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Short summary

We examine whether route-choice equilibria remain stable once connected autonomous vehicles
(CAVs) can coordinate their decisions. In classical traffic assignment, a user equilibrium is inter-
preted as a Wardrop or Nash-type equilibrium where no traveler can improve by changing route
alone Wardrop (1952); Nash (1950). We show that this will be no longer sufficient when au-
tonomous vehicles can communicate and deviate jointly. We formulate route-switching coalitions
(clubs), define their internal and external stability, and demonstrate the formation mechanism in a
microscopic mixed-traffic network with adaptive traffic signals. Starting from a user equilibrium, a
three-vehicle CAV club can profitably deviate to another route, reduce each member’s travel time,
worsen conditions for excluded users, and increase the total travel time in the system. The results
imply that CAV coordination may generate inequitable and strategically unstable traffic states on
public road networks.
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1 Introduction

User equilibrium has long served as the standard behavioural benchmark for route choice.
Since Wardrop (1952), stating that network flows settle into a state in which no traveler
can reduce travel time by unilaterally choosing a different route. In finite-player settings,
this logic aligns closely with Nash equilibrium Nash (1950). The concept has been widely
applied and accepted as it captures decentralized, self-interested routing behaviour without
requiring any explicit coordination among travelers, serving as the backbone of classic
transportation planning, traffic assignment, and congestion analysis.
That interpretation, however, depends on a strong behavioural premise: travelers must act
effectively as isolated decision makers. Human drivers may exchange information, imitate
successful behaviour, or respond to navigation applications, but their ability to form pre-
cise, enforceable, payoff-improving coalitions is limited. They lack perfect synchronization,
shared information, and a mechanism for committing to collective deviations. Because of
that, asking whether a road-network equilibrium is strong in the game-theoretic sense was
pointless.
Connected autonomous vehicles may change this premise. A CAV fleet can observe network
conditions in real time, share information instantly, and implement centrally coordinated
routing decisions for many vehicles at once. These capabilities are usually discussed as
efficiency-enhancing technologies, especially in settings such as platooning, merging, and
signalized intersection management. Yet the same capabilities also create the strategic
advantage. Once some vehicles can coordinate their routing decisions, the coalitions may
start to form. A system may be strong with respect to individual deviations and still be
vulnerable to an efficient collective deviations.
To better understand that possibility we experimentally ask whether route-choice equi-
libria in mixed traffic remain stable once part of the population consists of autonomous,
connected, and coorindating vehicles. The answer is negative. A user equilibrium
may fail to be a strong equilibrium because a subset of CAVs can jointly switch
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Figure 1: CAV coalition formation. We depart from User Equilibrium (top left) on a
simple Two Route Network, where each driver decides to go straight (Route 0), as traveling
Route 1 would be slower for each of them. When 10 out of 15 vehicles become autonomous
vehicles, they reconsider their choices. None of them would benefit by individually devi-
ating to Route 1 (bottom left); however, vehicles 1, 5, and 6 discover that by deviating
together, they can arrive faster (bottom center). Not only on average, but also individu-
ally. Such benefit for the few invited club members is at the cost of other users and system
performance (bottom right).

route and make every invited member better off. In this sense, as we demonastrate
on an abstract scenario, connected vehicles can form exclusive clubs: small groups that
exploit coordination to obtain lower travel times, while users outside the club bear the
resulting costs.
The idea is closely related to strong-equilibrium reasoning in game theory. Aumann’s no-
tion of strong equilibrium rules out any coalition that can deviate in a way that benefits
all its members Aumann (1959). Coalition-proof refinements later emphasized robustness
to credible group deviations Bernheim et al. (1987). In transportation, by contrast, equi-
librium analysis has focused far more on the gap between selfish outcomes and system
optimum, often discussed via the price of anarchy Pigou (1920); Papadimitriou (2001);
Roughgarden (2007). Here, we open a different concern: even if an observed state is a clas-
sical user equilibrium, it may still be not strong, once coordinated vehicle fleets appear.
The contribution is both conceptual and empirical. Conceptually, the paper translates
strong-equilibrium ideas into route-choice language and defines a practical framework (al-
gorithm) for identifying profitable clubs of autonomous vehicles. Empirically, it experi-
mentally demonstrates the phenomenon in a minimal but realistic microscopic example
built in SUMO Lopez et al. (2018). The example uses only two routes, fifteen travelers,
and adaptive traffic signals, yet it is suffieint to exhibit the full logic of coalition formation,
exclusion, and follow-up dynamics (Fig. 1).
The network is deliberately small so that the mechanism remains transparent. Ten of the
fifteen vehicles are autonomous and able to coordinate. The five remaining vehicles are
human-driven. The starting state is a user equilibrium in which all autonomous vehicles
choose the default route. No single autonomous vehicle can improve by deviating alone.
Nevertheless, an identified specific three-vehicle coalition can jointly switch to the alterna-
tive route and improve each member’s travel time. This coordinated move worsens travel
times for excluded users and increases the mean travel time in the system.
The result shows that route-choice equilibria not neccesarily will remain strong in mixed-
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autonomy settings. Second, it exposes a fairness problem. Human-driven vehicles cannot
realistically join such clubs, and even some autonomous vehicles may remain excluded as
coalitions will be effeicient only up to a given size. Substantiating concerns about privileged
access to public road networks’ capacity.

2 Methodology

We study the problem as an atomic route-choice game with a finite set of travelers sharing
the same origin and destination. A subset of travelers are CAVs, while the remainder are
human-driven vehicles. Each autonomous vehicle can choose route. The initial state is
a classical user-equilibrium profile in which no traveler can benefit from switching route
alone.
We extend the analysis beyond unilateral deviations, defining a club as a coalition of
autonomous vehicles that deviates jointly from the user equilibrium, such that it strictly
improves the payoff of every club member. We introduce two properties fo such a club,
to understand the phenomenon better. The first is internal stability. Once the club has
formed, none of its members should want to leave by returning to the previous route.
The second is external stability. Once the club has formed, no traveler outside the club
should want to join by imitating its route change. These notions link naturally to strong
equilibrium. If no profitable club exists from a given user equilibrium, then the equilibrium
is strong with respect to the autonomous players. If at least one such club exists, the
equilibrium is not strong. However, a profitable initial club does not necessarily determine
the final state. Outsiders may wish to join after observing changed traffic conditions, which
can trigger the new dynamics.
To represent such novel cascades, we propose a club-dynamics graph. The root node is
an initially identified coalition. Directed edges then connect that coalition to new clubs
obtained when outsiders have an incentive to join or leave. Terminal leaves correspond to
natural candidates for post-deviation equilibria, which remain to be further understood.
Traffic outcomes are generated through microscopic simulation in SUMO Lopez et al.
(2018) (Figure 1). It contains two routes from origin A to destination B, with a singalized
junction with actuated control Smith (1979); Varaiya (2013); Gartner et al. (1991). Such
supply-side response is essential, the coalition mechanism cannot arise solely because vehi-
cles redistribute themselves between routes; it requires the traffic control system to react
to the new flows. The essential property is that green time on the two routes changes with
realized inflow. This makes it possible that a coordinated movement of several vehicles to
the currently less-used route induces a control response favorable to that route. In effect,
the coalition changes not only its own path choices but also the network conditions under
which those choices are experienced.
The demonstrated case contains fifteen vehicles in total. Ten are autonomous and strate-
gically active; five are human-driven and fixed to Route 0. The action space for the au-
tonomous population therefore contains 210 = 1024 joint actions. For each joint action, we
compute the resulting control setting, run the microscopic simulation, and record the travel
time of each traveler. This produces a payoff matrix over all route-split configurations.
Operationally, club formation can be interpreted through a coordinating leader, such as a
fleet operator or platform. The leader knows the precomputed payoff consequences of can-
didate joint actions and invites selected autonomous vehicles to deviate simultaneously.
Such invitation-based logic matters, because the resulting coalition is exclusive by con-
struction. Some users benefit because they are invited; others do not benefit because they
are left outside.
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3 Results

The main finding is that the baseline user equilibrium is not strong. Although no au-
tonomous vehicle benefits from deviating unilaterally, one specific three-vehicle coalition,
{1, 5, 6}, can move jointly to Route 1 and make every member better off. This is the key
proof-of-concept result: classical route-choice equilibrium can fail once coordinated CAV
deviations are allowed.
Table 1 reports the core payoff comparison. In the baseline equilibrium x0, vehicles 1,
5, and 6 experience travel-time payoffs of −58, −59, and −59, respectively. After the
coalition {1, 5, 6} forms, those payoffs improve to −52, −52, and −57. Since payoffs are
the negative of travel times, each club member arrives sooner. The improvement is not
merely collective or average; it is individual for every invited member. This is exactly the
kind of deviation that makes club formation credible.

Figure 2: Travel times of 10 CAVs in NE x0 (a) and in four considered club compositions
1{1,5,6},1{1,5,6,7},1{0,1,5,6,7},1{0,1,5,6} (b-e). Travel times are normalized across the 5 plots,
such that the travel time of all agents in x0 is 1. Black (respectively red) arrows show how
much time each agent would lose (respectively gain) by changing route unilaterally from
a given joint action. The absence of red arrows is therefore equivalent to the joint action
being a Nash equilibrium (a) and (e). Club members (deviating to Route 1) are marked
with white circles, and those not invited (remaining at Route 0) with black ones. Blue
arrows connect cases where an agent can gain time by changing route unilaterally to the
state resulting from this change.

x ∈ X g0(x) g1(x) g5(x) g6(x) g7(x) Mean State
x0 -27 -58 -59 -59 -51 -48.3 NE

1{1,5,6} -77 -52 -52 -57 -59 -56.6
1{1,5,6,7} -77 -52 -53 -57 -52 -55.8
1{0,1,5,6,7} -53 -53 -53 -57 -71 -55.1
1{0,1,5,6} -53 -53 -53 -57 -60 -54.4 SE

Table 1: Payoffs gi(x) experienced by respective club members, players i (columns) for joint
actions x ∈ X (rows) of respectively formed clubs (1I denotes the joint action (1I , 0−I) ∈ X
such that all members of I deviate to Route 1 and other agents remain on Route 0. Shaded
cells denote club members. The mean column reports the average payoff over all 10 AV
players, the State column indicates whether the joint action is a Nash equilibrium and/or
a strong equilibrium (recall SE ⊂ NE).

The mechanism behind the gain is the interaction between route demand and signal control.
By moving several vehicles to Route 1 at once, the coalition changes the adaptive allocation
of green time in its favor. The club does not simply discover a permanently underused
route; it strategically changes the network supply conditions. In static or purely first-in-
first-out environments, such result may not occur.
The consequences for non-members are negative (Fig. 3). The club improves the travel
times of those invited to move, but it worsens conditions for travelers who remain on Route
0. Table 1 shows this clearly for vehicle 0, whose payoff deteriorates from −27 in the initial
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Figure 3: System-wide performance. a) Travel times (payoffs) experienced by various
groups of players (humans, AVs, and all) before (left) and after coalition {1, 5, 6} is formed
(right). b) Average travel times experienced on respective routes. Values normalized to
travel times in UE.

equilibrium to −77 once coalition {1, 5, 6} forms. More broadly, the average payoff over
autonomous vehicles becomes worse after the club forms, indicating a higher mean travel
time. The coalition is therefore privately profitable and socially harmful.
Figure 2 shows that: i) the initial profitable coalition can trigger a cascade of unilateral
joining behaviour, ii) not every expansion remains stable. The configuration {0, 1, 5, 6, 7}
becomes internally unstable because one member would prefer to leave once the coalition
becomes too large. The final terminal coalition in the graph is {0, 1, 5, 6}, which we identify
as a candidate for a strong-equilibrium (assuming, for now, no adaptations in human
behaviour).
Even in this tiny network, the ten autonomous vehicles generate 1024 possible joint actions.
We report (Fig. 4) a rich landscape of route-level travel times and equilibrium types across
these states. Most joint actions are not Nash equilibria, some states admit club formation,
and only one strong equilibrium is identified in the presented analysis. This indicates
that mixed-autonomy route-choice games with adaptive control can produce strategically
complex outcome sets even in minimal settings.

4 Conclusions

This paper demonstrates that route-choice equilibria in mixed traffic may cease to be strong
once connected autonomous vehicles can coordinate their route choices. In the presented
microscopic network, the baseline user equilibrium is stable against unilateral deviations,
yet a three-vehicle coalition can jointly switch routes and make every member better off.
The coalition does so by altering not just the route split but also the adaptive signal
response of the network.
We challenge the sufficiency of classical equilibrium analysis in future road networks. If
a subset of travelers can coordinate their route choices through a common platform, the
assumption of purely individual deviations becomes restrictive. Standard traffic assign-
ment may therefore underestimate both the strategic leverage of fleet operators and the
possibility that route guidance systems create private rather than public benefits.
The results open a new regulatory concern. Adaptive traffic control and public-road ca-
pacity are collective resources. If CAV operators can exploit those responsive systems to
improve payoffs for selected users, then road-space governance may need to address not
only congestion and safety, but also access to coordination. That could imply new rules for
routing platforms, signal-control interaction, or fairness constraints in connected mobility
services.
Nonetheless, this study should be interpreted as an existence proof rather than a universal
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Figure 4: System states across various joint actions. Each dot denotes a joint action
and its coordinates are the average travel times on Route 0 (x-axis) and Route 1 (y-axis),
normalized such that the travel time of all vehicles in x0 is 1. The pink diagonal represents
equal travel times on both routes. On panel a) dots are colored proportionally to the split
of vehicles between routes. On panel b), colors denote various equilibrium states: red when
it is not Nash (with a black circle when clubs were identified), yellow for Nash, and green
for strong Nash. We identified several joint actions where we can identify a club (bold
circles on b); however, most of the joint actions were not in Nash Equilibrium (red), and
only one action was Strong Nash (green).

prediction. We do not claim that every adaptive-control network will generate harmful
clubs, nor that any amount of coordination is socially undesirable. It, for the first time,
shows that under plausible conditions the mechanism can emerge, and that the resulting
outcomes can be both inequitable and inefficient. Establishing that possibility is already
important, because it expands the design space that transportation researchers and regu-
lators must consider.
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