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ABSTRACT

Strategic interaction in congested systems is commonly modelled
using Stackelberg games, where competing leaders anticipate the
behaviour of self-interested followers. A key limitation of existing
models is that they typically ignore agents who do not directly
participate in market competition, yet both contribute to and adapt
to congestion. Although such non-follower agents do not generate
revenue or respond to market incentives, their behaviour reshapes
congestion patterns, which in turn affects the decisions of leaders
and followers through shared resources.

We argue that overlooking non-followers leads to systematically
distorted equilibrium predictions in congestion-coupled markets. To
address this, we introduce a three-level Stackelberg framework with
heterogeneous leaders differing in decision horizons and feasible
actions, strategic followers, and non-follower agents that captures
bidirectional coupling between infrastructure decisions, competi-
tion, and equilibrium congestion.

We instantiate the framework in the context of electric vehicle
(EV) charging infrastructure, where charging providers compete
with rivals, while EV and non-EV traffic jointly shape congestion.
The model illustrates how explicitly accounting for non-followers
and heterogeneous competitors qualitatively alters strategic incen-
tives and equilibrium outcomes. Beyond EV charging, the frame-
work applies to a broad class of congestion-coupled multi-agent
systems in mobility, energy, and computing markets.
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1 INTRODUCTION

Many real-world multi-agent systems involve strategic competi-
tion over resources whose value depends on congestion. Examples
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include transportation networks, energy systems, cloud computing,
and digital marketplaces. In such settings, providers make long-
term and short-term strategic decisions while anticipating how
large user populations respond to prices, delays, and capacity con-
straints. Stackelberg games have become a standard modelling tool
for capturing this interaction, representing providers as leaders and
users as followers who respond selfishly to announced decisions.

Despite their widespread use, most Stackelberg models in con-
gested environments rely on a restrictive abstraction: they focus ex-
clusively on agents who directly participate in the leader—follower
interaction. Agents who do not generate revenue and do not re-
spond to strategic incentives are typically treated as exogenous
background flow or ignored altogether. However, in congestion-
coupled systems, these non-follower agents are neither passive nor
unaffected: they reshape congestion faced by strategic agents, while
simultaneously adjusting their own behaviour to avoid resources
made congested by leaders’ and followers’ actions. This bidirec-
tional coupling alters equilibrium structure despite non-followers
not participating in market competition.

This paper argues that ignoring non-follower agents is not a
benign modelling simplification. When congestion is endogenously
determined, background agents can alter equilibrium structure,
shift competitive pressure, and change optimal strategic decisions
by leaders. As a result, models that abstract away these agents risk
producing qualitatively misleading conclusions about profitability,
infrastructure deployment, and competitive intensity in markets
where congestion is shared across heterogeneous user groups.

We address this gap by introducing a hierarchical Stackelberg
framework that integrates three interacting components: heteroge-
neous leaders operating with distinct decision horizons and action
sets; strategic followers who participate in market competition
and adjust their decisions under congestion and leadership actions;
and non-follower agents who both shape and adapt to conges-
tion without engaging in market competition (see Figure 1(a)). The
resulting model captures the bidirectional coupling between long-
term decisions, short-term competitive behaviour, and equilibrium
congestion within a single conceptual structure.

The framework is demonstrated on electric vehicle (EV) charging
infrastructure, a domain of growing importance driven by rapid EV
adoption [9, 10]. In this setting, providers compete for users while
charging and travel decisions interact with traffic congestion, and
non-EV traffic both generates and adapts to congestion without
participating in the charging market. Existing models typically
examine either provider competition [4, 6, 7, 11] or charging—traffic
interaction [5, 8], but seldom both, relying on assumptions such as
homogeneous providers, fixed locations, or exogenous background
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Figure 1: (a): Conceptual comparison between a standard and proposed Stackelberg framework with non-follower agents. Existing approaches
typically treat non-participating agents and background traffic as exogenous, neglecting their adaptive response to congestion. Our framework
explicitly models non-follower agents whose behaviour both contributes to and adapts to congestion, reshaping equilibrium incentives for
strategic leaders and followers. (b): Three-level hierarchical Stackelberg framework for heterogeneous leaders.

traffic. Although EV charging motivates the framework, explicitly
modelling non-follower agents and endogenous congestion yields a
more faithful account of strategic interaction in congestion-coupled
markets.

2 PROBLEM DESCRIPTION

We study a hierarchical decision problem in which a leader makes
a long-term commitment upon entry into a market of competing
leaders who interact primarily through short-term decisions. This
commitment shapes follower behaviour, influences incumbents’
competitive responses, and affects network congestion. Alongside
followers, non-follower agents adapt to congestion without engag-
ing in market competition, yet jointly determine the equilibrium
congestion that feeds back into strategic outcomes.

In the EV charging instantiation, a new entrant selects charger
locations as a long-term infrastructure decision, while incumbent
providers compete through short-term pricing. EV drivers (fol-
lowers) choose routes and charging locations under congestion,
trading off travel time, delay, and price [1-3]. Non-EV drivers (non-
followers) choose routes to avoid congestion; through shared net-
work usage, EV and non-EV traffic jointly generate and respond to
congestion.

Leaders are heterogeneous: incumbents possess fixed infrastruc-
ture and compete only on price, whereas the entrant decides on both
placement and pricing. The resulting system tightly couples infras-
tructure deployment, price competition, and congestion-dependent
traffic equilibria. The central challenge is to determine how an
entrant can deploy infrastructure while anticipating downstream
competition and the redistribution of EV and non-EV traffic.

3 CONCEPTUAL FRAMEWORK

The interaction described above induces a three-level Stackelberg
structure with sequential decision-making, illustrated in Figure 1(b).
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At the lowest level (Level 1), EV and non-EV drivers respond to
prices and congestion by selecting routes and charging options
that minimise individual cost. Although non-EV drivers do not
participate in the charging market, their routing decisions adapt to
congestion generated by charging-related traffic and, in turn, affect
travel times and charging choices of EV users. This level captures
the bidirectional coupling between different driver populations
through shared congestion.

At the intermediate level (Level 2), charging providers com-
pete by setting prices while anticipating how drivers’ congestion-
dependent choices respond. Providers’ pricing incentives are shaped
by both strategic rivals and non-EV traffic that affects demand
through congestion rather than direct interaction.

At the highest level (Level 3), the entrant selects charger locations
while anticipating the induced pricing behaviour of incumbents and
the resulting equilibrium traffic patterns. This long-term decision
anticipates the induced responses of providers and drivers under
congestion.

Together, these layers define a hierarchical Stackelberg struc-
ture in which infrastructure decisions, competitive behaviour, and
congestion outcomes are jointly determined. The framework treats
congestion as an endogenous outcome shaped by strategic decisions
and adaptive behaviour across heterogeneous agent populations,
rather than as an exogenous background condition.

To operationalise this framework, we adopt a solution approach
that aligns with the hierarchical structure of the game. Each deci-
sion layer is analysed using equilibrium concepts natural to that
layer, while higher-level decisions explicitly anticipate the induced
responses downstream. This hierarchical resolution enables princi-
pled, equilibrium-consistent reasoning about infrastructure place-
ment and competitive behaviour under congestion, without relying
on restrictive assumptions such as agent homogeneity or exogenous
traffic.
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