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CCS CONCEPTS

« Theory of computation — Algorithmic game theory; Net-
work games; Algorithmic mechanism design.

When the performance of a system is dictated by the behaviour of
its users, self-interested choices can result in sub-optimal system
operation, as is the case in road traffic networks. The inefficiency
resulting from such selfish behaviour is commonly measured by
the ratio between the emergent worst-case system cost and the
minimum system cost, termed price-of-anarchy. As the degree of
inefficiency can be significant even for relatively simple systems
(e.g., affine congestion games), researchers have proposed a variety
of approaches to align the emergent selfish behaviour with the
desired system objective. A well-studied and promising method is
that of altering users’ perceived costs by means of taxes.

With this same objective in mind, in this work, we investigate
how to design optimal taxation mechanisms, i.e. we study how
to design taxation mechanisms that minimize the system’s ineffi-
ciency, relative to the class of atomic congestion games. In an atomic
congestion game, a finite number of users choose from a subset of
available edges. The congestion on each resource is a function of the
number of users sharing it. Agents are selfish and aim at minimiz-
ing their individual experienced congestion, so that the emergent
behaviour is well-captured by the notion of Nash equilibrium, or
generalizations thereof (e.g., coarse-correlated equilibrium).

The need for taxes has been motivated by classic results demon-
strating significant differences between equilibrium and optimal
system performance [1, 2]. In the absence of any taxation mecha-
nism, selfish behaviour can result in a system cost as high as 2.5
times the optimal cost, relative to the class of atomic affine conges-
tion games [3]. Even greater inefficiencies arise when higher-order
polynomial latency functions are introduced.

There has been significant research in computing taxes that
minimize the price-of-anarchy for a specific game instance. We
term these taxes network-aware, based on the fact that they are
computed on an instance-by-instance basis utilizing knowledge
of the network structure. While such taxes provide a quantifiable
inefficiency reduction, they require leveraging complete network
and user information - a rather unrealistic scenario. In addition, the
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resulting taxation mechanisms must be recomputed for any change

in the network topology, which is problematic as the methods

proposed have complexity growing exponentially with the number
of users and the size of the network.

From the perspective of a system designer, a taxation mechanism
that assigns a tolling function to each edge relative to the local la-
tency function, and independent of the full network structure and
user information, is far easier to implement and maintain. These
taxation mechanisms - often termed network-agnostic - provide
a degree of scalability and robustness to changes and errors that
the alternative network-aware tolls lack. However, it has proven
difficult to provide tight price-of-anarchy bounds for a given tax-
ation mechanism, as one must consider its performance in each
and every game instance of the class considered. Further and more
fundamentally, there is currently no means to design an optimal
network-agnostic tax or a discernible structure of such a mecha-
nism. It is in this context that our work originates.

Contributions. The goal of this work is to quantify and opti-
mize the price-of-anarchy resulting from network-agnostic taxation
mechanisms, over the class of atomic congestion games. Our main
contributions are as follows:

(1) We introduce a method for computing tight price-of-anarchy
bounds, in any network-agnostic taxation mechanism, includ-
ing, but not limited to, the discretized Pigouvian taxes.

(2) We design network-agnostic optimal taxation mechanisms that
apply to congestion games with any form of positive latency
function as the solution to a tractable linear program.

(3) We compute the price-of-anarchy under an optimal network-
agnostic taxation mechanism, and compare it to the network-
aware results in the literature for games with polynomial la-
tency functions, though our formulation applies to any set of
positive latencies.

In addition, we observe in this work that full network knowledge
provides only minor gains in worst-case efficiency guarantees when
optimal tolls are used, specifically in the case of congestion games
with polynomial latency functions.
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