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Routing and Rebalancing Intermodal Autonomous
Mobility-on-Demand Systems in Mixed Traffic

Salomón Wollenstein-Betech1, Mauro Salazar2, Arian Houshmand1,

Marco Pavone3, Ioannis Ch. Paschalidis1, and Christos G. Cassandras1.

Abstract— This paper studies congestion-awar e route-
planning policies for intermodal Autonomous Mobility-on-
Demand (AMoD) systems, whereby a fleet of autonomous ve-
hicles provides on-demand mobility jointly with public tran-
sit under mixed traffic conditions (consisting of AMoD and
pr ivate vehicles). Specifically, we first devise a network flow
model to jointly optimize the AMoD routing and rebalancing
strategies in a congestion-awar e fashion by accounting for the
endogenous impact of AMoD flows on travel time. Second, we
capture the effect of exogenous traffic stemming from pr ivate
vehicles adapting to the AMoD flows in a user-centr ic fashion
by leveraging a sequential approach. Since our results are in
terms of link flows, we then provide algor ithms to retr ieve the
explicit recommended routes to users. Finally, we showcase our
framework with two case-studies consider ing the transpor tation
sub-networks in Eastern Massachusetts and New York City,
respectively. Our results suggest that for high levels of demand,
pure AMoD travel can be detr imental due to the additional
traffic stemming from its rebalancing flows. However, combining
AMoD with public transit, walking and micromobility options
can significantly improve the overall system per formance.

Index Terms—Mobility-on-Demand, System-Optimal Routing,
Rebalancing, Mixed Autonomy.

I . INTRODUCTION

I N THE last century, urban mobility has been dominated

by the use of private vehicles. The success of this mode

of transport relies on its fast and convenient point-to-point

transportation service. However, even if this technology has

been widely adopted, it has been recently criticized due to

its dependency on gasoline, its harmful emissions to the

environment, its underutilization (according to [1], private

vehicles are parked for more than 95% of the time), its

impact on traffic congestion, and its land and infrastructure

requirements for wider roads and parking spaces. Hence, some

have acknowledged that private vehicles are an unsustainable

solution for urban mobility [2]. As we think and plan for

the cities of the future, mobility-on-demand (MoD), or Au-

tonomous Mobility-on-Demand (AMoD) systems enabled by
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Fig. 1. I-AMoD network (supergraph) consisting of three layers: the road
network (blue with black AMoD cars and grey private vehicles, respectively),
walking pathways (green) and subway lines (red); thedashed arrows represent
switching arcs.

autonomous vehicles, offer anew way to provideacomparable

fast and comfortable point-to-point service while maintaining

low congestion levels. As defined by the Federal Transit

Administration of the United States, a MoD system is a

“multimodal, integrated, automated, accessible, and connected

transportation system with personalized mobility at its core

which useson-demand information, real-time data, and predic-

tive analysis to provide travelers with transportation choices

that best serve their needs and circumstances” [3].

In this paper we focus on methodologies that optimize the

operations of AMoD systems with the goal of reducing traffic

congestion. To achieve this, we develop a coordinated inter-

modal routing procedure that seeks to minimize the overall

commuters travel time while ensuring that all travelers are

being served by the same platform. In particular, we study the

routing and load-balancing processes of a fleet of vehicles

belonging to an AMoD service when they interact with self-

interested vehicles in the network. In contrast with today’s

platforms (e.g., Uber, Lyft, DiDi), our objective is to take these

two decisions jointly rather than separately. If the vehicles

belonging to the fleet are controlled by self-interested humans,

this joint optimization is harder to carry out as one would

have to design compensation schemes in order to steer the

selfish behavior to asystem-optimal solution [4], [5]. However,

as the level of automation of these platforms increases, with

many already testing their Connected and Automated Vehicles

(CAVs) in our streets [6], [7], thinking whether theseprocesses

should be addressed jointly becomes relevant.

Literature review: We first review techniques to solve the

routing and load-balancing (also referred to as rebalancing)

problems individually and then focus on the joint problem.

Current drivers in MoD platforms, such as Uber, Lyft

or DiDi, choose their paths by using routing apps (e.g.,

Waze and Google Maps). These apps recommend routes

nccr-automation.ch

waterfutures.eu



“Artifacts have politics”

L. Winner (1980):
The technological artifacts we deploy in society can be 
a mechanism for setting the affairs of a community!
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autonomous vehicles, offer anew way to provideacomparable

fast and comfortable point-to-point service while maintaining

low congestion levels. As defined by the Federal Transit

Administration of the United States, a MoD system is a

“multimodal, integrated, automated, accessible, and connected

transportation system with personalized mobility at its core

which useson-demand information, real-time data, and predic-

tive analysis to provide travelers with transportation choices

that best serve their needs and circumstances” [3].

In this paper we focus on methodologies that optimize the

operations of AMoD systems with the goal of reducing traffic

congestion. To achieve this, we develop a coordinated inter-

modal routing procedure that seeks to minimize the overall

commuters travel time while ensuring that all travelers are

being served by the same platform. In particular, we study the

routing and load-balancing processes of a fleet of vehicles

belonging to an AMoD service when they interact with self-

interested vehicles in the network. In contrast with today’s

platforms (e.g., Uber, Lyft, DiDi), our objective is to take these

two decisions jointly rather than separately. If the vehicles

belonging to the fleet are controlled by self-interested humans,

this joint optimization is harder to carry out as one would

have to design compensation schemes in order to steer the

selfish behavior to asystem-optimal solution [4], [5]. However,

as the level of automation of these platforms increases, with

many already testing their Connected and Automated Vehicles

(CAVs) in our streets [6], [7], thinking whether theseprocesses

should be addressed jointly becomes relevant.

Literature review: We first review techniques to solve the

routing and load-balancing (also referred to as rebalancing)

problems individually and then focus on the joint problem.

Current drivers in MoD platforms, such as Uber, Lyft

or DiDi, choose their paths by using routing apps (e.g.,

Waze and Google Maps). These apps recommend routes
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L. Winner (1944-)

Use technology to solve societal problems?



The Engineering Trap
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Autonomy

Connectivity

Electrification

Disruptive technologies = societal solutions?

E.g., a decade ago, TNCs (E.g., Uber and Lyft) promised to address congestion, 
emissions and justice issues.

?

Now, we are risking to fall into another engineering trap,
engineering disruptive answers to the wrong question…

Instead, they ended up making the situation worse…
Erhardt et al. Science Advances 2019
Diao et al. Nature Sustainability 2021
Turón Entrepreneurship and Sustainability Issues 2021

This is also because of the Collingridge dilemma…



The Collingridge Dilemma and our Responsibility

• Ex-ante, lack of information:
societal impacts cannot be easily 
predicted until a technology is 
extensively developed and widely used.

• Ex-post, lack of control power:
control or change is difficult when the 
technology has become entrenched in 
society.

6
David Collingridge, “The Social Control of Technology”, St. Martin's Press, 1980

Potential approach: Infusing societal and 
environmental responsibility ex-durante, 

throughout the design and planning process?

Paris, 1793: “Ils doivent envisager qu’une grande 
responsabilité est la suite inséparable d’un grand pouvoir.”

QI



A Double How
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How can we integrate all these technologies within smart cities?

1. In line with which principles? 2. What are implementable solutions?

Ethics? Justice? Wellbeing?

A Moral Compass for Smart Cities?



A Moral Compass for Smart Cities?
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Fundamental Human Rights
Article 1: All individuals free and equal in dignity and rights.
Article 3: Right to life, liberty and security of person.
Article 13: Right to freedom of movement.
Article 23: Right to work and just conditions.
Article 25: Right to an adequate standard of living.
…

Uncontroversial because quite abstractly framed…
…the devil is in the details!

For instance, what is just? What is adequate?
Is one good more important than another?

Philosophy?



Conceptual Principles from Philosophy
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Theories of Justice (incomplete) Theories of Wellbeing (incomplete)

Utilitarianism
J. Bentham (1748-1832) and J. 

Stuart Mill (1806-1873) 

(Luck) Egalitarianism
J. Rawls (1921-2002) and
R. Dworkin (1931-2013)

Hedonism
T. Hobbes (1588-1679)

Eudaimonia
Aristotle (384-322 BC)

Capabilities Approach
A. Sen (1933-) and M. Nussbaum (1947-)

Sufficientarianism
H. Frankfurt (1921-2002)

Limitarianism
I. Robeyns (1972-)

Desire-satisfaction
Heathwood (1977-)

Relational Egalitarianism
E. Anderson (1959-)
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Caution: Often more Questions than Answers…

Feels like a Pandora vases’ library…

Generated with Gemini

Moreover, we are not philosophers…
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autonomous vehicles, offer anew way to provideacomparable

fast and comfortable point-to-point service while maintaining

low congestion levels. As defined by the Federal Transit

Administration of the United States, a MoD system is a

“multimodal, integrated, automated, accessible, and connected

transportation system with personalized mobility at its core

which useson-demand information, real-time data, and predic-

tive analysis to provide travelers with transportation choices

that best serve their needs and circumstances” [3].

In this paper we focus on methodologies that optimize the

operations of AMoD systems with the goal of reducing traffic

congestion. To achieve this, we develop a coordinated inter-

modal routing procedure that seeks to minimize the overall

commuters travel time while ensuring that all travelers are

being served by the same platform. In particular, we study the

routing and load-balancing processes of a fleet of vehicles

belonging to an AMoD service when they interact with self-

interested vehicles in the network. In contrast with today’s

platforms (e.g., Uber, Lyft, DiDi), our objective is to take these

two decisions jointly rather than separately. If the vehicles

belonging to the fleet are controlled by self-interested humans,

this joint optimization is harder to carry out as one would

have to design compensation schemes in order to steer the

selfish behavior to asystem-optimal solution [4], [5]. However,

as the level of automation of these platforms increases, with

many already testing their Connected and Automated Vehicles

(CAVs) in our streets [6], [7], thinking whether theseprocesses

should be addressed jointly becomes relevant.

Literature review: We first review techniques to solve the

routing and load-balancing (also referred to as rebalancing)

problems individually and then focus on the joint problem.

Current drivers in MoD platforms, such as Uber, Lyft

or DiDi, choose their paths by using routing apps (e.g.,

Waze and Google Maps). These apps recommend routes

Need for a Transdisciplinary Perspective Transcending Engineering
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Social Sciences and
Humanities

Justice and wellbeing
Principles

Quantitatively descriptive
Qualitatively prescriptive

Engineering

Control and optimization
models and methods

Quantitatively descriptive
and prescriptive

Nexus
for a responsible control and optimization frameworks for smart cities

Transdisciplinarity

Interdisciplinarity

Multidisciplinarity



Principles for Smart Cities?
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For instance, to reason on the allocation of social goods 
beyond prosperity, income and wealth…

…we need operationalized principles of justice!

Michael Walzer, “Spheres of Justice – A Defense of Pluralism and Equality”, Basic Books, 1983

M. Walzer: “different social goods should be distributed according to different principles”

THEORY

?

LOTR wiki
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The Energy Justice Trilemma

Energy Justice

D. McCauley, “Energy Justice: Re-Balancing the Trilemma of Security, Poverty and Climate Change”, Springer, 2017
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Water Ethics

Multiple dimensions of justice
Distributive justice: Fair distribution of water to the population
Procedural justice: Inclusive decision-making with multiple stakeholders
Restorative justice: Address historical dispossession and inequities

Water ethics reframes water not as a mere resource but as a shared, 
sacred, and ecological foundation for life.

N. Doorn, “Water Ethics”, Bloomsbury, 2019

It challenges technocratic and market-driven paradigms, advocating for 
justice, sustainability, and cultural respect in policy and practice.



What about Transportation?
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Is minimizing average travel time the right objective?

The purpose of transportation is to provide accessibility

What is accessibility?

For instance, destinations reachable reasonably (e.g., in 20min)…

How should we distribute it?

Measure of freedom to get to places

Martens, “Transport Justice – Designing Fair Transportation Systems”, Taylor Francis - Routledge, 2017
Ryan, Martens, “Defining and Implementing a Sufficient Level of Accessibility: What’s Stopping Us?”, TRPA, 2023 



Which principle of justice?
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Utilitarianism:“greatest good for the greatest number”, 
Bentham and  Stuart Mill 1800s:
Maximize good / Minimize bad on average

Stuart Mill, “Utilitarianism”, Parker, Son, and Bourn, 1863
Martens, “Transport Justice – Designing Fair Transportation Systems”, Taylor Francis - Routledge, 2017

Salazar, Betancur Giraldo, Paparella, Pedroso, Martens, “Mobilizing Transport Justice: A Sufficientarian Optimization Framework for Intermodal Mobility 
Systems”, NPJ Sustainable Transport and Mobility, 2025

Sufficientarianism: “make sure everyone has enough”, 
Walzer 1983, Crisp 2003 and Martens 2017:
Minimize deficit to a sufficiency threshold

But what about the worse off? Often, they are the ones 
suffering from utilitarian principles

Beyond utilitarian efficiency by mobilizing transport justice:
Sufficientarian perspectives on accessibility



Example on Intermodal Autonomous Mobility-on-Demand
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Social Sciences and
Humanities

Justice and wellbeing
principles for evaluation

Engineering

Optimization models and
methods for co-design

Nexus
Nexus for a conceptual, modeling and optimization framework
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autonomous vehicles, offer anew way to provideacomparable

fast and comfortable point-to-point service while maintaining

low congestion levels. As defined by the Federal Transit

Administration of the United States, a MoD system is a

“multimodal, integrated, automated, accessible, and connected

transportation system with personalized mobility at its core

which useson-demand information, real-time data, and predic-

tive analysis to provide travelers with transportation choices

that best serve their needs and circumstances” [3].

In this paper we focus on methodologies that optimize the

operations of AMoD systems with the goal of reducing traffic

congestion. To achieve this, we develop a coordinated inter-

modal routing procedure that seeks to minimize the overall

commuters travel time while ensuring that all travelers are

being served by the same platform. In particular, we study the

routing and load-balancing processes of a fleet of vehicles

belonging to an AMoD service when they interact with self-

interested vehicles in the network. In contrast with today’s

platforms (e.g., Uber, Lyft, DiDi), our objective is to take these

two decisions jointly rather than separately. If the vehicles

belonging to the fleet are controlled by self-interested humans,

this joint optimization is harder to carry out as one would

have to design compensation schemes in order to steer the

selfish behavior to asystem-optimal solution [4], [5]. However,

as the level of automation of these platforms increases, with

many already testing their Connected and Automated Vehicles

(CAVs) in our streets [6], [7], thinking whether theseprocesses

should be addressed jointly becomes relevant.

Literature review: We first review techniques to solve the

routing and load-balancing (also referred to as rebalancing)

problems individually and then focus on the joint problem.

Current drivers in MoD platforms, such as Uber, Lyft

or DiDi, choose their paths by using routing apps (e.g.,

Waze and Google Maps). These apps recommend routes

Utilitarian Status Quo

Sufficientarian Approach

Sufficientarianism:
Provide enough reachable destinations

(MI) Convex network flow model:
min∑max 0,𝑁suff −𝑁𝑟

2

Salazar, Betancur Giraldo, Paparella, Pedroso, “On Accessibility Fairness in Intermodal AMoD Systems”, IFAC CTS, 2024
Salazar, Betancur Giraldo, Paparella, Pedroso, Martens, “Mobilizing Transport Justice: A Sufficientarian Optimization 
Framework for Intermodal Mobility Systems”, NPJ Sustainable Transport and Mobility, 2025

Can be FAIR without 
loosing EFFICIENCY!

Other examples?



Example on Cycling Infrastructure Upgrade
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Social Sciences and
Humanities

Justice and wellbeing
principles for evaluation

Engineering

Optimization models and
methods for co-design

Nexus
Nexus for a conceptual, modeling and discovery framework

Sufficientarianism:
Provide sufficient level of safety

Bi-level network design model:
min∑max 0, 𝑆suff − 𝑆𝑟

2

Campero Jurado, De Nunzio, Canudas De Wit, Salazar, “On Transport Justice and Safety in Bicycle Network Design Optimization”, IEEE CDC 2025

Can be FAIR without 
loosing EFFICIENCY!

Problem solved?

Safety Insufficiency Map
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Even More Questions Open?

Demand 
models 

and data 
justice?

Multi-faceted 
perspectives 
on mobility?

Behrendt, Sheller, “Mobility data justice” Mobilities, 19(1), 151–169, 2023



Conclusion: No clear answers, but more of an 
alpine path towards Responsible Innovation

• Transdisciplinary efforts required

• We have the right forma mentis to do so

• Value-driven and consciously partial efforts

• Ex-durante approach vs Collingridge Dilemma

• Crossing a room of Pandora vases

Link to the IEEE CSS TC on Smart Cities
20

“Before being engineers, we are 
first and foremost humans”
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