfare
score number would have to always be bigger we come to the conflict with the premise that there
exists an instance of this problem with no Pareto optimal solution.

Let us define the social welfare score for a solution, let social welfare be the sum of welfare
for each agent item pair we have. To get a welfare score from an agent, let’s arrange his items
into tiers where every item in lower tier is less desired and item in the higher tier more desired,
it can happen that some items will share the same tier. The score for one agent is simply how
many tiers are below his possessed item, so this number will range from 0 to the number of tiers
- 1. Formally written as follows:

» Definition 2.13. When agent a has assigned item i, his social welfare score is how many
preference tiers are below the preference tier that contains item i.

> Definition 2.14. Given the triple of (A, I, P) and the assignment 7, with A being agents, T
being items, P non-strict preference profile and w being some possible assignment for the (A, I, P).
Social welfare SW (w) for the assignment m is the sum of all agents’ welfare scores, in regard to
allocations stated in 7.

B F—— A [¢—— C [—— D

For example, for an agent with the following preference profile welfare score for each item
would be: B;2, A;1, C;1, D;0.

Proof. Proof of |2.12 Let us take the instance where n = m therefore every agent will have
exactly one item allocated and no item will be left. In that case, there is n! solutions, therefore

a finite number. For n < m it is (L', and for n > m it is (nfiin)!’ therefore always a finite

m—n)
number.

Due to to fact that every solution is not Pareto optimal there must be another solution that
Pareto dominates that solution, however, all solutions are not Pareto optimal so there must be
some other that Pareto dominates the other one and so on. This must lead to a cycle of solutions
that each Pareto dominates the previous and is Pareto dominated by the next.

When we compare two solutions if the second one Pareto dominates the first, the second
must have a strictly higher social welfare score. This is due to the fact how Pareto domination
is defined when solution Pareto dominates it means that some agents will get a more desirable
item, but none will take worse item than they currently have, therefore some agents will get an
item from a higher tier, but no one will take an item from lower tier, therefore the sum of all
agents social welfare will strictly increase.

Now we have a cycle of solutions that all have to have a strictly higher social welfare score
than the previous one and strictly lower than the next one. But you cannot have a cycle of
numbers that are each strictly bigger than the previous one. For the sake of illustration let S =
{m1,..., ™} be a set of solutions that form described cycle and and SW (s,) social welfare score
of a specific solution m;. We see that SW(my) < SW(ms),...,SW(mp_1) < SW(m,), SW(m,) <
SW (). Therefore SW(my) < SW(m,) and SW(m,) < SW(r;) which is a contradiction. <«



Serial dictatorship initial estimation

Basic serial dictatorship solution and why it is not optimal. Serial dictatorship uses
some permutation of agents, if not specified it take random permutation, which is this case, that
represents the order of agents. The first agent in order is invited to take one item that isn’t
allocated, and the agent takes his most preferred item that he is able to. Then the same process
is repeated in turns for each agent.

Simple serial dictatorship could be used with a simple addition to the algorithm and that is
that every time agent has to take an item he either takes his most desired item OR randomly
one of the most desired items. Simply named serial dictatorship approximation.

Input: Instance Assignment problem with non-strict profiles as (A, I, P), where A is a
set of n agents, I is a set of m items, P is the non-strict preference profile.

Output: Assignment 7.

serial dictatorship estimation

1: apply serial dictatorship on (A, I, P)
2: return assignment

As demonstrated on the following:

» Example 2.15. Agent 1:

A B C
Agent 2:

A B C
Agent 3:

A B C

A Possible result for serial dictatorship in order 1,2,3:

A Pareto optimal result:
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Even though serial dictatorship is not guaranteed to return Pareto optimal result, it can still
be used as an estimation. Since its time complexity is for n agents and m items, with time
complexity being O(n - m).

The alternative of finding random allocation with time complexity is still O(n-m) due to the
fact that preference profiles might be incomplete (some agents might not even accept some items
at all), and we still have to track which items are acceptable for each agent. Ultimately results
in a similar process algorithm as in serial dictatorship except that agents do not choose their
best choice items, they choose a random item that is from their highest tier. Such an option is
even less likely to be Pareto optimal and further from the maximum possible social welfare score,
where the theoretical maximum possible social welfare would be n-m, which is s maximum (even
though that theoretical maximum might not exist). Since our goal is to mainly focus on Pareto
optimality but also to increase social welfare. Which was an important idea in the proof|2.12and
will also be one of the driving concepts in the following algorithm.

Another option would be to allocate a null item to every agent (a synthesized null item
that is not part of the input and is everyone’s least desirable item) that would result in a time
complexity of O(n). We receive better time complexity, however, the allocation we would get is
the worst possible. Such an allocation would be the farthest possible from the maximum social
welfare score.

In conclusion, O(n - m) is not unexpectedly high and still will be overshadowed by the time
complexity of algorithms that follows after this procedure.

Algorithmic procedures
In this chapter, we will define procedures that we will use during the following algorithms.

Manifesting a trading cycle. Given a trading cycle ¢ in trading graph G () manifesting mean
reassign items in 7 so that such trading cycle no longer exists. This is done by moving items in
the direction of the trading cycle. This can be also viewed as letting agents in mentioned cycle
come together and trade items with each other.

» Definition 2.16. Given a trading cycle ¢ in trading graph G(7) manifesting this cycle means:
1. unallocate all items that have the agents in the trading cycle ¢ has had allocated.

2. for each agent that agent allocates the item that he shares a blue or a green edge within trading
cycle c.

» Lemma 2.17. By manifesting a trading cycle we increase our social welfare score.

Proof. Given trading graph G(mp) and trading cycle ¢, where 71 is a result from manifesting c.
As we can notice when manifesting ¢, each agent can only get an item he has blue/green edge
within ¢. For an agent to get an item from lower tier that he currently has, he would have to
be assigned an item that he has no edge in ¢, which cannot be the case. Now, there must be at



least one agent that has a green edge to an item in ¢ That agent will get assigned an item from
the higher tier of items (since green edges are only to items from the higher tier). Due to this
fact, it must be true that SW(mg) | SW (1) <

Finding a trading cycle. Finding a trading cycle in the trading graph G(r) literally means to
find a cycle. This is achieved by modified DFS that for each node holds open time, close time,
and state. If from an opened node we discover another node that is currently opened and not
closed, we have found a cycle. If the cycle contains at least one green edge, we have found a
trading cycle and stop the procedure.

Finding all trading cycles. Finding a trading cycle in a trading graph is similar to finding a
cycle, but we must find all trading cycles, process uses DFS that every time it finds a cycle, it
checks if it has at least one edge green, if so it accepts it as a trading cycle and continues to run
until it finds all the trading cycle, therefore, until every node is closed.

Update trading cycle ¢ in regards to trading cycle d in trading graph G(m). At some
point in the execution of the algorithm it can happen that we have more than one trading cycle
in the memory. Ideally, we would like to manifest all of them, but it can happen that because
we manifest one, we can no longer manifest the other. For that, we use the update procedure,
which checks if the updated cycle is still possible to manifest.

» Definition 2.18. Given a trading cycles ¢ updating it in regards to trading cycle d in trading
graph G(m).

1. if none of the edges are shared in the two trading cycles (E(c)NE(d) = 0) end the procedure.

2. for any edge that has been removed by manifesting cycle d if any one of these edges has been
in ¢ mark c as invalid and end the procedure.

3. if some edges used to be green and were changed to blue by manifesting trading cycle d, change
those edges also in c.

4. check if ¢ has at least one green edge; if not, mark c as invalid.

All SD cycle update (First algorithm)

The algorithm builds upon the idea of the proof of |2.12. The idea is to find a solution that is
not optimal and from that solution find the best one that is Pareto optimal.

Firstly let us use serial dictatorship approximation. As we explored the solution we receive is
not guaranteed to be Pareto optimal thus we move to the second part of the algorithm. Where
we must find a solution that is Pareto optimal.

For that we will represent our assignment with a graph, on that graph, we will look for trading
cycles, we must find all the cycles. We will store information about every trading cycle we found
and store them in a structure.

In the next step, we will iterate and in each iteration, we take the longest cycle from our
structure and manifest it. Then we must update our stored trading cycles. (Keep in mind that
every with manifesting the trading cycle yields a different solution, and different assignment.)
The updating is done by checking all vertexes if they participate in any other cycle, if so, we
must check if their corresponding edges still exist, or still is green. We remove all cycles that are
no longer viable (no longer are trading cycles) after our operation. We repeat until the structure
containing the trading cycles is empty.
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Input: (A, I, P), where A is a set of n agents, I is a set of m items, P is the non-strict
preference profile.
Output: Pareto optimal assignment .

Algorithm 1 All SD cycle update

apply serial dictatorship on (A4, I, P)
take assignment 7w
compose trading graph G(m)
find all trading cycles in G(7) and store them in structure C
while C not empty do
manifest biggest trading cycle ¢
update other cycles in C' in regards to ¢
remove trading cycle ¢ from C
end while
return Pareto optimal assignment 7

=
=

Proof of correctness. Since we use BFS and serial dictatorship which properties have been
already proven, it only remain to prove few claims that we use in the algorithm:

= By removing a biggest cycle we do not create new cycles.

= In updating section (line 7 of the algorithm) we can find and remove all cycles that should
perish.

m The algorithm always ends.

= The returned allocation is Pareto optimal.

» Lemma 2.19. By updating the biggest trading cycle ¢ we do not create new cycles.

We gather our information from the construction of a trading graph and how the edges will
behave during manifesting a trading cycle.

There cannot be a new green edge since items are moved between agents in such a manner
that the agent can only get a better item, so every edge to the more desirable item must have
already been there, green edges can only disappear. Second, the only way a blue edge can appear
is where used to be a blue edge, since every agent will get the same or better preference tier it
can happen that the blue edge will transform itself into a green one. But outside this process,
new blue edges cannot be created due to the same logic as with green edges. Thirdly, there can
and will be created new black edges, but they will not create any cycle, if we removed the longest
cycle in the graph.

Proof. Proof of 2.19. For the sake of contradiction let us imagine the following, there exists a
longest trading cycle in the trading graph and by its manifestation, we create another cycle by
moving the black edge.

bl b2 b3




bl b2 b3

Let us refer to agents and items as inside if they were in the trading cycle ¢ and outside if
they were not. Imagine that after the manifestation of the biggest cycle, we got a graph that
contains a cycle involving some outside agent(s

b2 1 b3

You can see that there must be now two edges (blue or green) that connect the inside agent
to the outside item and the outside agent to the inside item. However, since blue or green edges
cannot be created by manifesting cycle, those edges must have been there before.

bl b3

Therefore, those edges helped to create a bigger cycle than the one manifested by combining
the cycle we started with and the cycle we found afterward. Therefore, the cycle we processed
could not be a biggest, since there is a bigger cycle. <

Set of assignments. Another way of representing the problem is a set of assignments. We
working in some subset of all the assignments, namely only the ones that are legal, which would
be all where all agents have assigned some item from their preference profile or null item. (Pref-
erences profiles might be incomplete, so some agents might not even accept some items.) On such
a set, you can observe that manifesting a trading cycle changes the assignment we could imagine
the trading cycle as pathways between two assignments. From this observation an alternative
route for the proof presented itself:

Proof. Alternative proof of [2.19. This can be observed if we look at the problem as differ-
ent assignments that include the following agents, where the first trading cycle a changes the
assignment from A to B, which created a different trading cycle b which manifesting changes
assignment from B to C. We can assume that all of these assignments are legal. Due to the fact
that a caused the creation of b it is impossible that there is no overlap between the two cycles.
Lets call the cycle cycle created by combination a and b a trading cycle c.
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However, manifesting ¢ changes the assignment from A to C. This trading cycle must be the
biggest trading cycle of the three. <

» Lemma 2.20. In updating section (line 7 of the algorithm) we can find and remove all cycles
that should perish.

Proof. Since we have information about all updated agents we can erase all edges that no longer
exist, if we delete edge from a cycle the cycle will be removed. If we change all edges in cycle to
blue edges the cycle will be removed. |

» Lemma 2.21. The algorithm always ends.

Proof. Since there is a finite number of cycles in any graph, there must be a finite number of
trading cycles in the trading graph G(w). <

» Lemma 2.22. The returned allocation is Pareto optimal.

Proof. Thanks to the lemma 2.19/and the fact that at the end of the algorithm structure C' must
be an empty, trading graph G(7) must not contain any trading cycles. Therefore, the returned
solution is Pareto optimal. <

SD greedy cycle update (second algorithm)

Firstly let us use serial greedy serial dictatorship algorithm, we can use a predetermined per-
mutation of agents or use random serial dictatorship, with the exception that every time agent
has more items that are his most preferred he will choose randomly one among the best. As we
explored the solution we receive is not guaranteed to be Pareto optimal thus we move to the
second part of the algorithm. Where we must find a solution that is Pareto optimal.

Afterwords we will construct the corresponding trading graph, in the following steps we will
iterate, and in each iteration we will find a trading cycle, manifest such a trading cycle, and
update the graph.

We iterate until there are no trading cycles.

Input: Instance Assignment problem with non-strict profiles as (A4, I, P), where A is a
set of n agents, I is a set of m items, P is the non-strict preference profile.
Output: Pareto optimal assignment 7.

Algorithm 2 SD greedy cycle update

1: apply serial dictatorship on (A4, I, P)
2: while trading cycles in G(7) do

3 find trading cycle ¢ in G(7)

4: manifest trading cycle ¢

5: end while

6: return Pareto optimal assignment m

Proof of correctness. We need to prove two smaller claims. Those claims put together are
proving the correctness.

= The algorithm will always finish.

m The returned solution is Pareto optimal.

» Lemma 2.23. The algorithm will always finish.



Proof. As highlighted in|2.12] Pareto optimal solution always exists, due to the fact that every
time we manifest a trading cycle, this will strictly increase social welfare, which cannot be done
infinite amount of times. <

» Lemma 2.24. The returned solution is Pareto optimal.

Proof. Since there is condition that there are no trading cycles in trading graph G(7) that must
be the case. If there are no trading cycles in G(7), assignment 7 must Pareto optimal. <

Time complexity

All SD cycle update (first algorithm).

In the first algorithm, we will examine every step, for n agents and m items. For serial
dictatorship estimation, we have the time complexity of O(n - m). For computing the trade
graph we have a time complexity of O(n - m). However, finding all cycles in an oriented graph
is a O(2("+™) . (n +m)!) time complexity, given that that is the highest number of cycles in a
graph. For manifesting trading cycle is O(n * m) cause in worst case all agents and items will
change owners and we will have to look in preference profile for each agent and update their
edges, also update item edges. Now to find out how many times we will have to iterate we must
observe that every trading cycle manifestation must increase the social welfare score by at least
one (for at least one agent must get better items). Now as a result of serial dictatorship the first
agent will get his best choice item, so he cannot be assigned better item, the second one however
could get assigned a better item exactly one tier higher than his. In the "worst case scenario”
each agent can have one more tier that he could get items from than the previous. Resulting in
{0,1,...,n — 1} therefore O(n?). After each iteration, we will have to check all remaining cycles
that share an edge with the just manifested one, there might be more than one check for the same
trading cycle as more edges can be shared, resulting in O(n?- (n-m)-2+™) . (n +m)!- (n-m)).
Simplied to O(n* - m? - 2™ . (n 4 m)!).

For the time complexity, we get O(n* - m3 - 20"+ . (n 4 m)!).

SD greedy cycle update (second algorithm).

For n agents and m items, the second algorithm has time complexity O(n - m) for serial
dictatorship estimation and the time complexity of O(n - m) for trade graph construction. Now
for finding a cycle we have the time complexity of O(n - m) using DFS, manifesting a trading
cycle is O(n + m) since we might have to update every item and/or every agent. With O(n?)
time complexity (as demonstrated above) possible iterations over trading cycles. Resulting in
O(((n - m) + (n+m)) - n?) time complexity for finding trading cycle, manifesting it, that done
O(n?) times. This simplified is the complexity of O(m - n?).

For the time complexity, we get O(m - n?).

Space complexity

All SD cycle update (first algorithm).
For the space complexity, we get O(2("T™) . (n +m)! - (n +m)).

SD greedy cycle update (second algorithm).

For the space complexity, we get O(n - m).
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Chapter 3

Discussion

Problem Transformation

So we contemplated use cases where such solutions would be accepted, as we can assume, solutions
where two agents would not trade items due to the fact that there are mostly satisfied, but there
are still one or few qualities that the other item, is something applicable in reality. As mentioned
above such cases is something acceptable for distribution of items, due to the fact that agents
would still not be motivated to trade items with each other, which we consider as one of the
criteria of optimal assignment.

Serial dictatorship approximation

Both algorithms presented take an existing assignment and then proceed to find the correspond-
ing Pareto optimal one by manifesting trading cycles.

The method how to find the initial assignment was serial dictatorship approximation. Serial
dictatorship is an easy way to find Pareto optimal for simple Assignment Problem however for
Assignment problem with non-strict profiles serial dictatorship is not guaranteed to find Pareto
optimal Solution as demonstrated in Example [2.15.

First it still allows us to implement some agents’ priority over others by letting them choose
first in the process. But it is not necessary if the order of agents if not specified, will be at
random.

Algorithm

In the finding algorithm part we found out that the SD greedy cycle update (second algorithm)
is superior in both time and memory complexity. So from this point onward, we will only discuss
the the SD greedy cycle update algorithm and when we mention algorithm we mean the second
one presented.

There can be some reduction of the time complexity under the reduction of optimality. For
example limiting how many iterations we allow our algorithm to complete. It is important to
note that after each iteration we get an assignment as a result, we could return the assignment
we have after n iterations. Even though that assignment is not guaranteed to be Pareto optimal.
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Strategic behavior

Reasonable solution would be to transfer credibility responsibilities to some other authority or
to have some validation steps before the algorithm to make sure the participants have not been
trying to exploit the algorithm.

Another way would be disabling trades after the allocation has been made. That could be
done by some added mechanism that makes it impossible, or by regulating it by contract for
example. However, in some cases, it could simply be impossible by the problem nature. For
example, if we were to distribute virtual goods that are linked to a specific account, as most
of the in-game purchases are. Namely, anything that has its participants taking form of virtual
accounts administrated by authority. In those cases preventing or regulating such trades should
not be a problem.

Altruistic behavior

On the other hand, agents might be incentivized to some altruistic behavior, via external or
internal motivation. External being for example some reward system for those agents. Internal
would be out of the goodness of their heart (in economic theory this can be easily overlooked,
but there are people like that as well). In those cases, there are few options to do so.

In case of presented multiple preferences that each agent should rate. (Imagine having 50
points and you have to spend them between the color, length, material, and durability of a ribbon
that you would like to wrap your present with.) An agent could rate some of the preferences with
0. What would that achieve is that any time there would be two items with a difference only in
the attribute rated with 0, an agent would have no preference over those two items resulting in
more room for Pareto optimal assignment which could result in someone else getting their more
preferred item. This method would be great if agents had a lot of preference options. It is very
likely that given 50 preferences profiles at least one is something some agents do not care about
at all. Another motivation for this is that it may be given that agents can only choose a certain
amount of preference. An example would look like agents presented with 50 preference option,
and incentives to only choose 5 that are the most important to them.

Another method of achieving items more likely to be equal in terms of desirability is to make
a threshold for how much an item has to be different in order to be seen as more desirable. for
example if in our final synthesized profile items ranges from 0 to 100 points we could say that
items that are only 1 point apart from each other are considered equally desirable. Again this
might leave more room for potential allocation, ideal example would be some agent getting an
item that is 1 less from his choice, but the other agent who will get his item will improve his
item score by 100. Now what could happen is that all items would be only 1 point apart from
each other, consider the case where the item score ranges from 0 to 100 but there are 500 items.
For such cases, we must consider how many items in a row we allow to be considered equal by
this process. For example, if we say that by this process there can be only two items made
equal in a row it would Mean that from A < B < C < D we can make A ~ B < C ~ D, or
A<B~C<D,but not A~ B~ C ~ D. Another option how to solve this problem would be
to limit how many times can this process occur. So that after we make two items equal x times
we can no longer make two items equal.

Last and the final option would be to synthesise given preference profiles into one preference
profile and ask agents if they would like to do any changes. Agents themselves might reorder the
items or mark where they have a preference between the two items, or where they have none.
Good part about this agent intervention is that it can be limited in any way and at the same
time if the agents do not intervene at all we still have their final preference profile and can run
the algorithm.



Possible uses

One of the uses for our algorithm would be the student campus housing problem. Where students
would rank each of their preferences here is great that not much information needs to be extracted
here as if student specifies a preferred location, the items can just be sorted from the closest to
the furthest from their ideal location. Same for number of roommates, how big facility do to
which cardinal direction should the windows be. This looks like the ideal scenario for such
algorithm because on other terms it would be hard to collect data from every agent on tens
perhaps hundreds items considered in each different category. That been said the algorithm is
ideal for cases where preferences in one area can be easily sorted and then agent just states his
ideal.

Comparison to single preference profile approach.

There might be an argument against using such solutions because this always comes down to
one synthesized preference profile, so why not just simply have one preference profile is a question
worth posing. The answer is that it will be easier to extract data this way in many cases. We
are talking about cases with abundance of items, where agents could be asked to simple order
every single one, but it would be much more economical process to only let them rate every
criteria they want the item to have. Another reason is that information about every single item
might not be available at the time of collecting data from the agents. Take into consideration the
scenario where there we want to assign leftover cakes from the bakery at the end of the month.
We do not know which cakes will be at our disposal at that time, but we know who like chocolate
or vanilla and who is allergic to nuts. Rather then asking agents to sort every single cake from
their most to least favorite, it seems a much more acceptable solution to ask them for a couple
of preferences and their allergies (in that case you have to make the profile incomplete so that
no agent will get a cake he is allergic to).

Another good example will be distributing chores in a company (remember items don’t have
to have always only positive merits). Where every agent (here an employee) would present their
preference in time of the task, nature of the task, if he is willing to work overtime, or languages
he can speak which also might be important. Thanks to that information you can easily make
an assignment of those tasks. It also highlights the importance of not having to present every
item for agents to state their preferences. There might be too many tasks in the company for it
to even be comprehensive to put it into a list, also information about some tasks might not be
known in advance and they might show up “last minute”.
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Chapter 4

Conlusion

We started by reintroducing the aspects of the assignment problem. Reflected different ap-
proaches to finding assignments and different metrics of fairness. We focused on the Assignment
problem under multiple preference and acknowledged previous work on the topic. With the
intention of finding an assignment, that would satisfy Pareto optimality.

We aim to find the solution to assignment problem under multiple preference. We presented
transformation of this problem into assignment problem with non-strict profiles.

We took a different approach to the problem, instead of finding a-Globally Optimal Assign-
ment, which was presented in Parameterized Analysis of Assignment Under Multiple Preference
[6]. We “extracted” information from multiple preference profiles into one. During the process,
some information was lost. We presented one reduction, point addition, but briefly explored
other methods and options as well, which could emphasize different needs.

For the solution of Assignment problem with non-strict profiles, we presented two algorithms.
We present proof of correctness for both algorithms for finding Pareto optimal assignment if
fully executed. As well as exploring time complexity. SD greedy cycle update achieved time
complexity of O(m - n?) and space complexity of O(n - m). Both of which are superior to other
presented algorithm.

For the second algorithm, SD greedy cycle update, we presented another version that reduces
time complexity under the cost of optimality, such an algorithm is not guaranteed to return
Pareto optimal assignment. These measures might be useful if lack of computing power is a
problem, or where is not any processing power to spare.

We have discussed the usefulness of the algorithm. The main reasons is, it’s versatility, in
comparison to only single preference approach, you can easily get more information from agents
about their preferences, when they can state multiple of them. This allows agents answers to be
much more telling that one preference criteria only. Also in many cases it will be much easier
to ask agents in each of their preference their ideal and how much they value that preference.
This can be utilized in distributing chores in a company, here every agent would state what time
preferences he have, what are his preferred tasks and how much the salary is or isn’t important
to him. Thanks to that information we can then distribute the chores optimally. Another reason
also is that this is a good method of extracting agents’ preferences without the need of presenting
every single item in advance. This might be needed as in the assigning tasks in company example
it is clear that some tasks might not be known during the information gathering step, but they
present themselves “last minute”.

For that, there are measures that could be done before the assigning (making sure that agents
know as least information about other agents as possible), or after the assigning (forbid trading
items after assignment).
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Future work.

Firstly, we started with synthesizing preference profiles into one, there are other methods,
which might be used and when facing a specific problem where the presented results are not
sufficient, or optimal, that would be the first place to look for improvements.

Lastly, the assignment problem as a social choice problem is not only algorithmic problem.
As new knowledge might be discovered in game theory, economy, or other areas there might be
some hard to forsee motivation for having to implement new ideas.
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