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Abstract—Passenger comfort is an essential component of au-
tomated vehicle acceptance, yet braking comfort remains difficult
to quantify using objective and reproducible measurements. This
work develops a measurement framework for characterizing
braking comfort through controlled vehicle experiments and
synchronized analysis of driver reaction time, longitudinal ac-
celeration, jerk, and braking duration. A comprehensive dataset
was collected using an instrumented automated vehicle across a
range of stopping distances and speeds representative of urban
and highway driving conditions. Experimental results reveal that
braking behavior is primarily governed by the available stopping
distance, with shorter distances producing higher deceleration,
larger jerk transients, and reduced braking duration. These
observations establish a distance-constrained braking regime
that directly links information availability to achievable braking
smoothness. The collected data provide a realistic foundation
for simulation and modeling of braking behavior and enable
future evaluation of communication-assisted driving strategies.
In particular, Vehicle-to-Infrastructure (V2I) and Vehicle-to-
Network (V2N) communication can extend effective stopping
distance by providing earlier awareness of traffic signals, hazards,
and roadside conditions, thereby enabling smoother braking
maneuvers. The proposed framework establishes a standardized
measurement baseline for assessing the impact of connected
vehicle technologies on passenger comfort.

Index Terms—Automated vehicles (AV), braking comfort, V2X,
jerk, acceleration

I. INTRODUCTION

Automated vehicles (AVs) are expected to improve safety
and efficiency in future transportation systems; however, pas-
senger comfort remains a critical factor for user acceptance.
Among various driving behaviors, braking has a dominant
influence on ride quality, as high deceleration and abrupt
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motion changes can lead to discomfort and motion sickness
[1]. This challenge is particularly pronounced in automated
driving, where passengers lack anticipatory control and are
more sensitive to unexpected vehicle dynamics.

Passenger comfort is inherently subjective, but for system
design and evaluation, it must be assessed through objective
and reproducible measurements. Prior work has identified
longitudinal acceleration and jerk as key indicators of dis-
comfort [2], and standards such as International Organization
for Standardization (ISO) 2631-1 [3] provide a foundation for
evaluating human exposure to motion. In automated driving
research, these metrics are often incorporated into control
frameworks to constrain vehicle motion [4]–[6]. There is
limited emphasis on standardized measurement methodologies
that ensure reproducibility and enable consistent comparison
across experimental conditions. Braking behavior is funda-
mentally governed by the available stopping distance and the
initial vehicle speed. When the available distance is limited,
higher deceleration and jerk are required to achieve a full
stop, leading to reduced passenger comfort [7], [8]. Despite
its importance, stopping distance has not been systematically
characterized as a governing variable in experimental studies
of braking comfort.

To address these challenges, this paper presents a
measurement-driven framework for quantifying braking com-
fort in automated vehicles. A controlled experimental method-
ology is developed using an instrumented vehicle platform
and a structured distance–speed test configuration, enabling
systematic data collection under repeatable conditions. A
signal-based event definition ensures consistent alignment of
braking onset across trials, and all measurements are repre-
sented in a unified distance-based framework to facilitate direct
comparison across scenarios. The contributions of this work
are threefold. First, we establish a reproducible experimental
framework for measuring braking behavior using synchronized
vehicle telemetry and standardized data processing. Second,
we demonstrate that braking dynamics follow a distance-
constrained regime, where stopping distance governs both
acceleration magnitude and motion smoothness. Third, we pro-
vide a quantitative foundation for evaluating communication-
assisted braking, where Vehicle-to-Infrastructure (V2I) and



Vehicle-to-Network (V2N) communication can extend effec-
tive stopping distance and improve passenger comfort.

II. EXPERIMENTAL METHODOLOGY

This section describes the AV test platform, experimental
design, and data acquisition process used to evaluate braking
behavior under controlled conditions. The methodology is
designed to ensure repeatability, precise alignment of braking
events, and consistent comparison across trials.

A. Test Platform and Instrumentation

Experiments were conducted using a modified Ford Fusion
Hybrid automated vehicle serving as the NIST Automated
Vehicle Testbed (NAVT), as shown in Fig. 1. The platform
is equipped with a drive-by-wire interface, enabling precise
longitudinal motion control and direct access to vehicle control
signals. Accurate vehicle localization and motion estimation
are achieved using a tightly coupled Global Navigation Satel-
lite System (GNSS) and Inertial Navigation System (INS). The
GNSS/INS system operates at high sampling rates, enabling
precise reconstruction of vehicle trajectories and motion states.
This integration supports accurate estimation of remaining
stopping distance and alignment of braking events.

Fig. 1. NIST Automated Vehicle Testbed

A high-performance onboard computing unit running
Ubuntu 22.04 and Robot Operating System 2 (ROS 2) [9]
manages sensor synchronization, data logging, and control
communication, as shown in Fig. 2. All vehicle telemetry,
including speed, position, acceleration, and brake torque re-
quest, is recorded in synchronized ROS 2 bag files, ensuring
consistent temporal alignment across all signals for post-
processing and analysis.

Fig. 2. NAVT ROS 2 system architecture

B. Experimental Design
The experiment follows a controlled braking scenario in

which the driver brings the vehicle to a predefined speed
and maintains it using adaptive cruise control (ACC) prior
to a designated braking location. As the vehicle approaches
this location, an auditory cue is played, and the driver is
instructed to press the brake pedal immediately after the cue
ends to initiate braking. A structured set of stopping distances
ranging from 10 m to 150 m is evaluated in combination
with multiple approach speeds that span typical urban to
highway conditions (6.7–26.8 m/s), allowing the generation of
braking profiles over a wide range of deceleration demands.
To ensure consistency across trials, braking onset is defined
using a signal-based trigger associated with the auditory cue.
Specifically, the start of braking is identified as the moment
immediately following the end of the audio signal when the
driver starts to step on the brake pedal. This approach provides
a repeatable reference point for aligning time-series data across
experiments and enables measurement of driver reaction time
as a baseline for comparison with future communication-
assisted V2I scenarios.

1) Distances and Speed: To ensure consistent initial con-
ditions, the driver uses ACC to maintain the target speed prior
to the braking point. Before each trial, the driver accelerates
to the target speed and engages cruise control before the
braking initiation point. The driver is then only responsible for
executing the braking action, isolating braking behavior from
variability in speed control. Each distance–speed condition is
repeated multiple times to ensure statistical consistency and to
account for variability in driver response.

2) Braking Event Definition: A signal-based approach is
used to standardize braking initiation across trials. An auditory
cue is generated prior to the braking point, with a fixed
lead time relative to the vehicle’s current speed. The trigger
distance is computed as in Eq. (1),

dalarm = v · tlead (1)

where v is the vehicle speed and tlead ≈ 3 s is the duration of
the audio cue.

The driver is instructed to initiate braking immediately
after the audio cue ends. Braking onset is detected using
the brake_torque_request signal, with a predefined
threshold applied to distinguish intentional braking from noise.

3) Driver Reaction Time: Driver reaction time is measured
as a baseline reference, since perception–reaction time di-
rectly determines the portion of stopping distance consumed
prior to braking [13]. Thus, reducing this delay through
communication-based automated driving systems (ADS) can
effectively extend the available stopping distance, directly
influencing braking smoothness and passenger comfort. Driver
reaction time is defined as in Eq. (2),

treaction = tbrake torque request − talarm end (2)

where tbrake torque request is the time at which braking is requested
and talarm end is the end time of the auditory cue. This event-
based definition ensures consistent temporal alignment of



braking trajectories across trials. Driver reaction time serves
as a baseline metric for assessing how communication-assisted
perception reduces response delay, extends effective stopping
distance, and enables smoother braking.

An overview of the experiment implementation flowchart
is shown in Fig. 3. Each trial follows a structured sequence
consisting of system validation, cruise control stabilization,
alarm triggering, braking execution, and post-run verification.

Fig. 3. Experiment implementation flowchart

This structured data collection and event-based alignment
framework ensures repeatability and traceability of all experi-
ments, enabling reproducible analysis of braking behavior as a
function of initial speed and available stopping distance. More
details about this framework are explained in [11].

C. Data Collection and Derived Metrics

All experiments are recorded using synchronized ROS 2 [9]
bag files with a standardized naming convention that encodes
stopping distance, speed, and trial index, enabling direct
traceability to experimental conditions. All measurements are
reported in International System of Units (SI) units to ensure
consistency and comparability. All braking trajectories are
aligned with respect to remaining stopping distance, computed
using GNSS/INS-derived vehicle position relative to the prede-
fined stop location. This distance-based representation enables
consistent comparison of braking behavior across trials with
different initial conditions.

From the processed signals, key braking metrics are derived
as follows:

• Driver reaction time, as defined above.
• Longitudinal acceleration, representing braking inten-

sity.
• Jerk, defined as the time derivative of acceleration.
• Braking duration, measured from braking onset to full

stop.

III. MEASUREMENT RESULTS AND DISCUSSION

This section presents experimental results obtained from the
proposed measurement framework. Collected data during the
experiments are published in [?]. The analysis focuses on how
braking behavior varies as a function of remaining stopping
distance and initial vehicle speed, and how these factors
influence passenger comfort-related motion characteristics.

To address high-frequency noise introduced by oversam-
pling in the raw acceleration data, we implemented a multi-
step signal processing mechanism. First, we applied a But-
terworth low-pass filter with a 5 Hz cutoff to suppress high-
frequency components and minimize aliasing artifacts. This
step ensured that the signal retained its essential dynamics
prior to downsampling. Anti-aliasing filtering was followed
by systematic downsampling to reduce data volume while
preserving signal integrity. We further conducted frequency
domain analysis using the Fast Fourier Transform to verify
the presence of dominant frequency components. Additionally,
Power Spectral Density estimation via Welch’s method yielded
a smoothed, robust frequency profile, confirming that the fil-
tered and downsampled data accurately reflected the system’s
true physical behavior.

A. Driver Reaction Time as a Function of Speed

Across all evaluated scenarios, reaction time ranged from
0.01 s to approximately 0.18 s. Figure 4 presents driver
reaction time as a function of vehicle speed, grouped by
initial distance. The largest reaction times occur at lower
speeds, while those at higher speeds are predominantly near
zero. The negative slope of the regression trend indicates that
driver braking initiation becomes increasingly synchronized
with warning termination as vehicle speed increases. This
pattern may reflect heightened perceived urgency at higher
speeds, prompting faster braking response. Under elevated
kinetic energy conditions, drivers may allocate attention more
effectively and respond with reduced latency. The measured
driver reaction times were consistent with values reported in
prior human driving studies, which typically report braking
reaction times less than 300 ms [12], [13], indicating that the
experimental data captures representative driver behavior. The
temporal characteristics of braking initiation identified in this
subsection provide the foundation for the subsequent analysis
of braking intensity and deceleration behavior.

B. Acceleration as a Function of Distance

Figure 5 illustrates the longitudinal acceleration profiles as
a function of remaining stopping distance for multiple initial
speeds and stopping distances. It indicates comfort levels
[3], defined by the magnitude of longitudinal deceleration.



Fig. 4. Driver reaction time as a function of speed

It can be observed that trajectories associated with shorter
stopping distances frequently enter the “uncomfortable” and
“very uncomfortable” regions, particularly near the end of
the braking maneuver. The results reveal a consistent trend in
braking behavior across all test conditions: as the remaining
distance decreases, the magnitude of deceleration increases
progressively, with the most aggressive braking occurring in
the final phase of the maneuver. For shorter initial stopping
distances, the deceleration profiles exhibit a rapid increase in
magnitude early in the braking process, followed by sustained
high deceleration levels. This behavior highlights the strong
dependency of braking intensity on the available stopping
distance.

C. Jerk as a Function of Distance

The corresponding jerk profiles shown in Fig. 6 further
reveal that braking includes pronounced transient responses.
In particular, jerk spikes typically occur at the start of brak-
ing, marking the transition from cruising to deceleration and
indicating the onset of braking. For a given initial speed,
shorter stopping distances consistently produce larger jerk
spikes, reflecting the need for more abrupt deceleration when
the available distance is limited. This trend is consistently
observed across all speed groups in the figure, where shorter
stopping distances are associated with greater jerk variation.
These transient effects are closely associated with increased
passenger discomfort, even when the overall deceleration
magnitude remains within acceptable limits.

D. Braking Duration

Table I presents braking duration as a function of stopping
distance and initial speed, where the first column denotes
stopping distance, the header row specifies initial speed,
and each cell reports the measured braking duration for
the corresponding condition. A consistent trend is observed:
braking duration decreases as the available stopping distance
is reduced. For example, at 11.18 m/s, the duration increases
from 3.98 s at 40 m to 14.02 s at 150 m, indicating that shorter
distances constrain the maneuver to a reduced time window.
Across all shared distance conditions, higher initial speeds
consistently result in shorter braking durations, indicating

that increased deceleration demand leads to earlier and more
aggressive braking, reducing the time required to complete
the maneuver. This temporal compression aligns with the
acceleration and jerk behaviors observed previously. Reduced
braking duration requires the same speed reduction to occur
over a shorter time, resulting in higher deceleration levels and
sharper transitions, which correspond to increased acceleration
magnitude and jerk in the final phase of braking. Together,
these results show that stopping distance governs not only
braking intensity and its rate of change, but also its temporal
distribution. Limited distance compresses braking duration
and leads to more aggressive motion profiles, while extended
distance enables smoother deceleration with reduced transient
effects.

TABLE I
MEASURED BRAKING DURATION (S) AS A FUNCTION OF DISTANCE AND

VELOCITY

Initial Velocity (m/s)
Stopping Distance (m) 6.71 8.94 11.18 13.41

15 2.96 – – –
30 5.07 3.79 – –
40 6.55 5.11 3.98 –
70 9.70 8.64 7.10 5.93

150 – – 14.02 11.62

E. Key Observations and Implications

These results demonstrate that braking behavior is strongly
governed by the available stopping distance. As the remaining
distance approaches zero, braking becomes both more severe
and less smooth, particularly at higher initial speeds. These
results indicate that braking behavior follows a distance-
constrained regime, where the available stopping distance is
the main factor controlling both the magnitude and smoothness
of vehicle motion. These findings are particularly relevant for
evaluating communication-assisted scenarios, where extended
stopping distance can be explicitly modeled and its impact on
braking behavior quantitatively assessed.

IV. CONCLUSION AND FUTURE WORK

This paper presented a measurement-driven framework for
evaluating braking comfort in automated vehicles using objec-
tive metrics derived from vehicle dynamics. By jointly analyz-
ing longitudinal acceleration, jerk, and braking duration, the
framework captures both sustained and transient braking char-
acteristics in a consistent, reproducible manner. Experimental
results demonstrate that braking behavior is governed by
available stopping distance. Limited stopping distance results
in higher acceleration magnitude, increased jerk, and shorter
braking duration, whereas extended distance enables smoother,
more gradual deceleration. These results establish stopping
distance as the key factor determining braking smoothness and
passenger comfort.

This observation provides a direct basis for evaluating
communication-assisted driving. In traditional perception-
based systems, braking is often initiated late due to sens-
ing limitations, environmental occlusions, and driver reaction



Fig. 5. Longitudinal acceleration profiles across stopping distances

time, leading to more aggressive maneuvers. Communication-
assisted approaches, including V2I and V2N, extend situa-
tional awareness and enable earlier braking initiation. By effec-
tively increasing the available stopping distance, these systems
allow braking actions to be distributed over a longer distance,
reducing acceleration magnitude and jerk while improving
overall motion smoothness.

From an industry perspective, the proposed framework
provides a practical and reproducible methodology for bench-
marking braking comfort across vehicle platforms, control
strategies, and connected driving functions. Because the frame-
work relies on commonly available vehicle telemetry and
objective performance metrics, it can be readily adopted by
vehicle manufacturers, suppliers, and testing organizations
to evaluate comfort-aware braking systems and quantify the
benefits of communication-assisted driving technologies. The
resulting dataset and analysis methodology also provide a valu-
able reference for the development, validation, and comparison
of future automated driving systems.

Future work will integrate OBUs and RSUs to provide
infrastructure-based information, such as Signal Phase and
Timing (SPaT), hazard alerts, and speed constraints. In par-
allel, the collected dataset will be used to calibrate and tune
simulation models, enabling controlled comparison between
perception-only and communication-assisted scenarios while
accurately representing real-world braking behavior. This
will support systematic investigation of how communication-
assisted perception influences braking performance and pas-
senger comfort, ultimately contributing to the development of
human-centric connected and automated vehicle systems that
optimize not only safety and efficiency, but also ride comfort.
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