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ABSTRACT Future Cooperative Intelligent Transport Systems (C-ITSs) will impose stringent requirements
on 6G mobile networks in terms of latency, data rate, and reliability. These requirements must be met in
rapidly changing wireless channel conditions. Hence, their fulfillment requires rigorous and reproducible
testing environments that enable a seamless transition from simulation to real-world deployment. However,
existing testbeds and simulation environments either lack physical realism or fail to scale cost-effectively,
hindering comprehensive C-ITS evaluation. To overcome these limitations, we implement the concept of a
Digital Triplet , comprising three complementary layers: a full-scale real-world test field, a co-simulation
environment for integrating additional simulated entities, and a scaled-down replica of the test field. This
architecture enables reliable, reproducible, and scalable testing of future 6G-enabled C-ITS applications
across different levels of abstraction.We demonstrate the applicability of theDigital Triplet throughmultiple
case studies. For remote driving, we deploy and optimize a low-latency video streaming system and simulate
a mmWave communication channel incorporating Reconfigurable Intelligent Surfaces (RISs). An up to 74%
reduced median Glass-to-Glass (G2G) latency is achieved in a mobile network compared to related work
using a local network. Moreover, emulating real-world vehicle localization in the scaled test field enables the
implementation of cross-domain Nonlinear Model Predictive Control (NMPC)-based vehicular platooning.
Finally, we evaluate the NMPC platooning controller in both decentralized (on-vehicle) and centralized
(edge cloud) configurations. The results highlight the strong potential of the Digital Triplet to accelerate
the development and validation of C-ITS applications within future 6G networks.

Video abstract: tiny.cc/digitaltriplet

INDEX TERMS 6G, Cooperative Intelligent Transport Systems (C-ITS), digital triplet, digital twin,
mmWave, mobile networks, platooning, Robot Operation System 2 (ROS 2), teleoperation.

I. INTRODUCTION
The rapid evolution of Cooperative Intelligent Transport Sys-
tems (C-ITSs) toward cooperative and autonomous func-
tionality promises significant gains in safety, efficiency, and
comfort. Future 6G mobile networks are expected to deliver
low-latency, high-throughput wireless connectivity to support

The associate editor coordinating the review of this manuscript and ap-
proving it for publication was Dr. Kaige Qu .

complex coordination among vehicles, infrastructure, and
digital twins. However, scalable and reliable validation of
these systems under realistic, safe, and reproducible condi-
tions remains challenging. Existing testbeds and simulation
environments either lack physical realism or fail to scale cost-
effectively, hindering comprehensive evaluation of C-ITSs.
Consequently, a unified framework combining realism, scal-
ability, and reproducibility is still missing.
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FIGURE 1. Concept of the proposed vehicular Digital Triplet integrating real-world, scaled, and simulated environments to improve the development of
future 6G C-ITS applications.

While real-world experiments in full-scale test fields ex-
hibit the most realistic effects, they are rather expensive,
less sustainable, and may not be easily reproducible. Further,
safety certification and regulatory requirements can be prob-
lematic. Simulations offer repeatability but often fall short of
accurately capturing real-world phenomena. Scaled vehicular
platforms can bridge the sim-to-real gap by improving accu-
racy, scalability, and reproducibility, while incurring lower
costs than full-scale vehicles. However, they cannot fully
replicate full-scale vehicle dynamics and channel character-
istics. By aligning real-world, scaled, and simulated environ-
ments into the proposed Digital Triplet , the complementary
advantages of all three domains can be combined in a single
evaluation system. The objective is system-level consistency
across domains, improving the reliability and efficiency of
testing during C-ITS development. A real-time co-simulation
layer represents and interconnects real, scaled, and simulated
vehicles so they can interact, as shown in Fig. 1. Unlike
traditional digital twins that mirror a single physical entity,
the Digital Triplet integrates all domains into a synchronized
testing ecosystem, enabling cross-domain validation for fu-
ture 6G C-ITS solutions.

In this work, we build on the earlier vision of unifying
real, scaled, and simulated vehicles [1] and its partial real-
ization [2]. In contrast to prior work limited to simulated and
scaled platforms, a full-scale vehicle is integrated. Further-
more, we interconnect a larger fleet of scaled vehicles via a
private 5G Open Radio Access Network (O-RAN) testbed,
comparing it to commercial public and private mobile net-
works. This improved connectivity for the scaled vehicles
allows for synchronized interaction across all three domains.

To demonstrate the capabilities of the proposed Digi-
tal Triplet , we evaluate two representative 6G C-ITS use
cases: Nonlinear Model Predictive Control (NMPC)-based
platooning and remote driving. Platooning enables efficient
autonomous traffic flows by coordinating multiple vehicles
via real-time cooperative control, typically following a single
leader that might be fully autonomous. However, challenging
situationsmay still need human intervention. In this case, tele-
operation serves as a critical fallback mechanism to support
C-ITS. Real-time teleoperation demands low-latency, high-

reliability mobile connectivity with immediate availability,
making it a demanding benchmark for future 6G networks.
The key contributions are summarized as follows:

• Real-time Digital Triplet implementation for realistic,
scalable testing of emerging reliable 6G use cases.

• Comprehensive closed-loop teleoperation evaluation
and optimization with end-to-end latency decomposi-
tion and proactive bitrate adaptation, improving respon-
siveness and robustness.

• RoboRacer: Extension of the Bill of Materials (BOM)
and software stack to enable 5G connectivity, improved
launch, and driving dynamics.

• Robust, domain-agnostic localization, enabling coop-
erative vehicular platooning.

• Cross-domain networked NMPC platooning in dis-
tributed and centralized real-time deployment, providing
a challenging benchmark for C-ITS deployments.

• Open-sourcing major parts of the implementation.

The remainder of the paper is structured as follows: After
discussing the related work relevant to this study in Sec. II, the
approach to implementing the Digital Triplet architecture is
explained in Sec. III. Afterward, an overview of the method-
ological aspects of the selected use cases is given in Sec. IV.
Finally, detailed results of these are provided in Sec. V.

II. RELATED WORK
Research on C-ITS spans multiple interdisciplinary areas.
Here, we will focus on discussing related work on platooning,
remote driving, co-simulation and scaled vehicular testbeds.

A. CO-SIMULATION AND SCALED TESTBEDS
Numerous scaled test platforms have been developed at var-
ious scales with different focuses [3]. Several works, in-
cluding [4–6], experiment with scaled vehicular platforms.
While [4] employs scaled semi-trailer trucks in a real testbed,
their approach does not extend to full-scale trucks or precise
digital twins. In [5] and earlier studies, teleoperation is as-
sessed in both full-scale and scaled vehicles and in simula-
tions; however, these domains do not interact in real time. The
authors of [6] utilize a scaled testbed for various autonomous
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TABLE I. Required and measured remote driving latencies of related
work: This work reduces latencies below 100 ms and evaluates subsystem
latencies (cf. Fig. 2).

Work vmax Latency Components [ms] E2E
[km/h] τ1 τ2 τ3 τ4 τ5 [ms]
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[5] ✗ 160 15 ✗ 175 + τ5
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[8, 19] 60 ✗ 25-50* ✗ 25-50* ✗ 75 + τ1,3,5
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FIGURE 2. Latency components of remote driving.

functions but highlight the limitation posed by the sim-to-real
gap between the scaled setup and full-scale vehicles.

Similarly, [3] identifies several challenges in scaling from
small to full-scale deployments. These include a reliance on
precise global positioning, incompatible with outdoor envi-
ronments, unrealistically ideal indoor conditions regarding
lighting, environmental factors, and weather, as well as dif-
ficulties in accurately replicating real-vehicle dynamics and
sensor configurations in smaller testbeds. Existing testbeds
either focus on scaled prototypes, real-vehicle setups, or
simulation environments, but lack synchronized integration
between physical systems and co-simulation environments.

B. ROBUST REMOTE DRIVING OF VEHICLES

Remote driving is a challenging application for mobile net-
works due to the high uplink data rate and strict End-to-
End (E2E) latency requirements. To enable safe remote driv-
ing, both Key Performance Indicators (KPIs) need to be
complied with reliably and without any gaps across a large
area. Although achieving full system reliability may be in-
feasible [27], clear performance thresholds must be defined.
Within related work, exact minimum required service levels
are debated and vary largely with the exact scenario.

In general, delay and reduced video bitrates negatively
impact the ability to control a vehicle [23, 28]. The impact,
however, is nonlinear, and the performance of human drivers
starts to deteriorate more drastically over a particular thresh-
old. Drive tests under different latencies in [21] show a sharp
degradation in driving performance once the total E2E latency
exceeds roughly 360ms. Experimental evaluations in [16]
also conclude that remote driving at low speeds is feasible
with E2E latencies of around 200ms.

The 5G Automotive Association (5GAA) demands latency
and data rate requirements depending on the exact teleop-
eration use case [7, 8], as shown in Table I. These require-
ments are contextualized in the demands posed by several
publications of research projects on remote driving [10, 11].
All these demanded E2E latencies are in the range from
100ms to 200ms for velocities up to 50 km/h. As stated by the
5GAA, the remote driving capability is affected by the total
latency only. Therefore, there is no need to specify individual
uplink and downlink limits. This is also taken into account
by German legislation [13], which stipulates a total latency
of below 200ms. Otherwise, velocity reductions must be ap-
plied immediately. In contrast, the 3rd Generation Partnership
Project (3GPP) demands a network layer Round-Trip Time
(RTT) below 10ms for high-speed remote driving [9].

Overall, the latency analysis across related works proves
difficult, partly due to different measurement methods and
latency definitions. Thus, the overall remote driving delay of
related work is compared by dividing it into five categories
(cf. Fig. 2). These consist of the image capture by the cam-
era and the subsequent video encoding delay τ1, the uplink
transmission delay τ2, the display and user-input delay τ3
at the operator, the downlink transmission delay τ4, and the
actuation delay τ5 within the vehicle. Despite methodological
differences, it is clear that some remote driving systems listed
in Table I exceed the specified latency thresholds.

The authors of [5, 14] and [15] measure the performance
of their remote driving deployments in public 4G networks.
In [16, 18], 5G Non-Standalone (NSA) networks are utilized,
with minor improvement in E2E delay. In [17], the uplink and
downlink latency of the proposed system is evaluated in 5G
Standalone (SA) networks. While other delay factors are not
given, the average uplink delay τ2 is significantly reduced,
demonstrating lower 5G uplink latencies. Whereas many
works focused on network and video streaming delay, [14]
also analyzed the actuator delay τ5, showing potential to
optimize the E2E latency. Many works summarize τ1 to τ3
as the Glass-to-Glass (G2G) delay. While [5] and [14] focus
on the application perspective, this paper will also focus on
wireless communication and video processing. Consequently,
this work yields comparatively low E2E latency values for
both scaled and full-scale vehicles, as illustrated in Table I.

The authors of [19] use a proprietary protocol based on
802.11p to employ a steering controller to directly control a
vehicle and achieve even lower latencies, but are restricted
to a local deployment. Other works performed simulations of
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teleoperation deployments to study the effects of latency in a
controlled way [2, 20–22].

In addition to low latency processing steps, it is crucial to
consistently meet latency requirements all the time, e.g., at
challenging connectivity. The necessary steps can be divided
into network-based adaptations, video coding optimizations
and Artificial Intelligence (AI)-based prediction and com-
pensation methods. In [29, 30], an analysis of suitable 5G
network architectures for remote driving has yielded the need
for video bitrate reductions, especially in deployments at
scale. Numerous video encoding approaches [31] are avail-
able to address these constraints. As a result, various strate-
gies exist to enhance quality and minimize bitrate while
maintaining low latency in teleoperation applications. For in-
stance, region-of-interest-based encoding is employed in [32]
and [33] to reduce the video bitrate while preserving essential
details, applicable on a per-stream basis [34]. Additionally,
non-traditional encoding methods can reduce bitrate and la-
tency by transmitting only essential information [35]. Predic-
tive methods may be utilized to forecast future video data in
case of erroneous transmissions [36] or high latencies [22].

While these strategies improve resilience under variable
connectivity, they remain confined to individual subsystems.
A holistic approach that models interactions between com-
munication, computation, and control is often missing.

C. VEHICULAR PLATOONING FOR BENCHMARKING C-ITS
Vehicular platooning has been extensively studied as a key
C-ITS use case to enhance road capacity, safety, and fuel
efficiency [37]. By driving with short inter-vehicle gaps, pla-
tooning can significantly reduce aerodynamic drag. On the
communications side, the requirements for reliable platoon-
ing regarding latency and positioning accuracy are especially
high as specified by the 3GPP standardization [9]. Platoon-
ing therefore represents a particularly demanding cooperative
driving application, making it a suitable use case for evaluat-
ing advanced development and testing frameworks.

From a control-theoretic perspective, platooning strate-
gies can be categorized into reactive controllers such as
Cooperative Adaptive Cruise Control (CACC), predictive
optimization-based approaches such as Model Predictive
Control (MPC), and data-drivenmethods including reinforce-
ment learning. Reactive controllers regulate spacing and ve-
locity errors based on instantaneous data of predecessor ve-
hicles. While such approaches are computationally efficient,
they lack predictive capabilities and cannot explicitly account
for system constraints. In contrast, MPC methods optimize
vehicle behavior over a prediction horizon, while consid-
ering vehicle dynamics and safety constraints. Data-driven
approaches can learn complex behaviors from data but often
lack explicit safety guarantees and require extensive training.

Early works, including [38], which was carried out in a
real-world deployment, laid the foundation for platooning
control strategies using Vehicle-to-Vehicle (V2V) communi-
cations. These relied on reactive approaches such as CACC
and regulated the longitudinal spacing between vehicles. Sub-

sequent research has focused on hardening control algorithms
tomaintain platoon stability under varying conditions, includ-
ing diverse communication impairments and environmental
factors [39–41]. While these studies focus on co-design of
control and communication to ensure string stability, they pri-
marily consider longitudinal control of platoons in simulation
environments. MPC approaches have been proposed to en-
hance platoon stability and guarantee safety constraints, even
in interaction with human drivers [42]. Further improvements
in the reliability and latency of 5G and prospective 6G net-
works enable centralized control paradigms leveraging edge
computing to coordinate large-scale vehicular platoons [43].
While most of the previously presented works focus solely

on longitudinal control of platoons, our work also consid-
ers lateral control. Works on lateral and longitudinal control
address 2D coordinated platooning maneuvers [38, 44–46].
A significant challenge in combined longitudinal and lateral
control is preventing corner cutting, where vehicles following
a curved path may deviate inward to minimize travel distance
or lateral acceleration. This becomes particularly critical in
platooning scenarios where multiple vehicles must maintain
formation while navigating curves. Specifically, [45] and [44]
present combined lateral and longitudinal control approaches
that do not rely on leader-trajectory information, thereby sim-
plifying control design. As stated by the authors of [44], the
method is limited to constant-curvature paths, restricting its
applicability to less complex driving scenarios. Progressing
from classical control methods, [47] employs a reinforce-
ment learning-based approach to optimize both lateral and
longitudinal control. This work proposes a combined lateral
and longitudinal control strategy, utilizing leader trajectory
information to enhance platoon stability and prevent corner
cutting. The employed NMPC controller provides the nec-
essary planning capability to handle complex maneuvers,
serving as a representative predictive control approach within
this challenging application.
Many recent works rely on simulations [42–44, 46] or

scaled testbeds [45, 47] without real-time integration with
full-scale vehicles. Works solely relying on full-scale de-
ployed systems, such as [38], however, require extensive
efforts for testing. Here, the Digital Triplet enables thorough
evaluation and fine-tuning of combined control strategies
across different scales, reducing cost while providing real-
time feedback from simulation and physical testbeds.

III. THE DIGITAL TRIPLET APPROACH
The proposedDigital Triplet framework establishes a unified,
synchronized environment connecting real R, scaled S, and
virtual V vehicular domains for developing and evaluating
C-ITS. This approach combines the complementary advan-
tages of each domain into one cohesive testing ecosystem.

A. ARCHITECTURE OF THE DIGITAL TRIPLET
The Digital Triplet architecture is organized into intercon-
nected subsystems that form a combined end-to-end closed-
loop testing environment. Each layer contains its own vehicu-
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lar platforms, wireless networking modules, and control enti-
ties, all linked through a co-simulation interface. The central
coordination layer synchronizes data and control commands
among all domains d ∈ D = {R, S,V}, ensuring that the
same scenario can be executed simultaneously across phys-
ical and virtual entities. This synchronization allows vehi-
cles and infrastructure components to interact under identical
environmental and network conditions, which is critical for
verifying the transferability of algorithms from simulation
to real-world deployments. Each domain is a dynamic sys-
tem Σd = (Xd ,Ud , Yd , fd , hd) with state space Xd , input
space Ud , output space Yd , transition function fd , and sensor
model hd . Describing the physical dynamics, fd also includes
domain-specific behavior that is challenging to model pre-
cisely. While the goal is to achieve similar dynamics across
domains, i.e., fs ≈ fv ≈ fr , full-scale dynamics will thus
inevitably differ from simulation and scaled replicas. Further,
influences from other domains zd and disturbances wd affect
each domain, such that fd can be written as in (1).

ẋd = fd(xd(t), ud(t),wd(t), zd(t)) (1)

The states xd of each domain can be observed via a sensor
model hd returning the observed system state yd depending
on the sensor noise vd described in (2). Since sensor charac-
teristics and noise properties differ across domains, measures
need to be taken to maintain inter-domain consistency, e.g.,
by emulating the noise term vd .

yd = hd(xd(t), vd(t)) (2)

For compatibility of domains, state mappings ϕi←j : Xi → Xj,
input mappings ψi←j : Ui → Uj and output mappings γi←j :
Yi → Yj betwen arbitrary domains i and j are defined. Finally,
the Digital Triplet T can be written as

T =
(
{Σd ,Cd , θd}d∈D, {ϕj←i, ψj←i, γj←i}i̸=j

)
. (3)

Here, θd denotes the time synchronization function for the
inter-domain influence function Cd , providing

zd = Cd( {ϕj,d(xj(θj(t)))}j̸=d ). (4)

Due to delays in this distributed system, θd is required to
align timestamps in different domains and entities. Although
exact physical synchronization is not required, the logical
time of the Digital Triplet must progress consistently with
physical time, since real and scaled entities experience state
transitions fd in real time. If this is not guaranteed, similarity
between domains deteriorates. Thus, sufficiently established
time synchronization needs to be assured.

From a system-theoretic perspective, the Digital Triplet
represents a network of coupled dynamical systems. The
mappings ϕj←i, ψj←i, and γj←i ensure compatibility of states,
inputs, and observations across domains, while the coupling
function Cd enables cross-domain interaction. This formula-
tion allows algorithms developed in one domain to be eval-
uated under consistent closed-loop conditions across real,
scaled, and simulated systems.
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FIGURE 3. Comparison of Hardware-in-the-Loop (HiL), Vehicle-in-the-
Loop (ViL), scaled, full-scale, and simulated approaches across multiple
categories, illustrating the Digital Triplet combining the complementary
strengths of real, scaled, and virtual domains.

While simulations offer advantages in scalability and
safety, full-scale vehicles provide realistic communication
and vehicle dynamics, as illustrated in Fig. 3. Scaled vehicles
occupy an intermediate position, offering real-world dynam-
ics while remaining more cost-efficient, safer, and repro-
ducible than full-scale vehicles. Thus, they form a practical
bridge between simulation-based development and full-scale
validation. By integrating the complementary strengths of
real, scaled, and simulated environments, the Digital Triplet
achieves the largest combined capability area.
In contrast to Hardware-in-the-Loop (HiL) and Vehicle-in-

the-Loop (ViL) approaches [48], the proposed Digital Triplet
does not merely replace missing real-world components. In-
stead, entities from all domains operate simultaneouslywithin
a synchronized scenario and can mutually influence each
other. Thus, HiL approaches cannot provide physical accu-
racy, reproducibility, safety, and scalability at the same time.
Meanwhile, digital twins are typically defined as paired

representations of a physical system with bidirectional data
exchange. The Digital Triplet extends this concept by syn-
chronizing multiple domains simultaneously and enabling
mutual interaction between them. While digital twins may
exist as subsystem components within theDigital Triplet , the
two concepts are structurally different. Consequently, a single
digital twin cannot provide the same combination of realism,
scalability, and physical fidelity as the Digital Triplet .

B. IMPLEMENTED DIGITAL TRIPLET INSTANCE
Practical implementations of the Digital Triplet cannot
achieve perfect synchronization or dynamic equivalence be-
tween domains, as real-world deployments require practical
compromises. However, the described functionalities can be
adopted in a modular fashion. In the following, we describe
our implementation of the Digital Triplet concept. As illus-
trated in Fig. 4, communication within the Digital Triplet is
facilitated through Robot Operating System 2 (ROS 2) using
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Zenoh as the ROS Middleware (RMW). In contrast to other
RMWs, Zenoh is more flexible in configuring the routing of
ROS 2 messages and allows for choosing the transport pro-
tocol. By selectively routing messages only to relevant nodes
instead of using broadcasts, network overhead and latency are
decreased. Regardless of the domain, each vehicle is equipped
with onboard computing systems running ROS 2 nodes for
perception, localization and control. These nodes interact
over heterogeneous Radio Access Technologies (RATs), in-
cluding WiFi and public or private mobile network links.
This allows real and simulated entities to coexist in a shared
environment with realistic network behavior.

The three layers of the Digital Triplet interconnect via
multiple digital twin entities that model vehicles, communica-
tion channels, and the surrounding environment. The connec-
tivity digital twin represents the underlying mobile network
by emulating radio channel characteristics and extends to
Reconfigurable Intelligent Surfaces (RISs) (cf. Sec. III-C4).
The vehicle digital twin mirrors the dynamics and sensor data
of real and scaled vehicles, while the environment digital twin
integrates additional simulated and real objects into the sce-
nario. This setup allows for the analysis of hypothetical real-
world scenarios, enabling systematic what-if evaluations.

The architecture’s modular design allows each layer to
function independently or in synchronized operation, depend-
ing on the requirements of the specific test scenario. A co-
operative application management entity coordinates inter-
actions between automated control algorithms and human
teleoperators, enabling both fully autonomous and human-
in-the-loop evaluations. Depending on the configuration, the
same control logic can be deployed to real vehicles, their
scaled counterparts, or entirely simulated vehicles. This in-
terchangeability allows evaluating specific aspects of services
under equivalent operating conditions.

Overall, the Digital Triplet approach introduces a tightly
coupled integration of communication, computation, and con-
trol domains. By combining real vehicles with scaled and
virtual representations within a unified framework, it enables
reproducible and scalable experimentation, accelerated devel-
opment cycles, and comprehensive validation of C-ITSs.

While the proposed Digital Triplet architecture is concep-
tually not restricted to a fixed number of entities, its scala-
bility is practically limited by several factors. Each additional
entity increases the simulation’s computational load, although
this can be mitigated by allocating additional compute re-
sources. In the physical domain, additional scaled vehicles
require corresponding hardware and localization capacity in
the testbed. In many configurations, since vehicle status mes-
sages are small, the communication network is not expected
to be a limiting factor. If scaled massively, central communi-
cation entities like Zenoh routers, discovery mechanisms, and
the communication network may become a bottleneck if not
deployed in a distributed configuration. While scaling with
additional scaled vehicles is possible, scaling through virtual
vehicles can be extended much further. The Digital Triplet ,
therefore, enables selecting an appropriate trade-off between
experimental realism and scalability.

In our concrete deployment, the subsystems of the Digital
Triplet are interconnected usingmobile networks. For the real
vehicle, either a commercial private 5G NSA network or a
public mobile network is used. In case of the scaled vehicles,
an O-RAN-based private network is used, parameterized as
listed in Table II. To minimize potential influence on results,
measurements are controlled via an additional WiFi connec-
tion. The full-scale and scaled test fields are connected over
the public internet through a dedicated WireGuard Virtual
Private Network (VPN) tunnel using a public IP endpoint.
Time synchronization, especially for synchronized measure-
ments, is provided by distributing Global Navigation Satellite
System (GNSS)-based timestamps in the subsystems. For the
full-scale vehicle, a GNSS-based time synchronization via
Precision Time Protocol (PTP) is deployed at the vehicle,
and a PTP Grandmaster Ethernet switch at the operator. In
the scaled test field, we use a dedicated Ethernet network
for high-frequency time synchronization during the remote
driving latency measurements using a local Network Time
Protocol (NTP) server. In case of the other case studies, NTP
via the 5G network is used.
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TABLE II. Parameterization of the Used Wireless Communication Systems

Parameter Scaled
Test Field

Full-Scale
Test Field

Simulated
Test Field

Technology 5G Standalone 5G NSA 5G mmWave

Frequency 3.75GHz (n78)
1.77GHz (B3) /
3.45GHz (n78) 28GHz (n257)

Bandwidth 100MHz 20 / 50MHz 50MHz
Subcarrier Spacing 30 kHz 15 / 30 kHz 60 kHz
Duplex Type TDD FDD / TDD TDD

C. COMPONENTS & TEST FIELDS OF THE DIGITAL TRIPLET
As described, the Digital Triplet framework integrates three
main vehicular domains: a full-scale automated vehicle in an
outdoor test field, scaled vehicular platforms in an indoor test
field, and a virtual test field with network and vehicle co-
simulation. These parts will be detailed in this subsection.

1) Full-Scale Automated Vehicle in Outdoor Test Field
For the full-scale part of the Digital Triplet , the automated
and connected research vehicle karl. [49] is used (cf. Fig. 5a).
karl. is a Volkswagen Multivan retrofitted with a drive-by-
wire system for automated longitudinal and lateral control, a
sensor suite including 360° camera coverage, as well as high-
performance computing and communication hardware.

Eight StereoLabs ZED X stereo cameras are connected via
GMSL2 to two dedicatedNVIDIA Jetson AGXOrin developer
kits, which handle full image processing for the cameras.
For mobile communications, an Ericsson Cradlepoint R1900
automotive-grade dual-active 5G router is connected to a
roof-mounted 4×4-MIMO antenna. The entire automated
driving software stack is based on ROS 2 and is containerized
using Docker. More details on the vehicle’s hardware and
software architecture can be found in [49].

In order to maintain a controlled environment for testing
and validation, karl. is operated at the Aldenhoven Testing
Center (ATC),1 Germany. At the ATC, a commercial-grade
private 5G network (cf. Table II) is operated, which is used
for all communication to and from the full-scale vehicle in
this work, unless otherwise specified.

2) Small-Scale RoboRacer in Vehicular Indoor Test Field
The open source scaled vehicular platform RoboRacer (for-
merly F1TENTH) [50, 51] is extended within this work. In
Fig. 5b, the deployed customized vehicle is shown. The plat-
form is centered around an NVIDIA Jetson System-on-a-Chip
(SoC), connected to different sensors and actuators, powered
by a lithium battery, as shown in Fig. 6. This setup allows it to
replicate selected functionalities of the full-scale vehicle. As
shown in Table III, the scaled vehicle approximately follows
the 1 :10 scaling factor with respect to key vehicle parameters.

This relationship can also be illustrated analytically using
the kinematic bicycle model [52]. Under geometric scaling
ϕs←r with factor λ = 0.1 and proportional velocity scaling

1https://www.aldenhoven-testing-center.de/en/tracks/urban-
environment.html (accessed: Jan. 15, 2026)

(vs = λvr ), the model equations remain form-invariant,
yielding identical normalized curvature and yaw-rates for
both vehicles. Consequently, they follow geometrically sim-
ilar trajectories for the same steering inputs. However, dy-
namic similarity is not preserved. To show this, we employ
the Froude number Fr = v/

√
gR, originating from fluid-

dynamics, which characterizes the ratio between inertial and
gravitational forces g, dependent on a length R. When apply-
ing it to our system (R is the curve radius), the scaling implies
Frs =

√
λ · Frr , yielding that the real vehicle experiences

higher g-forces. Thus, the lateral acceleration must be limited
in the scaled test field to prevent slip and dynamic saturation
in full scale. While perfect dynamic similarity cannot be
achieved, the platform captures the relevant system charac-
teristics within the considered operating regime, enforced
by constrained dynamics. However, the original RoboRacer
platform exhibits several limitations that prevent it from ade-
quately reproducing the desired behavior, motivating the pro-
posed hardware and software improvements described below.
Critically, original RoboRacer scaled vehicles lack mobile

network connectivity and were observed to be unable to
replicate full-scale vehicle dynamics when accelerating from
a standstill, both of which are crucial for reliable, low-latency
operation. Furthermore, with the default RMWconfiguration,
ROS 2 topics are broadcast over the limited wireless channel,
and safety features on connection loss are lacking. Thus,
several improvements have been implemented compared to
the original BOM and code of the RoboRacer project [50].
Formerly, the VESC motor controller of the RoboRacer

operated with a sensorless brushless DC motor, requiring
the motor state to be inferred rather than directly measured.

(a) Full-scale research vehicle karl.

(b) Scaled vehicular platform RoboRacer

FIGURE 5. Full-scale automated and connected research vehicle karl. and
scaled representation of one of six customized RoboRacer vehicles.
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FIGURE 6. Architecture of the modified RoboRacer system.

TABLE III. Comparison between physical parameters and limitations of
driving dynamics between the full-scale and the scaled vehicles in their test
bed; control limits of the full-scale vehicle relate to automated operation
and may be limited by its drive-by-wire system for safety reasons; steering
angles relate to a single-track model with Ackermann steering [49]

Parameter Full-Scale Scaled 1/10 Scale Opt. Scale

Wheelbase Lw 3.124m 0.325m 9.61 10
Track Width Tw 1.658m 0.24m 6.91 10
Max. Speed vmax 130 km/h 150 km/h 1.27 ≤10
Max. Acceleration amax 2.0m/s2 9.51m/s2 [51] 0.21 ≤10
Max. Deceleration amin 4.5m/s2 9.51m/s2 [51] 0.47 ≤10
Max. Steer. Angle δmax ±31° ±24° [51] 1.29 ≤1
Max. Steer. Rate δ̇max — 183 °/s [51] — ≤1
Localization Accur.∆p 1 cm <1mm ≥10 ≥10

During spin-up, the lack of immediate rotor position feedback
can lead to slower start-up behavior and increased latency
between commanded and actual velocity. Thus, a new motor
with Hall-encoded absolute motor orientation feedback is
integrated. This allows for precise closed-loop control and,
thus, reduces driving command execution latency.

As ROS 2 Jazzy with Zenoh is used in the Digital Triplet ,
theRoboRacer codewas ported to Jazzy to enable full interop-
erability between domains. An emergency brake mechanism
was implemented within the motor controller driver for ad-
ditional safety: Firstly, if control commands are suspended,
an immediate emergency braking is initiated. Secondly, an
enable signal is issued regularly to activate driving functions.
The code is openly available.2

To decrease overall system complexity and reduce latency,
a custom kernel for the Jetson on the scaled vehicles has been
built. It features high-speed modem compatibility with the
qmi_wwan driver based on instructions of the modem manu-
facturer [53], and adds kernel-level WireGuard support. This
eliminates the need for an additional SoC for mobile network
connectivity previously required [23], while enabling direct
access to networkKPIs from the attachedmodem.We provide
instructions for modifying the kernel as described.3

The scaled vehicles are deployed in a local indoor test
field,4 measuring over 10× 20m. It is equipped with a laser
projection system, an optical Motion Capture (MoCap) sys-

2https://tiny.cc/roboracer-ros2-jazzy
3https://tiny.cc/jetson-wwan-kernel
4https://flw.mb.tu-dortmund.de/research/innolab (accessed: Jun. 6, 2026)

(a) Portable operator workplace: an ultra-widescreen monitor and a tablet to
assess the scene, a steering wheel and pedals remotely control the vehicle.

(b) Remote driving Graphical User Interface (GUI) of operator workplace
showing a stitched frontal (and rear/side) multi-camera view: speed, steering
wheel angle, and system engagement status are displayed.

(c) Operator workplace at the scaled test field set up for remote driving with
co-simulation to the side.

FIGURE 7. Modular operator workplaces for remote driving.

tem with submillimeter accuracy and an O-RAN 5G SA
commercial private network (cf. Table II).

3) Operator Workplace for Remote Driving
A modular and reconfigurable operator workplace has been
developed to enable safe and intuitive remote control of ve-
hicles in all domains within the Digital Triplet framework. It
aims to provide a low-latency, high-fidelity human-machine
interface that is portable, flexible, and adaptable to different
remote operation use cases and research studies.
The operator workplace shown in Fig. 7a is built around a

rigid aluminum frame made from extrusion profiles, allowing
rapid reconfiguration without redesign. In its current configu-
ration, a single 49-inch 32:9 ultra-widescreen monitor serves
as the primary visual interface, offering a wide-angle view
of the vehicle’s surroundings. The operator GUI combines a
multi-camera view with telemetry data, as shown in Fig. 7b.
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For proper scene awareness, an image-stitching algorithm
fuses an arbitrary number of calibrated camera feeds into a
panoramic view using planar or equirectangular projections,
available as open source.5 The video streams shown in Fig. 7
are built around GStreamer (cf. Sec. IV-A).

For the control path, a Fanatec CSL DD direct-drive wheel-
base and Fanatec CSL Elite pedals provide high-resolution
steering, throttle, and brake input with precise haptic feedback
of steering forces. A dedicated ROS 2 driver is also available
as open source.6 Like the rest of the Digital Triplet , the con-
tainerized software stack of the operator workplace is based
on ROS 2 Jazzy with RMW Zenoh for seamless integration.

A second operator workplace was built, co-located with the
scaled test field. Shown in Fig. 7c, it features three displays
for live video streams, scaled test field observability, and
visualization of the co-simulation of the Digital Triplet . De-
spite differences in physical layout, both workplaces operate
identically thanks to modular hardware abstraction and stan-
dardized ROS 2 interfaces. Both operator workplaces have
proven successful in remotely driving the full-scale research
vehicle karl. at the ATC real-world test field.

4) Virtual Test Field and Network Co-Simulation
The virtual test field provides a unified simulation envi-
ronment that integrates full-scale and scaled vehicle models
within a common virtual framework. This approach enables
consistent co-simulation of all vehicle types at a single virtual
scale, ensuring that interactions zd can be analyzed under
comparable conditions. Spatial consistency across domains
is ensured through real-time coordinate transformations ϕi←j,
implemented as ROS 2 nodes. The environment also supports
the simulation of further virtual vehicles and dynamic obsta-
cles, thereby extending the range of test scenarios. The 3D
simulation environment is implemented in Unity, which pro-
vides advanced visualization, physics simulation, and real-
time rendering. A digital model of the ATC has been inte-
grated to replicate realistic test-track conditions.

In the scaled and virtual test field, the network connectivity
is simulated to reflect real-world characteristics. To demon-
strate the capability and extensibility of the proposed Digital
Triplet system, the test field incorporates a virtual mmWave
communication system (cf. Table II). At the shorter wave-
lengths λ in Frequency Range 2 (FR2), significantly more
bandwidth is available, potentially allowing higher data rates.
However, FR2 also poses challenges related to signal attenu-
ation and shadowing. The characteristics of the FR2 channel
are simulated using the Urban Micro (UMi) model [54] in
combination with Line-of-Sight (LoS)-detection to replicate
communication paths in real time. Recent outdoor 28GHz
measurements in dense urban environments report a Root
Mean Squared Error (RMSE) of approximately 11.9 dB be-
tween the measured path loss and the 3GPP UMi model in
Non-Line-of-Sight (NLoS) conditions, with links exhibiting

5https://tiny.cc/image_reprojection
6https://tiny.cc/fanatec_ros_driver

deeper shadowing than predicted by the model [55]. To ac-
count for these empirically observed conditions, an additional
margin of 11.9 dB is applied to NLoS links.
Large-scale RISs with a configurable size a × b (width

times height) can be deployedwithin the simulated scenario to
mitigate shadowing effects in NLoS areas. Since large-scale
RIS systems are not yet commercially available, the simula-
tion relies on assumptions and represents a best-case estimate
of the achievable performance. In particular, instantaneous
reflector alignment to the optimal configuration available to
the RIS is assumed. The goal is not to predict exact real-
world performance but to demonstrate how theDigital Triplet
enables testing of future communication technologies be-
fore real hardware becomes available. Nevertheless, practical
limitations such as discrete reflection directions and phase
quantization are modeled. Regardless of the RIS hardware,
the reflected signal strength is affected by the incoming (in)
and outgoing (out) azimuth ϕ and elevation angle θ of the
signal relative to the RIS, described in (5).

γangle = cos(ϕin) · cos(θin) · cos(ϕout) · cos(θout) (5)

Based on the radar equation, specific RISmodels of [56] were
extended to three-dimensional space [57] to replicate far-field
reflection characteristics. In case of near-field reflections,
when the distance rout between RIS and receiver is below the
Fraunhofer distance dF = 2·max(a2, b2)/λ [58], a correction
term ρNF is applied to account for the lower effective radar
cross-section of the reflector [59], as shown in (7).

ρNF =

{
1, rout ≥ dF
(rout/dF )2, rout < dF

(6)

RCSeff =
4π · (a · b)2

λ2
· γangle · ρNF · ρHW (7)

Further, a hardware correction factor ρHW, defined in (8), is
applied. It models reflection inefficiencies ηR due to inherent
losses, beam misalignment ηA due to limited discrete align-
ment configurations, and phase quantization imperfections
ηQ, which can be approximated as ηQ = sinc2(1/K ) for
K ∈ N+ quantizations for RISs with many elements [60, 61].

ρHW = ηR · ηA · ηQ (8)

By combining the antenna gains GTX and GRX, the path
loss PLTX-RIS from the base station to the RIS, and the path
loss PLRIS-RX from the RIS to the vehicle, the total path loss
PLtotal can be calculated according to the radar equation (9).

PLtotal = GTX ·GRX ·PLTX-RIS ·RCSeff ·PLRIS-RX ·4π/λ2 (9)

For the path loss between base station and reflector, a free-
space path loss model is used, as a LoS connection is guar-
anteed by the reflector placement. The selected configuration
of the evaluated scenario is summarized in Table IV.

The mapping of the signal attenuation to an achieved data
rate can be calibrated based on measurements as in [62] and
calculated as specified in [63].Unity is connected with ROS 2
via the ROS-TCP-Endpoint interface [64]. Thus, simulated
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TABLE IV. Network Co-Simulation Parameters

Parameter Value
B
S

Height 15m
Antenna 8× 8 Phased Array
Peak Gain 25.6 dB

U
E Height 1.5m

Antenna Omni-directional Rod

R
IS

Height 6m
Antenna Optimum Reflection Pattern
Size 1m × 1m

Hardware
Loss (ρHW)

ηR= 3.1 dB, ηA=0.7 dB [60]
ηQ = sinc2(1/6)=0.4 dB [61]

C
ha

nn
el BS-UE UMi

BS-RIS Free-Space Path Loss
RIS-UE UMi
NLoS Correction 11.9 dB

FR2 connectivity restrictions can be communicated and ap-
plied to full-scale and scaled vehicles via emulation, given the
underlying real communication systems provide a sufficient
data rate. The respective case study is presented in Sec. V-A.

IV. METHODOLOGY OF SELECTED USE CASES
The following section outlines themethodology applied in the
three selected use cases. Each focuses on a specific challenge
of future C-ITS systems, from ultra-reliable video streaming
over precise localization to coordinated vehicle control.

A. RELIABLE VIDEO STREAMING FOR TELEOPERATION
For teleoperation, a reliable and low-latency video stream
is crucial for safe operation. With this goal in mind, sev-
eral works extended traditional constant bitrate encoding ap-
proaches. However, these approaches lack on-device conges-
tion feedback for immediate reaction in the event of worse-
than-expected network conditions. To overcome these lim-
itations of state-of-the-art approaches, Reliable Intelligent
Stream Encoding (RISE) was introduced in [65]. It combines
proactive control of the video stream’s bitrate within allowed
limits using predictions and congestion feedback from on-
device buffers at the sender. Compared to traditional ap-
proaches waiting for feedback from the stream receiver, RISE
reduces latency and guarantees service availability without
unnecessarily degrading video quality. To reduce delay dur-
ing congestion-based adaptations, the transmit buffer size is
additionally reduced (c.f. Appendix A). By integrating the
SEAMLESS multi-link protocol, RISE can leverage multi-
ple communication networks and technologies, reducing the
probability of insufficient resources [66]. Commonly used
software-based encoding might suffer from encoding delay
and jitter due to other computational loads. As shown in
Sec. II, some existing works also experienced a comparably
high latency necessitating optimization.

1) Low-Latency Adaptations
For adaptability of the video streaming pipeline, the open
source GStreamer [67] library is used for video processing

and streaming. All used GStreamer elements have been fine-
tuned by minimizing the latency while maintaining a suffi-
cient video quality. This includes a deep dive into encoder
and parameter selection, as detailed in Appendix A. For
performance reasons, we use the NVENC hardware encoder,
enabling low-latency, high-quality streams while reducing
computational load. Hardware encoding delay is largely in-
dependent of the bitrate, allowing for the changes applied by
RISE without affecting the delay. On the receiver side, the
decoding and visualization pipeline has also been optimized
for low latency. This includes using a GPU-based hardware
decoder for the video stream and an OpenGL display sink.
For the latency evaluations, we configure a video bitrate be-

low the channel capacity. In a real deployment the prediction
and adaptationmechanisms of RISEwould dynamically guar-
antee this. Lower channel quality or less scheduled resources
would thus result in a reduced bitrate rather than increased
latency, isolating the intrinsic system latency.

2) Teleoperation Latency Measurement Setup
The setup to assess the teleoperation E2E delay consists of
time-synchronized GStreamer pipelines, custom ROS 2 and
GStreamer latency measurements, and a G2G delay measure-
ment system, summarized in Fig. 8. The G2G latency of the
video stream of the scaled vehicle is measured using the setup
proposed in [68]. The measurement system is calibrated to
compensate for the intrinsic delay of the sensing hardware
and measurements are conducted for at least 60 s.
To distinguish the contributions of all parts of the transmis-

sion pipeline, the delays of all elements used in the sender
and receiver GStreamer pipelines are logged. However, this
way, the exact network latency is still not captured. Due
to the dependence of the delay on the exact payload and
transmission characteristics, e.g., Internet Control Message
Protocol (ICMP) latency measurements are not sufficient
for measuring the video streaming network delay. Also, in
mobile networks, there are significant differences in uplink
and downlink delay due to scheduling procedures in the
uplink. Thus, measurements of the video stream delay in
the uplink and of control command delays in the downlink
must be performed. For this, we developed customGStreamer
plugins to generate and read Real-time Transport Protocol
(RTP) headers (cf. Fig. 8). These are filled with the current,
synchronized timestamp tv on video transmission. To reduce
overhead to a minimum, the timestamp is injected as the
number of milliseconds since midnight and only if the RTP
marker bit is set (only once per video frame [69]). At the
operator, the receiving timestamp t ′c is captured and sent back
to the vehicle, alongwith the original transmission timestamp,
via User Datagram Protocol (UDP). There, a third timestamp
tr is added, and thus the uplink latency τ2 and downlink
latency τ ′4 can be calculated (cf. Table I):

τ2 = tc − tv, τ ′4 = tr − t ′c, τ4 = tr − tc. (10)

Additionally, we measured the delay of ROS 2 control
commands in the downlink τ4 by setting the timestamp of the
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FIGURE 8. Video streaming setup and latency measurement methodology for quantifying subsystem and E2E latencies in teleoperation.

topic to tc at the sender. We tested Zenoh over UDP and TCP
with each over 100 analyzed control messages. The command
was issued at a variable rate of 10–100Hz, showing no dif-
ference in latency, in accordance with the results of [5] (and
behaving similarly to τ ′4). Due to a smaller overhead, finally,
UDP is used and a rate of 100Hz. Delay measurements on a
local host system showed that Zenoh introduces less than 1ms
of delay. Network delay measurements were validated using
the Two-Way Active Measurement Protocol (TWAMP). We
ensured correct time synchronization θd with well below 1ms
deviation, as described in Sec. III-B, as offsets would directly
affect the measurement.

In addition to the network and encoder delays, the camera
and the display contribute to the overall latency. The delay of
the camera depends on the selected video frame rate fv. Since
the camera can only expose for less than one frame interval,
the worst-case age of information at the camera is one frame
time, and the median age of information may be estimated
as half the frame time. Similar effects occur at the monitor,
depending on its refresh rate fm. Additionally, the monitor’s
response time τresp further delays the display of the video. We
model the monitor reaction time δm as shown in (11).

δm =
1

2 · fm
+ τresp (11)

For the cameras, higher frame rates imply lower resolutions
due to hardware constraints. We selected the highest respec-
tive frame rate for the latency evaluation. Measuring the G2G
latency confirmed the relationship between frame rate and ad-
ditional delay. Thus, latency can be balanced with resolution
depending on current needs.

B. REALISTIC LOCALIZATION IN THE DIGITAL TRIPLET
In the scaled test field, a precise Vicon MoCap localization
system is deployed to track the scaled vehicles with sub-mm
accuracy. TheMoCap setupmonitorsmultiple retro-reflective
spherical markers attached to each vehicle (cf. Fig. 5) with
a rate of up to 200Hz. This system replaces the GNSS-
based localization used in the full-scale vehicle and is even
more precise and reliable. However, while the MoCap system
provides continuous and highly accurate position updates in
the scaled test field, real-world GNSS systems may experi-
ence degraded availability or reduced update rates. In such

cases, localization must rely on onboard sensors such as
wheel odometry and the Inertial Measurement Unit (IMU).
Those sensors are likewise integrated into the scaled vehicle
(cf. Fig. 6), ensuring functional equivalence.
To achieve consistent behavior across both domains, an

Extended Kalman Filter (EKF)-based sensor fusion is de-
ployed on the scaled vehicle, aiming to replicate the behavior
of the RTK-GNSS of the full-scale vehicle. The EKF com-
bines fast, locally available data with slower, global position
updates tomaintain an accurate and continuous state estimate,
even under intermittent localization signals. The position
data are converted into GNSS-compliant message formats
to emulate the real vehicle’s localization interface. We use
the ROS 2 robot localization package [70], to fuse multiple
asynchronous sensor streams. Two EKF nodes are deployed
that fuse the local IMU and odometry data, and globalMoCap
information. The EKFs are configured for planar motion,
estimating the vehicle’s x and y position, yaw angle, and their
corresponding velocities. To balance estimation accuracy and
computational efficiency on the embedded platform, the local
EKF runs at 100Hz, while the global EKF operates at 20Hz.
For emulating realistic GNSS conditions, the MoCap sig-

nal is intentionally degraded by introducing undersampling
and localization noise. This serves as a state mapping ϕS←R,
allowing for systematic evaluation of the EKF accuracy and
robustness under degraded conditions. Longer GNSS outages
are not explicitly modeled, as these fall outside the nominal
operational envelope of cooperative platooning and would
probably trigger a controlled stopping or the use of local
sensors. Further, common-mode GNSS biases are not consid-
ered, as they do not affect the relative spacing in the platoon.
Consequently, the scaled test field replicates real-world

localization challenges more accurately, improving domain
consistency compared to related work [3].

C. COOPERATIVE INTERACTION AND COMPUTATIONAL
OFFLOADING THROUGH PLATOONING
Another capability of the Digital Triplet is the evaluation
of platooning control for multiple vehicles in interaction of
full-scale, scaled and simulated vehicles. Platooning serves
as a representative and demanding application, as it requires
tight coupling between vehicles, low-latency communication,
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and consistent control performance. Platooning introduces
challenges, such as corner-cutting effects, where cars exhibit
increasingly rounded curves downstream of the platoon.

Hence, this work employs an NMPC-based algorithm that
prevents cutting corners through its planning capabilities and
considers hardware constraints including velocity, steering
angle, and their respective change rates. Furthermore, the pro-
posed algorithm enables custom fine-tuning of penalization
for trajectory and headway tracking. Safety constraints are
another vital point that can be implemented using NMPC
as future additional constraints to provide safety guarantees.
As the NMPC repeatedly calculates the best trajectory based
on the current state, moderate model mismatch is corrected
continuously. Further, the input and system state parameters
are limited to prevent slip and significant dynamic differ-
ences between vehicles and domains (cf. Sec. III-C2). The
detailed working principles of the employed NMPC, as well
as robustness and string stability discussions, and detailed
parameterization can be found in Appendix B.

Beyond cooperative control, the platooning scenario also
enables the investigation of computational offloading as a
key enabler for future 6G systems. The repeated optimiza-
tion of the NMPC results in a considerable computational
load, making it a suitable candidate for edge execution. We
therefore evaluate the deployment on the edge and on the
vehicles. This means that state updates and, in case of the
edge server, also controller results need to be transferred over
the mobile network, resulting in slight delays. The impacts
of these delays are analytically analyzed in Appendix C,
showing that they are manageable if limited and sufficient
margins are provided. Thus, the presented setup can serve as a
benchmark for evaluating distributed and centralized control
paradigms under realistic network conditions.

We extended the platoon of three vehicles in [2] to six
in this work to evaluate the behavior of larger platoons. For
reproducibility, we recorded a reference track and replayed it
as a virtual leader during evaluation.

V. SELECTED RESULTS AND INSIGHTS
The developed Digital Triplet system enables studying a va-
riety of relevant topics in the field of C-ITS on three intercon-
nected abstraction levels. In this section, we use the Digital
Triplet to analyze the performance of the three case studies
remote driving, localization, and platooning. Each case study
highlights a specific capability of the Digital Triplet .

A. RESILIENT CHANNEL-ADAPTIVE TELEOPERATION
Future C-ITS depend on reliable connectivity. The increasing
expansion and the rising demands of mass-deployed mobile
applications can surpass the offered capacity of conventional
FR1 systems necessitating mmWave connectivity. However,
FR2 systems experience high path loss compared to FR1
systems in NLoS situations, which reduces the range and
reliability of FR2 connections. This makes it crucial to extend
the coverage, which can be achieved using RISs. As different
configurations and scenarios of potential future deployments

Base station

Reconfigurable Intelligent 

Surfaces (RIS)

Virtual 

obstacles

Significantly 

improved 

coverage
Areas without 

vehicles

Building 

footprints

Vehicle

Signal 
Strength Data Rate RISE Video Bitrate 

Adaption

Base Station RIS Area without vehicles

FIGURE 9. Co-simulated mmWave path loss with virtual obstacles (a) and
RISs (b), extending the coverage of a FR2 base station into NLoS areas,
combining connectivity and environment digital twins to emulate available
data rates to test video bitrate adaptation mechanisms such as RISE [65].

can hardly be thoroughly tested in the real world, a simulated
channel is emulated using the Digital Triplet . The path loss
of the simulated channel is converted to a signal strength
measured at the vehicle and an available data rate published
via ROS 2 messages. RISE is used to adapt the video stream
bitrate accordingly. In other configurations, virtual Spatially
distributed Traffic and INterference Generator (vSTING) or
similar concepts can be used to apply the data rate restrictions
on the physical interface via Linux traffic shaping [71].
As shown in Fig. 9, a virtual mmWave base station is placed

in the digital representation of the ATC. Due to two virtually
placed buildings, areas are shadowed such that the attenuation
becomes critically high. This attenuation could result in a
connection loss, making remote driving infeasible. Deploying
two RISs extends coverage into these NLoS areas, increasing
the signal strength by over 20 dB, maintaining connectivity.
However, the RIS effectiveness depends on the incident

wave angle relative to the reflector. This particularly impacts
locations with steep angles, as seen in the left rear corner of
Fig. 9(b). Additionally, the gain of the reflector is reduced
if the vehicle is close. Both effects need to be taken into
consideration for a successful coverage extension via RISs.
By combining adaptive video coding to proactively adapt

the bitrate and actively increasing the signal strength in NLoS
areas with RISs, the resilience of remote driving deployments
can be improved drastically.
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FIGURE 10. Cumulative teleoperation E2E-delay for the full-scale vehicle and the scaled vehicles in their respective test fields, both well below the 5GAA
requirement of 120 ms [7, 8] (monitor and camera frame delays based on device parameters).

B. END-TO-END LOW-LATENCY TELEOPERATION

We performed G2G and subsystem latency measurements for
our proposed setup and captured the individual delays of the
remote driving system covering the video streaming as well
as the command transmission, as described in Sec. IV-A.

The E2E delay of the full-scale and scaled setups is com-
parable, differing mainly in network latency, as can be seen
in Fig. 10. As a result, the scaled vehicle can be used to emu-
late full-scale vehicle video streaming behavior. The authors
of [72] used a similar scaled vehicle and reported a G2G la-
tency of 241ms. However, in [72], a local WiFi network with
much lower latency compared to mobile networks is used.
Still, the improvements proposed in this work reduce this
delay by 74% to 63.7ms. Thus, this reduction mainly results
from the optimized streaming pipeline, rather than from dif-
ferences in the communication infrastructure. The measured
G2G delay of the scaled vehicle aligns closely with the sum
of the individual delay contributions, validating the consis-
tency of our measurements. Likewise, [73] reported a G2G
delay below 120ms for a full-scale vehicle using software
encoding and a directly wired connection. Our optimized
pipeline reduces this value to 71ms (41% improvement),
despite using a private mobile network and transmitting the
data over the public internet. These latency gains improve the
teleoperator’s overall Quality of Experience (QoE), while si-
multaneously providing additional headroom. This headroom
could, e.g., be used to compensate for the varying delay of
the mobile network channel, whose characteristics fluctuate
rapidly with channel conditions and user activity. Due to the
even lower E2E delay, the scaled vehicle can be utilized to
emulate full-scale remote driving. In the following, the delay
distributions of components from camera and encoding (τ1)
to the downlink network delay (τ4) are discussed. Latency
distributions are visualized using violin plots to capture the
full distribution including jitter effects.

Camera& encoding:Camera and encoding latency distribu-
tions for the full-scale and the scaled vehicle are displayed on
the very left of Fig. 11. The cameras of the scaled and the full-
scale vehicles offer different maximum resolution-frame-rate
combinations, resulting in inherently different lower bounds
on the capture delay. These hardware-imposed limits are
reflected in the measured delay components and highlight the
influence of camera capabilities on the achievable system-

level latency. Differences in video preprocessing require-
ments, particularly if a format conversion is required, also
influence the measured delay. In the full-scale vehicle, a ded-
icated camera interface enables direct hardware-accelerated
video encodingwithout intermediate conversion, reducing the
overall delay.

We observed a roughly linear relationship between the
number of transmitted pixels per second and the delay of
the camera source and encoder. Thus, although beneficial for
operator perception, each increase in resolution and frame
rate slightly increases the delay. This explains the higher en-
coder delay for the full-scale vehicle despite the more potent
encoder hardware (cf. Table V), as it uses a higher resolution
and frame rate. At the same time, higher video frame rates
are reducing the exposure-induced delay at the camera itself.
Overall, the reduced delay at the exposure outweighs the
higher encoder delay, leading to a 10% reduction of τ1 at the
full-scale compared to the scaled vehicle.

Because hardware encoding is used, variations in the video
bitrate do not significantly affect encoder delay, as detailed
in Appendix A. However, the transmission delay τ3 remains
bitrate-dependent at a given channel capacity. Thus, the bi-
trate can be dynamically adjusted to the channel conditions
without compromising real-time capabilities.

Uplink Video Transmission: For uplink and downlink trans-
mission, we measured the delay across three network con-
figurations: a public 4G mobile network, a private 5G NSA
network with internet backhaul between the ATC and scaled
test field (approximately 105 km apart), and a private 5G
SA network peered directly on site. The respective channel
conditions were chosen such that, in general, all networks
could support the selected video bitrate and such remote
driving would be feasible. In all cases, the mobile network
uplink transmission is a dominant contributor to overall la-
tency. However, there are significant differences between the
tested network configurations. Public mobile networks are
often primarily optimized for downlink throughput, leading
to reduced uplink capacity under varying traffic conditions.
As a result, the connection via the public mobile network
yielded the highest delay with outliers over 100ms, as shown
in Fig. 11. The stochastic nature of other users’ activity and
the associated reduction in scheduled uplink resources are
major contributors to uplink delay variations. A temporarily
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FIGURE 11. Component-wise teleoperation E2E-delay distribution for the full-scale vehicle and the scaled vehicles in their respective test fields showing
high dependence on the communication network (monitor and camera frame delays based on device parameters; outer 0.1% quantiles filtered).

reduced uplink throughput below the video bitrate leads to
delay spikes, which can, e.g., be prevented by slicing or using
private networks. In ourmeasurements, using a privatemobile
network reduced the median uplink delay by approximately
10ms, and deploying a private 5G SAO-RAN systemwithout
an internet backhaul provided an additional improvement of
roughly 10ms. Although significantly reduced, variations in
the transmission delay still persist, especially in the uplink.
These can be explained by the central reactive uplink schedul-
ing mechanisms of 4G and 5G systems [74]. Packet loss was
negligible in the evaluated network configurations.

Rendering & User Input: Playback delays have been re-
duced to be comparatively small relative to other pipeline
components. Rendering latency depends on display response
time and frame rate, as well as the decoding pipeline. The
authors of [5] reported a minimum rendering delay of 16.6ms
when using rqt-image-view. By eliminating ROS 2 for video
playback, we can use hardware-accelerated decoding and
rendering and avoid the serialization and deserialization over-
head of ROS 2. This reduces the video playback delay to
approximately 2.5ms. An additional monitor delay of 14ms
is introduced, due to the used monitor type.

Downlink Command Transmission: Downlink delays ex-
hibit similar trends across network types as in the uplink, with
even greater relative improvements when transitioning to a
private 5G SA network. Delay reductions of up to 58% are
achieved, influenced by factors such as the subcarrier spacing
(cf. Table II). The command transmission in the downlink
is significantly faster than the uplink video transmission (cf.
Fig. 11). The main cause of this smaller delay is not the lower
data rate of control commands, but the absence of scheduling
delays. Data in the downlink can be transmitted almost im-
mediately without waiting for a transmission grant. Overall,
communication delay accounts for a substantial portion of the
total E2E latency, underscoring the importance of selecting an
appropriate communication infrastructure.

Compared to the related work reporting the overall low-
est latency parts [14], several delay components are further
improved. While the use of 5G SA improves the network
delays τ2 and τ4 by 28ms, optimizations of the video pipeline
decrease the processing delays by over 35ms (cf. Table I).
Thus, latency gains are distributed across multiple compo-
nents, with the optimized streaming pipeline contributing
even more than the communication infrastructure. While in-
dividual components, such as the video playback delay τ3,
may be further decreased by using even faster displays, the
overall playback delay is already comparably small. Instead,
the mobile network transmission is the dominant factor in the
optimized pipeline. At the same time, current 5G network
delays remain above the strict communication delay require-
ment of under 10ms defined in [9]. Nevertheless, unlike most
related work, the E2E delay of the proposed setup reaches the
latency limits specified in [13] for both vehicle types.

C. PRECISE AND RELIABLE LOCALIZATION
To assess whether our localization approach meets the accu-
racy and reliability requirements for platooning, we evaluate
the sensor fusion framework described in Sec. IV-B. The
MoCap system in the scaled test field is used as ground truth,
providing globally referenced position data at 120Hz. To em-
ulate GNSS-like measurements, theMoCap data is downsam-
pled to update rates from 1 to 20Hz and augmentedwith noise
matching the real vehicle’s GNSS accuracy. Wheel odometry
and IMUmeasurements are provided at 50Hz and 100Hz, re-
spectively. We recorded the sensor data while driving a scaled
vehicle in the test field. This dataset is replayed, varying only
the update rate of the simulated GNSS-like position updates.
For each run, the estimated vehicle pose obtained from the
EKF is compared against the ground truth from the MoCap
system. Fig. 12 shows the lateral and longitudinal position
errors of the EKF estimates and the raw emulated GNSS.
In addition, 99% percentiles and the respective RMSEs are
shown to capture both typical and worst-case performance.
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FIGURE 12. EKF-based position estimation accuracy at different global
position update rates compared to raw GNSS-like MoCap ground truth
showing the EKF-approach reaching 3GPP requirements [9] at lower rates.

The results demonstrate a clear dependence of localization
accuracy on the global position update rate, with diminishing
returns beyond approximately 15Hz. Due to the Ackermann
steering, lateral deviations are inherently limited. As a result,
both the raw GNSS and the EKF-filtered estimates satisfy
the stricter lateral requirement of below 0.1m (1 cm scaled)
defined in [9], provided a sufficient update rate. In contrast,
longitudinal positioning proves more challenging. The raw
GNSS approach cannot reliably fulfil the requirement at real-
istic update rates of ≤20Hz, showing higher variability and
worst-case errors. The EKF exhibits less variability and lower
errors, remaining below the longitudinal requirement even at
the 99%quantile, and consistently outperforms the rawGNSS
approach across all evaluated frequencies. This performance
gain is especially important at lower frequencies, where po-
sitioning errors are highest. The RMSE shows only small
deviations from the median, indicating the absence of signifi-
cant outliers and confirming the robustness of the estimation.
Based on these results, a global position update rate of 20Hz,
combined with high-rate local sensing and EKF-based sensor
fusion, is sufficient for platooning applications.

D. SHOWCASING COOPERATIVE INTERACTION AND
COMPUTATIONAL OFFLOADING USING PLATOONING
Reliable and precise localization, and low-latency wireless
communications are the foundation for cooperative platoon-
ing applications. As illustrated in Fig. 13, five scaled vehi-
cles perform platooning while following a virtual leader’s
trajectory, with their positions visualized via laser projections.
By transforming the leading full-scale vehicle into the scaled
test field, platooning with mixed scaled, full-scale and virtual
vehicles is performed. This experiment demonstrates the core
capability of the Digital Triplet , synchronizing interactions
between vehicles across different domains, which allows
comparing platooning algorithms across domains.

Previously, a CACC-based platooning solution was imple-
mented and evaluated in a highway scenario [2]. While com-
putationally efficient, the CACC-based approach has limita-

Virtual Leader: 
Replicating 

Full-Scale VehicleFollower 1Follower 2Follower 3

FIGURE 13. Active NMPC platooning with five scaled vehicles following a
virtual sixth vehicle in the scaled environment, driving the trajectory of the
full-scale vehicle.
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FIGURE 14. Evaluation of CACC and NMPC platooning along a reference
trajectory for one follower, showing more precise operation of the NMPC.

tions in urban scenarios with sharp turns compared to NMPC
approaches with inherent planning capabilities (cf. Sec. IV).
A performance comparison between the CACC-based pla-

tooning approach from [45] and the proposed NMPC con-
troller is illustrated in Fig. 14. Within the evaluation, both
algorithms are configured to follow the same reference tra-
jectory recorded by a teleoperated leader vehicle. The plots in
Fig. 14a show the evolution of the position, yaw rate, and ve-
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FIGURE 15. Comparison of CACC and NMPC performance following the
same reference trajectory (Points outside the 1.5 times interquartile range
are shown as outliers).

locity of the first follower vehicle over time, whereas Fig. 14b
depicts the corresponding two-dimensional trajectories.

The results highlight fundamental behavioral differences
between the two control strategies. The CACC follower is
generally capable of maintaining the trajectory under mild
curvature, but its performance degrades significantly at sharp
turns. Around 15–20 s, the CACC begins to exhibit pro-
nounced corner-cutting behavior and reacts to high-curvature
sections by reducing the velocity. This behavior encourages
further corner-cutting at the next turn. Near the final turn, the
CACC controller reaches an infeasible state and halts, failing
to complete the trajectory due to the heading difference to the
leader exceeding the limit of ±90°. In contrast, as visible in
both the time-domain and the 2D trajectory plots, the NMPC
follower closely tracks the reference path withminimal lateral
deviation and a matching velocity, even during sharp turns.

These findings are further quantified in Fig. 15, which
compares the deviations of both controllers from the reference
trajectory in terms of lateral distance, velocity, and yaw rate
using box plots including outliers. The results confirm that
NMPC achieves up to a fivefold reduction in trajectory de-
viation compared to CACC, while maintaining significantly
better adaptation to the velocity and orientation of the leader.
This improvement stems from the model-based planning, as
described in Sec. IV, which jointly minimizes path tracking
error and control effort. The approach also shows tolerance to
mobile network-induced effects as delay and jitter.

1) Experimentally Observed Platooning Stability
The scalability and stability of the proposed approach are il-
lustrated in Fig. 16, depicting a platoon comprising the leader
vehicle and five NMPC followers. All vehicles closely follow
the leader trajectory throughout the scenario. Six slightly
time-shifted curves can be observed, representing the sequen-
tial arrival of each follower at the same spatial positions and
velocities as the leader, offset by the desired inter-vehicle
spacing. The observed stable tracking performance along the
vehicle chain indicates that the leader’s velocity and steer-
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FIGURE 16. Visualization of a NMPC platoon of five vehicles following a ref-
erence trajectory confirming precise trajectory tracking in larger platoons.

ing angle fluctuations are not amplified downstream. Con-
sequently, the results demonstrate that the NMPC approach
remains robust and stable even for extended platoons operat-
ing under realistic communication and actuation constraints,
confirming the analytical evaluation in Appendix B.

2) Centralized Control in Edge-Cloud Deployment
The performance of the NMPC approach was further ana-
lyzed by comparing its execution on the vehicle’s onboard
computing unit with limited computational resources to ex-
ecution on a high-performance edge server connected via a
5G SA network. The results regarding the computation time,
SoC power consumption and the internal NMPC trajectory
cost J under different deployment configurations are shown
in Fig. 17. The box plots are aggregated over all vehicles.
Fig. 17a shows the NMPC solve time for three setups:

onboard execution at nominal and overclocked frequencies,
and remote execution on the edge server. The onboard solver
requires approximately 16ms per optimization cycle at the
default clock frequency, decreasing proportionally with over-
clocking to around 12ms. Thus, NMPC-induced latency
can be improved at the cost of an approximately 38% in-
creased power consumption due to overclocking, as shown
in Fig. 17b. When offloaded to the edge server, the solve time
is further reduced to around 5ms, while the SoC power con-
sumption is decreased by 60% compared to the overclocked
configuration. If also considering the additional downlink
delay τDL , the median effective solve time of the edge cloud
controller t ′c,eff is 14ms with a lower standard deviation than
the local setups. At the same time, the states used in the
edge controller are less delayed than in the local deployment
(cf. Appendix C). As a result, a comparable performance
to the overclocked local deployment is reached, as shown
in the resulting NMPC trajectory cost in Fig. 17c. While
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FIGURE 17. Performance comparison of edge-cloud and on-vehicle exe-
cution of the NMPC controller showing comparable performance. Further,
the implementation shows robustness to a reduced clock speed and a low
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all discussed configurations yield a similar median cost, the
faster execution during overclocking and in the edge server
reduce outliers, improving the worst-case performance.

As the vehicle states are the input to the platooning con-
troller, deferred position updates can also affect performance
like communication delays and high solve times. To quantify
this effect, we reduced the global localization update rate
to 1Hz, which would result in localization errors of up to
2m at maximum velocity. However, location state estimates
by the EKF provide needed updates for the NMPC, which
is continuously adapting the planned trajectory to possible
induced inaccuracies. While the median trajectory cost and
its interquartile range increase, this configuration shows ro-
bustness against lower global update rates. Thus, the EKF can
provide sufficiently precise state estimations for over 1 s.

The discussed results underline the critical influence of fast
communication, computation and localization on platoon-
ing performance. By comparing distributed and centralized
NMPC deployments, it becomes evident that a careful co-
design of communication and control, as discussed in [74], is

essential. The ability to balance computational load between
the vehicle and edge cloud resources enables adaptive opti-
mization based on network conditions and mission require-
ments. The study shows that edge execution is feasible using
5G SA, even for latency-critical platooning. In the future,
further repeated trial studies could refine the results gained
in this case study.
However, the experiments demonstrate that the Digital

Triplet enables synchronized interaction across real, scaled,
and simulated domains, which cannot be conducted with
conventional testbeds that rely on a single abstraction level.

VI. CONCLUSION AND OUTLOOK
In this paper, we presented our Digital Triplet concept for
the evaluation of future 6G C-ITS concepts. By combining
the three interconnected layers, real-world, scaled replica, and
simulation, theDigital Triplet enables realistic, reproducible,
and scalable testing across diverse deployment scenarios.
Through multiple case studies, we demonstrated the ver-

satility and effectiveness of the proposed framework. For re-
silient low-latency remote driving, the integration of the RISE
concept for adaptive video streaming improves coverage and
perceptual quality, while video pipeline adaptations showed
significant reductions in E2E delay compared to state-of-the-
art solutions. Measurements confirmed the advantages of 5G
standalone private networks over public 4G and 5G NSA.
Furthermore, by using the Digital Triplet’s ability to apply
metrics of the virtual domain to the real world, we evaluated
the potential of deploying future large-scale RISs to extend
the coverage of FR2-based remote driving. This combines
controlled connectivity with realistic mobility in scaled or
full-scale environments and can be refined in future work to
assess hardware-specific effects more precisely.
The scaled part of our implementation of theDigital Triplet

consists of RoboRacer vehicles, whose hardware and soft-
ware were extended to depict full-scale vehicles even more
accurately. This includes adding mobile network connectivity
directly, simplifying the system architecture and reducing la-
tency compared to previous work. For the scaled vehicles, we
demonstrated reliable localization even at reduced simulated
GNSS update rates. The feasibility of NMPC-based platoon-
ing was demonstrated for on-vehicle and edge-cloud deploy-
ment, showing that real-time control can be achieved with
minimal latency while reducing computational load through
task offloading. By integrating simulated, scaled, and real
vehicles within one continuum, the Digital Triplet proves to
be a powerful enabler for cost-efficient and comprehensive
evaluation of C-ITS applications.
In the future, we plan to further leverage the parameter

space of O-RAN base stations to evaluate and improve net-
work capabilities. By extending a previously developed pre-
dictive scheduling approach [75], proactive uplink resource
allocation can be studied for remote driving. This has the
potential to significantly reduce the total delay of remote
driving, as the uplink transmission is a major contributor to
the overall E2E latency.
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FIGURE 18. Encoder delays and 95% percentiles for hardware and software
encoders on the Jetson AGX Orin showing the advantage of hardware
encoders yielding a lower and bitrate-independent delay.

APPENDIX A
VIDEO STREAMING QUALITY AND DELAY OPTIMIZATION
This appendix provides further insights into video coder
selection concerning video quality and delay optimization.
Remote driving has strict latency constraints necessitating
careful optimization of the video pipeline. First, we restricted
the encoders to intra- and predictive frames, as bidirectional
frames introduce additional latency due to backward pre-
dictions. Thus, the encoder and decoder delay is reduced.
Optimizing the video pipeline also involves deciding between
software and hardware encoders.

While software encoders usually offer more features to
improve compression, this comes with the cost of a high
computational load. On the deployed systems, this results in
excessive delay, necessitating the disabling of some of these
features and optimizing for faster encoding (i.e., zerolatency,
ultrafast). Even with these optimizations, the software en-
coder latency is significantly higher than for hardware en-
coders, and the delay fluctuates strongly, as shown in Fig. 18.
Additionally, the encoder delay increases with the video bi-
trate, such that already at 5Mbit/s, even a median frame
rate of 30Hz cannot be sustained. Using hardware encoders,
however, yields a consistently lower and bitrate-independent
encoding delay, enabling higher frame rates.

The hardware encoder’s default configuration already
maintains a frame rate of over 60Hz with only marginal
delay fluctuations. Using GPU-compatible data types reduces
system-to-GPU memory transfers. At the same time, GPU
video encoding is fast and is not significantly affected by
other computational loads. By switching to the hardware
encoder’s ultrafast preset, even lower latency is achieved,
enabling frame rates over 120Hz. Consequently, the highest
available frame rate of the vehicle camera can be used, also
reducing the frame rate-induced delay.

TABLE V. Video Streaming Parameterization for Latency Evaluation

Parameter Full-Scale Scaled 1/10

Camera Interface GMSL2 USB 3.0
Resolution 960× 600p 480× 360p
Frame Rate 120Hz 60Hz

Encoder Hardware Jetson AGX Orin Jetson Xavier NX
Codec Ampere h265 NVENC Volta h265 NVENC
Group of Pictures 6 6
Bitrate 10Mbit/s 10Mbit/s

Streaming Protocol Real-time Transport Protocol
Transport Protocol User Datagram Protocol
UDP Buffer 12.5 kB

Decoder Hardware NVIDIA GeForce RTX 4080 Super
Decoder h265 NVDEC
Display LG 55NANO869PA
Display Setup 1920× 1080p, 120Hz

For the optimized hardware encoder, we utilize a Group of
Pictures (GoP) of six compared to 30 in the default configu-
ration. Full parameterization of the video streaming pipeline
for the scaled and the full-scale vehicle is listed in Table V.
Although increasing the number of predictive frames can en-
hance compression efficiency, fewer predictive frames reduce
worst-case recovery times after frame loss. While the recov-
ery time for the default configuration at 120Hz is around
250ms, exceeding the maximum tolerated latency for remote
driving, at a GoP of 6, it is reduced to 50ms. In the case of
only I-frames, the recovery time is only one frame. While
this also reduces jitter slightly, no improvement in median
encoder delay occurs, consistent with G2Gmeasurements. At
the same time, the required bitrate to achieve the same quality
is higher, as shown in Fig. 19.
When comparing video quality, the Video Multi-Method

Assessment Fusion (VMAF) score combines multiple con-
ventional scores, such as the Peak Signal-to-Noise Ratio
(PSNR), into a single score that correlates with human per-
ception [76]. In Fig. 19, we compare the VMAF score of
encoders on a video of a front-facing camera in a car driving
in a campus scenario also used in [65]. This ensures a realistic
video feed and fair comparison between encoders. Due to the
software encoder’s required latency optimizations, it yields
a lower VMAF score than the hardware encoders across all
bitrates. Thus, the proposed use of hardware encoders does
improve latency and video quality at the same time. The hard-
ware encoder with the normal preset performs best, closely
followed by the ultrafast preset. These differences become
less significant with higher bitrates. As the ultrafast preset
offers the highest refresh rate while only slightly worse in
quality, we choose to use it throughout this paper.
For remote driving, the most important metric is not the

highest possible quality, e.g., VMAF score, but the operator’s
ability to react correctly and in time based on the video
stream. However, VMAF is widely used to assess video
quality for comparison between encoders and correlates with
operator perception [77]. Thus, selecting the most suitable
encoder is viable based on quality metrics such as VMAF.
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FIGURE 19. Evaluation of VMAF score for different encoders and config-
urations on the Jetson AGX Orin underlining the advantage of utilizing
hardware encoders. The 95% percentile areas show that the relationship
between image quality and the encoder’s bitrate follows a distribution,
rather than a clear mapping.

To judge whether the operator can use the video feed to drive
safely, the content complexity must also be considered. This
complexity is dependent on the exact driving scenario.

APPENDIX B
NONLINEAR MODEL PREDICTIVE CONTROL APPROACH
The proposed NMPC scheme for combined longitudinal and
lateral platooning solves an Optimal Control Problem (OCP)
over the finite horizon N with the following internal states
and control inputs:

xk =
[
px py pθ v δ

]T
k ∈ X, uk =

[
a δ̇

]T
k
∈ U, (12)

where xk is the state vector at time step k comprising the 2D
pose pk in Cartesian coordinates with x, y components and
heading θ, velocity vk as well as steering angle δk . The control
input vector uk is composed of the acceleration v̇k = ak
and steering angle rate δ̇k . Using these states, the objective
function of the OCP consists of three components: trajectory
adherence of the leading reference trajectory r, an input pe-
nalization and the terminal reference state rN condition, i.e.,
the desired position and velocity at the end of the horizon. The
reference trajectory r = [r0, r1, . . . , rN ] is generated based
on the leading vehicle’s trajectory, a desired inter-vehicle
distance η, and the current velocity. The Lagrange term lk of
the cost function at time step k is defined as

lk(xk , uk) = (xk − rk)TQ(xk − rk) + uTkRuk . (13)

This linear least-squares cost function is minimized over the
finite horizon N to achieve an optimal trajectory via the input
vector uk , k ∈ [0,N − 1]. The Mayer term or terminal costM
is calculated as

M(xN ) = (xN − rN )TS(xN − rN ). (14)

Hence, the full cost is given by

J(x,u) =
N−1∑

k=0

lk(xk , uk) +M(xN ). (15)

Here,Q = diag(0.5, 0.5, 0, 0, 0),R = diag(0.2, 0.075), and
S = diag(500, 500, 0, 100, 0) are the empirically determined
positive semi-definite weight matrices for the state stage
error, the input penalty, and the terminal condition error. In
Q, only location deviations are penalized, as velocity and
heading errors are already penalized through their induced
deviation along the N points of the trajectory. The weights
are selected, such that ∥Q∥ > ∥R∥, as R only concerns
driving behavior. While individual weights in the weight
matrices need to be balanced relative to each other, weights
in S need to be larger than N times the weights in R, as
reaching the terminal pose and velocity is the most important.
Finally, optimal control actions u⋆ and system states x⋆ are
derived via minimization of J subject to system dynamics and
constraints given in Table III as follows:

(x⋆,u⋆) = argmin
x,u

J(x,u) (16a)

s. t. xk+1 = f (xk , uk) ∀k = 0, . . . ,N − 1 (16b)

x0 = x0 (16c)

0 ≤ vk ≤ vmax ∀k = 0, . . . ,N (16d)

−δmax ≤ δk ≤ δmax ∀k = 0, . . . ,N (16e)

amin ≤ ak ≤ amax ∀k = 0, . . . ,N − 1 (16f)

−δ̇max ≤ δ̇k ≤ δ̇max ∀k = 0, . . . ,N − 1. (16g)

During evaluation, x and u are limited as follows to prevent
slip and significant dynamic differences between vehicles and
domains (cf. Sec. III-C2): vmax = 2m/s, amin ==3m/s2,
amax = 2.5m/s2, δmax = 0.35 rad, and δ̇max = 2.5 rad/s.

The nonlinear kinematic bicycle model is used as the sys-
tem model. With sufficiently limited lateral acceleration, this
simplified model has proven to be accurate for most applica-
tions in autonomous vehicles [52]. The transfer function of
the system model in a global frame can be written as:

f (x, u) = x +




v · cos(pθ)
v · sin(pθ)

v/Lw · tan(δ)
a
δ̇



·∆t (17)

with known wheelbase Lw, and the discretization time
step ∆t . The nonlinear system model is linearized using a
fourth-order Runge-Kutta (RK4) integration scheme. This
approach approximates the system dynamics over the dis-
cretization interval. The transfer function is initialized with
x0 = x0, where x0 is the observed system state. By using the
acados framework [78], which offers fast solvers for NMPC,
the execution of the algorithm is accelerated. This allows the
NMPC to be deployed directly on the scaled vehicles as well
as on powerful edge servers.
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APPENDIX C
STRING STABILITY AND DELAY CONSIDERATIONS
This appendix provides the main arguments for stability of
the proposed NMPC approach under the stated assumptions.
There exist several works with similar NMPC approaches,
proving recursive feasibility and closed-loop stability defini-
tions [79–82]. Therefore, here, we focus on string stability.

A. STRING STABILITY ANALYSIS
We employ a constant time headway inter-vehicle distance
policy

di(t) = δ0 +∆t · vi(t) (18)

for vehicle i with velocity vi(t) as the target for the platoon,
where ∆t > 0 is the time headway.

Since all vehicles aim to follow the same reference trajec-
tory and only the longitudinal target position along the trajec-
tory depends on previous vehicles, we analyze the platoon dy-
namics in one-dimensional space.We assume that the platoon
is initially in equilibrium, i.e., ei(0) = 0 and vi(0) = v0 for
all vehicles i. Linearizing the longitudinal vehicle dynamics
around constant velocity v0 yields the following model:

ṡi(t) = vi(t), v̇i(t) = ai(t). (19)

Let si(t) be the current longitudinal position of vehicle i
along the trajectory. The spacing error ei(t) is defined as

ei(t) = si−1(t)− si(t)− di(t). (20)

The platoon is said to be string stable in the L2 sense if there
exists 0 < p < 1 such that ∥ei∥2 ≤ p · ∥ei−1∥2 for all i. For
linear systems this is equivalent to

∥G∥∞ = sup
ω∈R≥0

|G(jω)| ≤ 1, (21)

where G(s) = Ei(s)/Ei−1(s) is the transfer function from
predecessor spacing error Ei−1(s) to the follower spacing
error Ei(s).

Near the equilibrium point, the nonlinear dynamics of
the NMPC can be locally linearized. In this region, the
NMPC with cost matrices Q and S behaves like a linear
quadratic regulator (LQR). For the used double-integrator
vehicle model, the resulting optimal feedback law reduces to
a proportional-derivative (PD) structure of the form

ai(t) = kp · ei(t) + kd · ėi(t), (22)

where kp > 0 and kd > 0 are effective gains determined by
the weight matrices and prediction horizon. Evaluating the
transfer function G(s) yields the conservative string stability
condition

∆t ≥
√

2/kp. (23)

Hence, the time headway∆t must be chosen sufficiently large
relative to the effective proportional gain kp induced by the
NMPC. Under this condition, disturbances do not amplify
along the platoon, and the closed-loop system is string stable.
In a simulation of a platoon with given e(t) and ė(t) = 0,
we identified kp ≈ a(t)/e(t) of the NMPC in our setup to be
3.88 1/s2 with ∆t = 0.8 s, fulfilling (23).

B. INFLUENCE OF DELAYS ON FEASIBILITY
In our proposed setup, we use 4G and 5Gmobile networks for
inter-vehicle status exchanges. In contrast to other systems
like WiFi, which in general use contention-based medium
access, mobile networks employ centralized scheduling at the
base station, preventing collisions. Further, mobile networks
mitigate packet loss effects by retransmissions on lower lay-
ers. Still, they introduce communication delays τn in addition
to the NMPC controller delay τc. However, the introduced
delays are significantly smaller than the set time delay ∆t .
The NMPC controller delay τc is less than 16ms and the
E2E network delay τn in the scaled testbed is below 55ms,
even for uplink video streaming. Thus, these delays may be
approximated as linear transfer functionsFc(s) andFn,E2E(s).
Due to the network delay, the observed error êi(t) is a time-
delayed version of the true error ei(t), i.e.,

êi(t) = ŝi−1(t)− si(t)− di(t), (24)

where ŝi−1(t) denotes the delayed observation of the preced-
ing vehicle in case of the distributed configuration. Packet
losses or jitter, e.g., due to retransmissions, result in delayed
state updates, and thus can be modeled as additional delay
in the observation. Padé or first-order lag approximations of
Fn,E2E(s) result in the transfer function of the delayed spacing
errors becoming Ĝ(s) = Fn(s)G(s) with |Fn(jw)| ≤ 1,
thus not negatively affecting the string stability condition
(21). Further, due to velocity and acceleration restrictions,
vmax and amax, the additional latency-induced spacing error
δe(t) = |ei(t)− êi(t)| is bounded by

δe(t) ≤ τnvi + 1
2amaxτn

2, δe(t) ≤ τnvmax. (25)

Thus, due to the given time headway inter-vehicle distance,
these deviations can be absorbed. In the edge deployment, all
states are delayed, but only by the uplink delay component
τUL . This results in the observed error êi(t) = ei(t − τUL)
leading to a similar expression as in (25) with τUL .
In case of a significant controller delay τc, its correspond-

ing transfer function Fc(s) is in the numerator and the de-
nominator of G(s). This creates more complex conditions
for string stability. If using a first-order lag to model the
controller delay as the only delay, the condition (1+∆tkd)2−
2τc(kd + ∆tkp) ≥ 0 needs to be met in addition to (23)
for a conservative stability check. For the given setup, this
additional condition is fulfilled for every kd ≥ 0. In case
of the edge deployment, further downlink delay τDL is added
to the controller delay τ ′c , resulting in an effective controller
delay τ ′c,eff = τ ′c + τDL .
The above analysis establishes local string stability of the

linearized closed-loop system under nominal assumptions. In
practice, additional nonlinear effects such as further delays,
actuator limits, and heterogeneous vehicle dynamics may
affect disturbance propagation. The experimental results with
a six-vehicle platoon indicate that the proposed approach
remains stable under these practical conditions.
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