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Abstract— Indoor autonomous driving testbeds have emerged
to complement expensive outdoor testbeds and virtual simula-
tions, offering scalable and cost-effective solutions for research
in navigation, traffic optimization, and swarm intelligence.
However, they often lack the robust sensing and computing
infrastructure for advanced research. Addressing these limita-
tions, we introduce the Indoor Connected Autonomous Testbed
(ICAT), a platform that not only tackles the unique challenges of
indoor autonomous driving but also innovates vehicle comput-
ing and V2X communication. Moreover, ICAT leverages digital
twins through CARLA and SUMO simulations, facilitating both
centralized and decentralized autonomy deployments.

I. INTRODUCTION

The emergence of autonomous driving technologies has
necessitated the development of specialized testbeds for their
validation and improvement. Prominent outdoor autonomous
driving testbeds like Mcity [1] at the University of Michigan,
the edge computing testbed for autonomous driving at the
University of Leeds [2], Singapore’s Smart Mobility Testbed
[3], and an autonomous shuttle testbed [4] built upon Taltech
smart mobility city in Estonia, have been instrumental in
facilitating this progress. These environments replicate real-
world traffic scenarios, offering invaluable data and insights.

However, outdoor testbeds encounter several practical
challenges that limit their efficacy and accessibility [5]. One
of the most significant hurdles is the difficulty in creating
realistic multi-agent traffic systems in a safe and controlled
manner. Simulating dense, interactive traffic scenarios in
outdoor settings poses substantial safety risks, making it
challenging to test and refine autonomous systems under
varied conditions. Additionally, the economic burden of
establishing and maintaining such extensive outdoor infras-
tructure is substantial, often beyond the reach of smaller
institutions and research entities.

Thanks to the more developed simulation technology,
simulators like SUMO [6], CARLA [7], and LGSVL [8]
generate high-fidelity autonomous driving testing scenarios
for the community while circumventing the financial costs
of building an outdoor testbed. The gap between real-world
autonomous driving and simulation, however, still exists
because of the inability of the simulation to run hardware-
in-loop vehicle computing and V2X analysis. Besides the
pure simulations, to tackle the efficiency dilemma in both
financial and time costs of a real-world testbed, several
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indoor autonomous driving testbeds have been developed
[91, [5], [10], [11], [12]. These testbeds are ingeniously
downscaled to fit limited indoor spaces, simulating real-
world scenarios. Utilizing motion-capturing systems, they
provide centralized localization information directly from
the scenario, bypassing decentralized sensor data processing.
This streamlined approach significantly benefits research
areas like path-trajectory planning, traffic optimization, and
swarm intelligence. However, these testbeds are somewhat
limited in their sensing and computing capabilities due to
the absence of robust sensors and computing power, which
leads to inefficiency in simulating real-world decentralized
commuting-intensive autonomous driving tasks.

We introduce ICAT, an Indoor Connected and Au-
tonomous Testbed (ICAT) in response to these limitations.
ICAT stands apart by not only focusing on the unique
challenges of indoor autonomous driving but also pioneering
in vehicle computing and V2X communication. With digital
twins, specifically leveraging the capabilities of CARLA
and SUMO simulations, ICAT enables both centralized and
decentralized autonomy deployments in simulated and real-
world testbeds.

The merits of ICAT can be summarized into two-
manifolds. (i) Connectivity and Vehicle Computing: Com-
pared to other indoor autonomous driving testbeds, ICAT
is emphasized on its V2X capability, which supports inter-
vehicle, vehicle-infrastructure, and vehicle-server communi-
cations. While the on-board computing devices could serve
as the resources for handling data from vehicles, infrastruc-
ture, and other information systems. (ii) Digital Twin and
Multi-agent Simulation: The previous studies although built
up a real-world multi-agent traffic or swarm system, faster
developing process is prohibited without the full endorsement
of a digital twin system. ICAT is not only integrated with
CARLA, and SUMO interfaces but also a tailored pure
Python multi-agent simulation environment, which releases
the full potential in algorithm testing and iterating of au-
tonomous driving tasks.

The rest of the paper is arranged as follows. The mo-
tivation and challenge of building ICAT are explained in
Section II, related works are introduced and compared in
Section III, and methods and technologies leveraged for
designing ICAT are explained in Section IV. Two concrete
case studies are conducted in Section V for validating the
ICAT system. The design and implementation experience is
then discussed in Section VI, and conclusions are drawn in
Section VII.
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