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ABSTRACT

As real-world applications of coalition formation continuously
evolve, the design of new efficient algorithms that maintain a decent
and consistent solution over time is required. Specifically, when
agents arrive one at a time, a moderator (i.e., an online algorithm)
must decide to which coalition the agent should be assigned, if at all.
Each agent may be further accompanied with relevant information
(e.g., her set of capabilities, her preferences over the previously
disclosed agents), based on which the moderator performs its de-
cisions. Multi-agent systems further encompass uncertainties in
a variety of forms: the nature of the agents’ participation and ar-
rivals may be probabilistic or even unknown. Additionally, their
preferences might be not assured and even incomplete or strategic.
This research will thus lay the theoretical foundations for studying
the interplay between coalition formation and online, uncertain
settings, while characterizing the factors which make the moder-
ator’s objective susceptible. Our methods will be further tied to
practical applications, specifically ones in physical settings (e.g.,
task allocation in actual robots).
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1 INTRODUCTION

A central issue of multi-agent systems is cooperation [2, 3, 10],
whose objective is creating agents capable of taking joint and coor-
dinated actions so as to improve their performance or accomplish
goals that are beyond their individual capabilities. In several real-life
scenarios, we thus notice the phenomenon of coalition formation,
where each person, termed as agent, forms coalitions with others
to get some benefit, experiencing a utility that depends on the par-
ticular set of agents she joins. For instance, in distributed vehicle
routing, coalitions of delivery companies can reduce the transporta-
tion costs by sharing deliveries [15], and in information gathering
several information servers come together to answer queries [11].
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Prior studies typically consider coalition formation under the
standard settings where a centralized deterministic entity (i.e., an
offline algorithm) has full knowledge regarding the system’s com-
ponents and aims at deciding on a partition of the agents into coali-
tions. Yet, such an assumption is unrealistic in various contexts
where the set of agents is unknown beforehand and its construction
may demand contacting a large population. For instance, crowd-
sourcing markets allow task requesters to inexpensively access
via a central platform a large manpower of workers with multiple
diverse skills that sequentially arrive one by one [8]. In knowledge-
intensive tasks, workers collaboratively perform complex data col-
lection and analysis tasks, while each worker’s contributions grad-
ually increases the quality of each knowledge piece.

Another two common underlying assumptions in the coalition
formation literature are that all agents are assured to participate
in the game, and the nature of their collaborations and their pref-
erences over those are certain. However, both often fail to hold
for real-world problems. Generally, the agents’ participation in the
game and their arrivals do not depend only on choices, but also
on external factors. For instance, in crowdsourcing [17], a worker
may not be able to solve all the tasks due to an inability to translate
certain languages or to handle time-sensitive tasks with a deadline.

Research Goal. 1 aim at providing a unifying framework for
coalition formation in online and uncertain environments. My main
goal is characterizing the factors which make the moderator’s ob-
jective susceptible. I believe that among those influences are the
moderator’s knowledge on the arriving agents and the nature of
the policies to which he commits, as well as the context at hand
(e.g., the presence of strategic manipulation, cases where changing
assignments is possible but expensive, or cases where the agents’
capabilities are diverse). In particular, my research concentrates
on theoretical analysis of online coalition formation in its most
general form under online and uncertain settings. An additional
objective posed by my research plan is further extending my cur-
rent and future contributions to methods adapted to the physical
world encompassed by other realms such as robotics.

2 ONLINE COALITIONAL SKILL FORMATION

As a first step towards mitigating the aforementioned shortcomings,
we initially focused on various multi-agent applications such as
crowdsourcing [17] and rescue operations [20], where agents with
diverse skills emerge dynamically and are then assigned to tasks
with heterogeneous requirements. Such scenarios can be framed as
a special case of the notorious multi-agent task allocation problem
[16] that attracts extensive attention — online task allocation [18].
When considering the aforementioned example of crowdsourcing
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markets [8], workers should solve problems like participatory sens-
ing [21] and human computation [7] which require specific skills
(e.g., specialized translation requires not only ability in at least two
languages but also domain knowledge).

The most desirable goal of online task allocation is to assign the
most suitable agents to tasks [14]. Namely, an agent with the skill
level required by a certain task or at least a sufficient experience
should be ideally assigned to that task. It is often the case that
a single agent does not have the skill level needed to achieve a
particular task, thus it is necessary for the agents to form real-time
coalitions for completing certain tasks. In coalitions, agents can
collaboratively complete tasks more efficiently or accurately by
cooperating to meet those requirements [19]. However, adequately
modeling multiple skills of agents, their correlations, the uncertainty
about their conditional dependencies and their contributions to the
formed coalitions is difficult, since different agents usually possess
different skills and diverse degree of proficiency in the same skill
[12]. Further, improperly measuring the coalitions’ suitability (i.e.,
meeting the tasks’ requirements as much as possible) may hinder
the quality of a task’s execution [9].

As such, we developed a novel framework termed as online coali-
tional skill formation (OCSF), for handling online task allocation
from a standpoint of coalition formation [5]. The goal of the mod-
erator is therefore to assign agents that arrive online to a coalition
responsible for performing some task, so as to optimally approach
the desired skill levels of all tasks. We discuss the efficiencies in
considering skill domains in which the set of possible mastering lev-
els for each skill is discrete instead of continuous. We then suggest
different assignment algorithms based on the knowledge the mod-
erator has on the arriving agents. When agents arrive i.i.d. accord-
ing to some unknown distribution, though a greedy and adaptive
scheme that assigns an agent to a task performs sufficiently well,
the expected number of agents contacted may be arbitrarily large
due to its adaptivity. If the distribution is known, we thus devised a
novel correlation to Constrained Markov Decision Processes whose
goal is maximizing the rate at which agents are assigned to each
task while respecting their requirements. Applying the approach
to our context, we observed that a non-adaptive scheme that ter-
minates when all the tasks’ requirements are met achieves the best
performance. Finally, if the distribution is unknown, we provide two
algorithms that learn it online, and whose estimation by the learning
schemes was proven yield an additional factor that depends on the
size of the the skill domain. Empirically, we validated that a higher
diversity in skills may indeed yield suboptimal assignments.

3 COMPLEXITY OF PROBABILISTICALLY
INFERRING SOLUTION CONCEPTS

In a second research trend of my thesis, we explored (offline) He-
donic games [6], which are a popular game-theoretic approach to
the study of coalition formation whose outcome is a partition of
the agents into coalitions, over which the agents have preferences.
One of their main properties is non-externality: an agent minds
only her own coalition, regardless of how the others aggregate.
Two major underlying assumptions in hedonic games literature
are that all agents are assured to participate in the game, and the
nature of their collaborations and preferences over those are certain.
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However, both often fail to hold for real-world problems. Generally,
participation in the game does not depend only on strategic choices,
but also on external factors. For instance, in crowdsourcing markets,
a worker may not be able to meet a task’s deadline or have the
required level of proficiency for solving it.

Focusing on various classes of dichotomous hedonic games (DHGs)
[1], where each agent either approves or disapproves a given coali-
tion, we thus proposed the random extension [4], where agents have
an independent participation probability. As such, we initiated the
research on the computational complexity of computing the proba-
bility that coalitions and partitions are optimal or stable [4]. While
some cases admit efficient algorithms (e.g., agents approve only few
coalitions), they become computationally hard (#P-hard) in their
complementary scenario. We supplied a reduction to our problem
from counting variants of a new type of manipulation in hedonic
games: constructive control by adding players, whose goal is ensur-
ing that a specified outcome satisfies a certain solution concept. In
turn, our novel correlation allows us to drive our hardness results.

4 CONCLUSIONS AND RESEARCH PLAN

Since coalition formation in practical environments continuously
evolves in time, the design of approximation algorithms that main-
tain a good solution over time (both theoretically and empirically)
constitutes as my central challenge. I intend to devise algorithms
that are not only efficient and robust to abrupt changes and uncer-
tainty, but also make consistent decisions. When further placing
ourselves in physical, online and uncertain domains as the ones
imposed by the field of robotics, additional challenges arise which
thus require special treatment for deriving practical algorithms for
such realms. In addition to the limited sensing and computational
capabilities typically owned by robots, their physical dimension
further imposes special challenges (e.g., concealment disturbances),
due to which appropriate schemes are required. As such, we will
also perform experimental evaluations using realistic simulators
(such as ARGoS [13]) and/or physical robots.

Improving algorithms via predictions is a very active research
topic in recent years. As we observed in our algorithms [5], bridg-
ing between this strand and ours has the potential to bypass the
worst-case lower bounds of our online problem and even devise
optimal algorithms. Hence, I intend to design online algorithms
enhanced with (potentially erroneous) predictions for our problem
which have efficient tradeoffs between consistency (when the pre-
dictions are accurate, the performances of our algorithms should
be close to those of an optimal offline algorithm), and robustness
(when the predictions are erroneous, the performance of our algo-
rithms should be close to those of an online algorithm without
predictions). Another appealing direction for future research is con-
sidering scenarios where decisions may be postponed, agents may
be reassigned to another coalition after each arrival, or both. Ex-
ploring OCSF as well as other models for online coalition formation
in the presence of strategic manipulation and designing algorithms
robust to manipulations also constitutes a major challenge. I aim
at characterizing fairness-oriented schemes and exploring their
impact on the system. Finally, there is an abundance of applications
other than online task allocation [5], where it is of high interest to
investigate coordination and cooperation between agents.
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