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Presenter Notes
Presentation Notes
Abstract: The Helicopter and Urban Air Mobility (UAM) Laboratory Comparison (HULC) psychoacoustic test was conducted in July 2025 to compare human annoyance responses to noise from UAM vehicles and helicopters. The test utilized 123 sound stimuli from four helicopters and six UAM vehicles across three flight phases (departure, cruise, and approach), presented to 40 subjects in the Exterior Effects Room (EER) at NASA Langley Research Center. Subjects rated annoyance on a 0 to 10 scale while imagining hearing these sounds multiple times daily near their homes. Key findings reveal that at equivalent A-weighted sound exposure levels, UAM vehicles and helicopters produce similar annoyance responses across all flight phases, with mean differences of only ~1 dB and overlapping confidence intervals. However, at equivalent observer distances, UAM vehicles are significantly less annoying due to their inherently quieter operation, resulting in 2.5-point lower annoyance ratings. These results suggest that UAM vehicles and helicopters may be assessed in a similar manner for community noise impact. The quieter operational characteristics of UAM vehicles provide advantages for community acceptance and integration into urban environments.
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Presenter Notes
Presentation Notes
Urban Air Mobility (or UAM) is a part of Advanced Air Mobility (AAM) efforts with electric vertical takeoff and landing (eVTOL) vehicles in an urban environment
As UAM vehicles enable innovative methods of transportation of people and goods, they may also present a new, unfamiliar noise source in communities
Existing noise regulations based on traditional aircraft may or may not adequately address UAM community impact
Therefore, scientific evidence is needed to inform policy decisions and community planning for UAM integration
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Comparing UAM vehicles with helicopters provides essential 
reference points for understanding community noise response

UAM vehicles (6 total in HULC test)

Lightweight Helicopters (all 4 included in HULC test)

OEM 2

NASA UAM Reference Vehicles (some included)

OEM #...     

Additional UAM sounds from OEMs

AS350B3 Bell 206L3 Bell 407 Robinson 44

© Raimond Spekking / CC BY-SA 4.0 aeroprints.comMarek Slusarczyk Robert Kowal

OEM 1

Creative Commons Attribution-Share Alike 4.0 International license Creative Commons Attribution-Share Alike 2.0 Generic license Creative Commons Attribution-Share Alike 3.0 Unported licenseCreative Commons Attribution 3.0 Unported license

Presenter Notes
Presentation Notes
Helicopters serve as familiar baseline for rotorcraft noise with decades of established community exposure and research
Both aircraft classes share vertical takeoff and landing capabilities with similar operational flight phases (departure, cruise, approach)

MENTION VANGARD FOR UAM STIMULI

Pictured above are NASA UAM reference vehicles, some of which are included in the test. 
The HULC test includes a total of 6 UAM vehicles, including some from OEMs. UAM sounds are a combination of auralizations and recordings
Pictured below are 4 lightweight, civil helicopters that are included in the HULC test. 
Recordings of these aircraft are available from the Noise Abatement Flight Test.

Results of this study can inform whether UAM vehicles require new noise assessment methodologies or can leverage existing helicopter-based approaches
Also, community stakeholders can better understand UAM noise impacts when presented relative to familiar helicopter sounds
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NASA-developed and other auralization tools were used to 
generate physics-based simulation of UAM vehicle sounds

NASA Auralization Workflow:

• CAMRADII 
 Comprehensive Analytical Model of 

Rotorcraft Aerodynamics and Dynamics
• ANOPP2 
 Aircraft NOise Prediction Program 2

• ACAT
 ANOPP2 CAMRADII Analysis Tool

• NAF
 NASA Auralization Framework

Output:

Sound file
 

Inputs:

• Vehicle 
parameters

• Flight paths
• Atmospheric 

conditions

Presenter Notes
Presentation Notes
• NASA-developed and other auralization tools (CAMRADII) were used to generate simulated sounds of UAM vehicles that do not yet exist
• At a high level, inputs to these tools include vehicle parameters, flight paths, and atmospheric conditions
• The tools include:
NAF = NASA Auralization Framework
ANOPP2 = Aircraft NOise Prediction Program 2
CAMRADII = Comprehensive Analytical Model of Rotorcraft Aerodynamics and Dynamics
ACAT = ANOPP2 CAMRADII Analysis Tool

• ACAT was developed recently to streamline stimuli preparation in support the HULC and VANGARD tests.
• The output of these tools are a sound file
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We used signal processing to prepare stimuli from recordings 
with simulated propagation effects at realistic distances

Propagation effects
• Ground reflections 
• Time delay
• Atmospheric absorption
• Geometric spreading

References:
• A. R. Aumann, S. A. Rizzi, and S. L. Heath, 

“Receiver-based auralization of broadband 
aircraft flyover noise using the NASA Auralization 
Framework,” in INTERNOISE and NOISE-CON 
Congr. and Conf. Proc. 258(7), 411–420 (2018).

• A. R. Aumann, B. C. Tuttle, W. L. Chapin, and S. 
A. Rizzi, “The NASA Auralization Framework and 
Plugin Architecture,” in INTER-NOISE and 
NOISE-CON Congr. and Conf. Proc. 250(5), 
1932–1942 (2015).

Presenter Notes
Presentation Notes
Recordings are prepared into stimuli using signal processing to account for a variety of propagation effects
Initial recordings are from ground-based microphones
To make the sound more realistic to a sitting 4-ft observer:
We apply ground reflections with assumptions of spherical waves reflecting off soft grass
Time-delays are applied due to pathlength difference between the direct and reflected paths
We apply a first-order approximation of atmospheric absorption at the closest distance between the vehicle and observer
Geometric spreading loss is applied assuming spherical spreading due to any additional distances applied to the stimulus

https://ntrs.nasa.gov/citations/20200002559
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https://ntrs.nasa.gov/citations/20160006430
https://ntrs.nasa.gov/citations/20160006430
https://ntrs.nasa.gov/citations/20160006430
https://ntrs.nasa.gov/citations/20160006430
https://ntrs.nasa.gov/citations/20160006430
https://ntrs.nasa.gov/citations/20160006430
https://ntrs.nasa.gov/citations/20160006430
https://ntrs.nasa.gov/citations/20160006430
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Sound stimuli are from three steady-state flight phases 
(departure, cruise (en route), approach) at various distances
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Presenter Notes
Presentation Notes
• Stimuli are from three flight phases at a various distances
• Initial trajectories were based on available recorded data (with some trajectories that are similar to certification standards)
• Departure, approach, and cruise phases maintain steady state with constant angle and constant speed (or acceleration), producing a straight-line trajectory
• Steady state flight phases allow easier comparisons between vehicles and simplify the auralization process
• Cruise maintains steady altitude and speeds of 80-107 kts, AGL of 1000 to 2000 ft from recommendations by Vertical Aviation International “Fly Neighborly” and the FAA
• Departure/Approach are at various sideline distances (250, 500, 1000, 2000 ft) to systematically produce different sound levels – Initial recordings selected at ~250 ft sideline
(next slide)
• Departure maintains constant flight path angles of 3° to 7° (UAM) and 9° to 21° best rate of climb (Helicopter) with steady speeds of 25-88 kts
• Approach maintains constant flight path angles of -3° to -7° (UAM) and -3° to -4.5° (Helicopter) with steady speeds of 25-88 kts
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Stimuli are trimmed and windowed to contain the 10-dB down 
portion used for calculating (A-weighted) sound exposure level 

R44, Cruise (En Route), 𝐳𝐳 = 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 ft

B206L3, Approach, 𝐲𝐲 = 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 ft
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AS350B3, Departure, y = 250 ft

ASEL = 75 dB

ASEL 
= 85 dB

ASEL 
= 73 dB

Presenter Notes
Presentation Notes
• The last step here in stimuli prep is to trim and window the stimuli
• Here we show the A-weighted sound pressure level as a function of time for a few example stimuli
• This is what you would measure with a sound level meter on slow-weighting (1-second averages)
• Sound stimuli are trimmed to 2-seconds outside the 10-dB down region.
• The 10-dB down region is used to calculate the A-weighted sound exposure level
• A 2-second fade in/out is used to window the beginning and end of the sound
• This ensures a smooth transition from the background noise to the sound stimulus instead of a sudden start/stop
• Stimuli range 12-45 seconds in duration
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We selected 123 stimuli that balanced representation of aircraft 
class and flight phase and totaled 52 minutes in duration

Presenter Notes
Presentation Notes
• 123 stimuli totaling 52 minutes of listening time fit within the 1-hour testing constraint
• Aircraft representation balanced between:
• 2 aircraft classes (UAM & helicopter) about 60 each 
• 3 flight phases (departure, cruise, approach) about 40 each
• Sound exposure levels range from 50-85 dB ASEL representing realistic operational scenarios
• At a given distance, UAM are quieter than helicopters, but varying distance enables more overlap in levels
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The HULC test was conducted in the Exterior Effects Room with 
40 subjects from the Hampton Roads, Virginia, region

Test protocol approved by the NASA Institutional Review Board 

Presenter Notes
Presentation Notes
• The test was conducted in the EER with 40 subjects recruited from the local Hampton Roads area
• We tested 4 at a time, hence the 10 groups
• Pictured on the left is a schematic view of the EER and on the right is a test director providing instructions to 4 seated subjects
• The EER:
• 31 channel 3-D audio system
• 16 Hz to 20 kHz compensated frequency range
• Recalibration completed February 2025
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Test subjects rated their annoyance on a 0 to 10 numerical scale 
from “not at all” to “extremely” annoyed (ref. ISO/TS 15666:2021)

Imagine hearing this sound several times each day 
while outdoors and near your home,  

how annoying would this sound be to you? 

Reference:
• S. Krishnamurthy, et al., “Remotely Administered Psychoacoustic 

Test for sUAS Noise to Gauge Feasibility of Remote UAM Noise 
Study,” SAE Int. J. Adv. Curr. Pract. Mobil. 6(2), 986–999 (2024).

Presenter Notes
Presentation Notes
After each stimulus, subjects responded to the following question on the tablet computers:
“Imagine hearing this sound several times each day while outdoors and near your home, how annoying would this sound be to you?”
A recent study by my colleagues found context to be an important factor to include in the question.
Subjects provide a response on a numerical 0-10 scale where "0 = not at all annoyed" and "10 = extremely annoyed"
This is recommended by the ISO Technical Specification 15666
We prefer the 11-point numerical scale to the 5-point verbal scale because it offers more options for statistical testing and is less likely to be culturally bound


https://doi.org/10.4271/2023-01-1106
https://doi.org/10.4271/2023-01-1106
https://doi.org/10.4271/2023-01-1106
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Multilevel statistical modeling allows robust comparison of human 
response to UAM and helicopter noise across flight phases

Response ~ Sound_Level + Aircraft_Class*Flight_Phase + (1|Subject_ID)

𝒑𝒑𝒊𝒊 = logit−1 (𝛽𝛽0 + 𝛽𝛽1𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 + 𝛽𝛽2𝐔𝐔𝐔𝐔𝐔𝐔 + 𝛽𝛽3𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 + 𝛽𝛽4𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 + 𝛽𝛽5𝐔𝐔𝐔𝐔𝐔𝐔:𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂𝐂 + 𝛽𝛽6𝐔𝐔𝐔𝐔𝐔𝐔:𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 + 𝝐𝝐𝒊𝒊)

(Primary Continuous 
Predictor)

(Indicator Variables) (Subject-specific Intercepts)

Fixed (Same) Slope Random (Variable) Intercept

(Annoyance)

Mean Annoyance = logit−1 𝜷𝜷𝟎𝟎, 𝐀𝐀𝐀𝐀, 𝐅𝐅𝐅𝐅 + 𝛽𝛽1𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 × 10

Indicator Variable 
combinations for 
unique intercepts

Presenter Notes
Presentation Notes
A multilevel model is used to analyze the data and answer the question: Do people respond differently to UAM vehicle and helicopter noise?
Fixed-slope and random-intercept model
Response ~ indicates annoyance rating as the predicted dependent variable 
ASEL + is the A-weighted Sound Exposure Level which serves as the primary continuous predictor of annoyance
Aircraft_Class*Flight_Phase + incorporates interaction effects between aircraft class (UAM vs. helicopter) and flight phase (departure, cruise, approach)
(1|Subject_ID) adds random intercepts allowing each test participant to have individual baseline response levels
Multilevel structure accounts for within-subject variability and between-subject differences

Proportional odds logistic regression appropriately handles ordinal annoyance rating scale

The table below shows how each of the indicator variables is used to estimate an intercept for each combination of aircraft class and flight phase
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UAM vehicles and helicopters produce similar annoyance 
responses with ASEL as the main predictor for each flight phase

Presenter Notes
Presentation Notes
• Visual inspection of modeled fits shows similar responses by ASEL between UAM vehicles and helicopters for all three flight phases 
• Data from both aircraft classes overlap over a significant range of ASEL for approach and departure 
• For cruise phase, the curves appear to be continuations of one another 
• Population summary curves do not appear meaningfully distinguishable from one another 
• Model uses the same slope parameter across all aircraft classes and flight phases
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At the same distance, UAM vehicles are quieter and less annoying 
than helicopters

Presenter Notes
Presentation Notes
• Figure above shows that UAM vehicles produce 6-13 dB quieter ASEL on average than helicopters at equivalent distances across all flight phases 
 Now looking at distance as the predictor, lower plots show a log-linear relationship between distance and annoyance
 Statistically, there is highly significant differences (p ≪ 0.001) between helicopters and UAM across all flight phases
 Mean annoyance difference of 2.5 points on the annoyance scale
• Results demonstrate UAM vehicles are both quieter and less annoying than helicopters at the same observer distances



Conclusions
1. At the same ASEL, UAM vehicles and 

lightweight helicopters produce similar 
annoyance responses

2. At equal distances, UAM vehicles are   
quieter and less annoying than lightweight 
helicopters 

Future work
• Sound quality
• Additional UAM vehicles
• Multi-event
• Transitional flight
• Ambient noise
• Community studies
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Questions?
Full paper available: https://ntrs.nasa.gov/citations/20250008984 

https://ntrs.nasa.gov/citations/20250008984
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