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Presenter
Presentation Notes
My name is Jonathan Rathsam, and I’m the Technical Lead for Survey Design and Analysis in NASA’s Quesst Mission.  My colleagues Will Doebler, Nathan Cruze, and I are from NASA Langley Research Center in Hampton, VA.  We’re excited to share this presentation with you today.  Thank you to International Statistical Engineering Association for this opportunity.
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Presentation Notes
This webinar is organized into three parts.  I will begin by giving the context for the Quesst mission.

Then, Will Doebler will present a simulation experiment to illustrate how noise exposure in the Quesst mission might vary across the nation.  

Finally, Nathan Cruze will speak about planning for community noise surveys, including dose-response modeling and other practical challenges.


>
Supersonic Flight and Sonic Boom: A Brief History

1947 First supersonic flight

Sonic boom a novelty

1950s Rapid development of supersonic military aircraft
Noise and damage concerns

1960s Supersonic commercial aircraft proposed
Community studies determine sonic boom exposure is
unacceptable

1973 US federal ban, international limits

1976 — 2003 Concorde commercial service
Supersonic operations only over the ocean

2003 DARPA-NASA Shaped Sonic Boom Demonstration

First flight demonstration of sonic boom “shaping” theory

2018 — 2026 NASA’s Quesst Mission

First flight demonstration of low noise supersonic design
Community studies to gauge public reaction
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Supersonic flight has been around for 75 years.  

In the 1960s supersonic commercial aircraft were proposed, and several major community studies occurred. Supersonic aircraft were flown over communities and a social survey was conducted to learn how the community responded to sonic booms.  The results of the tests showed that conventional sonic booms were too loud to be acceptable.

In 1973 commercial supersonic flight was banned overland.  

From 1976—2003 Concorde flew passengers supersonically over water, but had to slow down over land.

Presently, NASA’s Quesst mission is building a low noise supersonic experimental aircraft, the X-59, to enable survey data collection from the public on reactions to low noise supersonic overflight.


The vision for commercial supersonic flight Overland Flight

Restrictions based

An emerging potential market has generated renewed interest in civil on unacceptable

supersonic aircraft sonic boom noise
* Evidenced by the appearance of several commercial programs despite lack of are viewed as the
standards for en route noise or landing and takeoff noise main barrier to this
vision
N

———

— National Research
: and Policy agencies
play a central role in
developing the data
needed for the
The vision of the Supersonics Community is a future where fast air travel is regulation change

available for a broad spectrum of the traveling public that is essential to

- . : _ enabling this new
 Future supersonic aircraft will not only be able to fly overland without creating an — market

“unacceptable situation” but compared to Concorde and SST will be efficient,
affordable, and environmentally responsible

e—

|

e Credit :Lockheed Martin
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Why is this research important now?  My family and I live in Virginia, and my parents live 3000 miles away in Oregon.  Flying from coast to coast means a long day of travel.  The goal of commercial supersonic flight is to get travelers to their destinations faster so grandparents can spend more time with grandkids.

There is an emerging potential market for commercial supersonic aircraft.  The evidence is multiple companies proposing commercial supersonic aircraft despite the lack of standards for supersonic overflight noise or landing and takeoff noise.

NASA’s vision is a future where fast air travel is broadly available to the traveling public.  Future supersonic aircraft will fly overland without creating an “unacceptable situation.”  They will also be efficient, affordable, and environmentally responsible, especially compared to Concorde.  

The main barrier to this vision is the restriction on overland supersonic flight.

National research agencies, like NASA, and policy agencies, like the Federal Aviation Administration, play a central role in developing the data needed for new regulations that will enable the new market.


The Quesst Mission is
specifically planned to
generate key data for success
in NASA’s Critical
Commitment to support
development of en route
certification standards based
on acceptable sound levels

An en route noise standard i is the blggest challenge RSN " M \

— Requires proof of new de5|gn apprqach‘es
— Must replace current proﬁlbmbns Ha
— No relevant data exists to define limits

« Community data from large, diverse population is a reqmn’a
— Standard must be accepted internationally
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One key to overcoming the barrier is the development of appropriate noise level standards.  

The goal is to move away from the current speed limit, which prohibits any supersonic flight, to establishing an actual noise limit.  

A regulation with a noise limit requires data to inform it. 

The Quesst Mission is intended to generate and provide that data to regulators for the development of the noise standard.


What is NASA’s Quesst Mission?

Phase 1 — Aircraft Development

In progress (FY18-23)

» Design, fabricate a quiet supersonic research aircraft
* Prove performance in test range flights

» Prove safety for flights in normal airspace

Phase 2 — Acoustic Validation

Preparation in progress (FY18-23), Execution FY23-24
* Prove the acoustic characteristics match design targets
* Detailed in-flight and ground measurements in test range

Phase 3 — Community Response Testing
Preparation in progress (FY19-23), Execution FY24-27

« Conduct community tests
+ Select communities
* OQOutreach and engagement (including STEM) QUEST
» Obtain necessary approval
« Plan surveys and recruit participants
« Collect ground measurements
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NASA’s Quesst mission is a systematic testing approach that culminates in the collection of public survey data on reactions to low noise supersonic overflight.  It’s divided into 3 phases.  

Phase 1 is aircraft development, and it’s currently going on with Lockeed Martin in Palmdale, California including the design, fabrication, and ground test of the X-59.  When ready we’ll conduct a series of envelope expansion flights proving that the airplane is ready and safe to fly outside of the test ranges in the national airspace system.  

After that we’ll stay in the test ranges to conduct the acoustic validation, which is Phase 2.  Here we’ll be proving that the acoustic signature of the airplane matches what we set out to design.  We’ll conduct detailed inflight and ground measurements of the airplane’s signature in preparation for community testing.

Phase 3, which is the payoff of the mission.  That phase will be executed over 2-3 years staring in 2024 and will consist of several tests over different communities in the US and possibly abroad.


®
The X-59 Aircraft

Key requirements drive X-59 design
- The acoustic signal of the X-plane ust effectlv_ely rephcat '

that of future4ar er «w- -

Design Parameters
* Length: 99’ 77 ft

« Span: 29’ 6" ft

« Speed: Mach 1.4 (925 mph)
« Altitude: 55,000 ft

Design UF:Q""
* New, ue airframe design with acoustic signature shaping

« Many components from existing aircraft to reduce cost
« Payload capacity: single pilot/flight test instrumentation
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The X-59 aircraft is driven by the idea of meeting a minimum set of requirements to accomplish the mission.  The acoustic signal must replicate a future, larger aircraft.  We must be able to operate the airplane using normal flight maneuvers that would be expected for commercial supersonic aircraft.  You can see some of the performance and geometry features.  It’s important to note that it’s a new and unique airframe design to accomplish the signature shaping, but it uses many components from existing aircraft to reduce cost.  It’s a research aircraft, so the payload is just a single pilot plus flight test instrumentation.


»

X-59 Aircraft Development Status

* Lockheed Martin is the lead for manufacturing
— Major airframe components mated

— Systems installation and checkout in progress
* NASA supplied systems delivered
* Engine delivered

« Ground testing in Texas
« First flight later this year

Simulator with External
Vision System (XVS)
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Here are some images of the airplane in fabrication.  Some systems are supplied by NASA such as the External Vision System, which enables forward vision without a forward facing canopy window.  The airplane is powered by an existing fighter aircraft engine.  The aircraft underwent ground testing in TX in the spring and is back in California for the finishing touches.  Target first flight is later this year.


Just how quiet will NASA's X-59 be? .

l
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W. Doebler and J. Rathsam, Proc. Mtgs. Acoustics 36, 040005 2019.
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For context in terms of sound levels, the conventional sonic booms from Concorde or other aircraft used in the 1960s community tests were on the order of 105 dB Perceived Level (as shown in the red oval), which is comparable to nearby thunder or a car door slam from inside the car.  These types of sounds can be very startling when you are not expecting them.

By contrast, X-59’s sonic thump is designed to be 75 dB, which is comparable to distant thunder, or a car door slam from across the street.


®
How big is the noise exposure region from a supersonic overflight?

10
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How big is the noise exposure region?  As the aircraft flies supersonically, it drags a so-called “carpet” of sound behind it that can be 20 to 50 miles wide depending on the altitude and weather.  

A 50 mile wide carpet across a flight path that is hundreds or thousands of miles long can encompass many millions of people.  

That’s one reason why it is important to collect survey data from a large and geographically diverse population.


How did the public react historically to sonic booms?

B Okiahoma City
[ st Louis

Annoyed by
interference, 30 —
%

i T8

House shaking Startled Sleep Rest Conversation Radio/television
Types of interference

Nixon and Borsky, AMRL-TR-65-196, 1965 ”
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In the 1960s two major community overflight tests occurred in St. Louis and Oklahoma City.  Each test lasted half a year.  In St. Louis there were 76 booms, and in Oklahoma City there were upwards of 1200 booms.

This figure shows the percent of participants annoyed by various types of interference.

Ultimately the results showed that conventional sonic booms would not be acceptable. Sonic booms were just too loud at sound levels comparable to nearby thunder or a car door slam inside the car.  

An important result from the community overflights was that indoor annoyance was the key driver of non-acceptability.


»
Why might a “sonic thump” from X-59 be quiet enough?

Human response and annoyance, particularly indoors, is the key concern.

"""" Range of Flight =
Tracks

Laboratory Tests Small Community Test

« Tests of increasing complexity have provided preparation and confidence
« Ready to take the next step with flight testing over very large communities
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What is the evidence that X-59’s “sonic thump” may be an acceptably low noise level?

With indoor annoyance as the key concern, NASA has conducted laboratory tests, tests in small communities, risk reduction tests in larger communities.  These tests of increasing complexity show, in general, that the threshold of acceptable noise levels has been reached as you will see in a few slides.  These earlier tests have prepared NASA to take the next step with flight tests over very large communities.

In the interest of time, I am going to skip the lab test results and focus on community tests only.  I am glad to share the references on lab studies with anyone who is interested.


>
Community Tests Create Response Data

Objective: Create a dose-response relationship between level of sound exposure
and community annoyance

« Large, diverse representative population sample

» Tests in multiple U.S. locations and ideally at least
one international location

» Sufficient test duration to establish effect of
repeated exposure

» Account for test aircraft operational limitations

- Airfield facilities is
» Engage the local community to create a trust ° Phortes
g g y 30~ Fit Line
environment for test g || o OMahoma City (1965)
- Pub|.|c and STEM engagement opportunities Notional Dose-Response z 20
prOVIded by NASA Relationship = 15,
X
« Engage the international research and regulatory 210
community to ensure data acceptance Sl
L ] o ]
0 o [}

40 45 50 55 60 65 70

A. Loubeau. Proc. Mtgs. Acoust., 19: 040048, 2013. CDNL (dB) 1
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Our focus is conducting community overflight tests to create the dose-response relationship between the level of sound exposure and community annoyance.  In order to define an international standard, a large diverse and representative population must be tested.  The test must be long enough to establish the effect of repeated exposure.  Although we’d like to test in unlimited locations, we need to account for the fact that we do have an X-plane with operational limitations which drive our selection of airfields for use.  Part of our planning efforts involve engaging the local community to create a trusting environment for the test.  We plan a variety of public and STEM engagement opportunities as part of the overall approach.  Even though our focus is on testing in the US, we know that international acceptance of the effort is important, so we are seeking to engage the international and regulatory community to ensure that the data is acceptable.


»

Recent Experience with Community Tests

+ ldentify, minimize, and/or mitigate risks for future X-59 community testing
 Quiet Supersonic Flights 2018 (QSF18)

— Low-amplitude sonic boom community test in Galveston, Texas on November 5-15, 2018
— Test methodologies in a city not used to hearing sonic booms i
— Low-boom dive maneuver
« 4 - 8 “sonic thumps” daily (52 total)
— 500 members of public recruited to participate in survey
- Background, single event, and daily surveys
— 25 audio sensors set up to measure sound levels in survey area
— Public engagement (elected officials, general public, respondents)
— Lessons learned ‘
« Methods and planning
« Test Execution
- Data analysis

Quiet
“Thump" Sound

Community
Response
Survey
Area

Loud Sonic
Boom

Normal °.
Sonic Boom"-
-

Range of Flight ~
Tracks

Page et al., NASA/CR-2020-220589, 2020.
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NASA has been working to identify and minimize risks associated with community testing.  A community test exposes entire communities to sounds while only surveying a sample of residents on their perceptions. In 2018 NASA conducted a large community test using an F-18 research aircraft performing a low-boom supersonic dive to simulate the sounds of quiet supersonic overflight.

In terms of Community Engagement, communications had to be tailored to many different audiences, such as:
Elected officials many months prior;  residents that would be exposed to sonic thumps via newspapers, press conferences, and via local governments; mariners exposed to higher level sonic booms, survey participants, local students via STEM engagement.

In terms of flying the NASA research aircraft beyond a test range, an Air Traffic Control “Assigned Airspace” had to be prearranged and Environmental Review had to be conducted.

In terms of ground measurements of the signatures, 25 ground recording units were spread across the 60 sq. mile survey area and linked via cellular network to a host station.  The field crew deployed, calibrated, and retrieved the units daily.

In terms of the social survey, the web-based survey had to be developed, pass governmental survey review, pass research ethics review, and participants had to be recruited via postal mail and enrolled in the survey.

One of the key lessons learned involved the need to automate and streamline data analysis post test in order to meet the swift cadence needed for X-59 community tests.

Most importantly, this large community test showed that NASA could successfully engage with a community to conduct the testing.

Next we’ll look at the dose-response results from this effort.



»

Dose-Response Curves from Past NASA Tests
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This plot shows sample dose response curves resulting from previous NASA community tests.  The x-axis shows noise dose in terms of Perceived Level (PL) in decibels.  The y-axis shows percent of highly annoyed responses.

The first thing to note is the high degree of scatter in the data, which is typical of social survey data.  

The second thing is that in both tests, 75 dB is associated with a very low percent highly annoyed.

As a matter of practicality, the sonic boom community tests have all been “panel surveys,” in which a panel of survey participants responds multiple times.  It simply is not practical to recruit a member of the public and then only request a single response, especially when responses are needed promptly after each overflight.  A consequence of having panel studies is the need for statistical models that account for the correlation among multiple observations from the same person.  

Nathan will speak more about the statistical models being considered for the community response data.  But first, Will is going to present a simulation study.  The study informs the experimental design of the Quesst community survey campaign.  Specifically, the simulation investigated how X-59’s noise exposure may vary geographically across the nation as well as across seasons.


Simulating X-59 Low-booms and Dose Variability Nationwide

Outline of the
Sonic Boom
Simulation Goals

DoE Approach
for X-59 Sonic
Boom Simulation

Simulation Results
and Visualizations

Doebler, W.J., Wilson, S.R., Loubeau, A., Sparrow, V.W. (2022) "Simulation and Regression Modeling of
NASA's X-59 Low-boom Carpets across the USA," Journal of Aircraft (to appear); doi: 10.2514/1.C036876
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Next, we will transition to a simulation study of X-59 sonic boom loudness and variability due to variation in the weather across the country and across seasons. 


Simulating X-59 Low-booms and Dose Variability Nationwide

Outline of the
Sonic Boom
g Simulation Goals

J

DoE Approach
for X-59 Sonic
Boom Simulation

Simulation Results
and Visualizations

Doebler, W.J., Wilson, S.R., Loubeau, A., Sparrow, V.W. (2022) "Simulation and Regression Modeling of
NASA's X-59 Low-boom Carpets across the USA," Journal of Aircraft (to appear); doi: 10.2514/1.C036876
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First take a look at the goals of the simulation study



®
Goals of Sonic Boom Propagation Simulation

- Assess nationwide X-59 low-
boom
— Loudness and variability
— Exposure region size and variability

due to: Aircraft Trajectory Con:nputatlorral Atmospheric
— Climate Information Fluid DYnamlcs Model Data
_ Season Acoustic Data
_ Flight direction ' { '
— Time of day PCBoom
— Geographical location Acoustic
— Ground elevation Propagation Model
balancing: [ : 1
— Computational constraints
— Project schedule Size of the region Low-boom

exposed to noise Loudness

18
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For this work, we set up a large acoustic propagation simulation. The goal of the simulation was to understand the X-59’s low-boom loudness, the variability in loudness, the exposure region size, and the variability in exposure region size. The data form the simulation would aid in X-59 community test planning, and also make sure that the X-59’s low-boom would stay quiet in non-standard atmospheric profiles

The factors of interest driving the variability were climate, season, flight direction, time of day, location, and ground elevation. Most of these can be purposefully chosen when planning when, where, and how to fly the X-59. The time of day was of interest to see if atmosphere affects sonic boom loudness differently for example in the calmness of morning versus the more turbulent afternoon time. The flight direction is also of interest not because the aircraft is doing anything differently for a given direction, but because the direction of flight determines the sonic boom propagation direction relative to the prevailing winds.

Some of our constraints were on computation time and meeting project schedule goals. 

The flow diagram of the basic simulation is shown on the right. We provide our PCBoom acoustic propagation model with information about the aircraft trajectory, the sound pressure near the aircraft, and a large set of atmospheric profiles that include pressure, temperature, winds, and humidity. The output of the PCBoom model is a large set of sonic boom waveforms, their loudness, and the size of the noise exposure region.


Simulating X-59 Low-booms and Dose Variability Nationwide

Outline of the
Sonic Boom
Simulation Goals

DoE Approach

for X-59 Sonic
Boom Simulation

Simulation Results
and Visualizations

Doebler, W.J., Wilson, S.R., Loubeau, A., Sparrow, V.W. (2022) "Simulation and Regression Modeling of
NASA's X-59 Low-boom Carpets across the USA," Journal of Aircraft (to appear); doi: 10.2514/1.C036876
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Next, we will look at the design of experiments approach used to select the resolution of the simulation study



»

« Two spatial resolutions:

Design of Experiments Approach

Need to determine appropriate locations
and times of atmospheric profiles
through which to propagate

Locations across USA chosen using
Fast Flexible Filling Design

— Provides good space filling properties and can
accommodate irregular shapes like the
contiguous USA

— 150 and 450 locations across USA

Lekivetz, R. and Jones, B., (2015) “Fast Flexible Space-Filling Designs for
Nonrectangular Regions,” Qual. Reliab. Engng. Int., 31(5), 829-837

~— ==Google Earth
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We needed to determine the locations at which to propagation the X-59’s low boom that would span the USA. We used a Fast Flexible Space filling design to choose locations at two spatial resolutions. The green points are the coarse resolution, and the green and yellow points together are the fine resolution.


>
Subset analysis to determine simulation resolution

- Completed propagation simulation for
subset of locations in the Northeast

« Compared results of designs with
higher and lower spatial and temporal
resolutions

— 34 vs. 10 locations in Northeast
— 4 vs. 1 atmospheric profiles per day

- 5 years of atmospheric profiles, 4
aircraft headings

- Subset storage size
— About 1.5 TB total for nearly 1 million carpets

21
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We did not have the computational resources to conduct the analysis on the entire fine resolution, so we chose a subset in the northeast US. The northeast was chosen because it will have some seasonal variability and PA is predicted to be one of the most heavily overflown states by supersonic aircraft due to its proximity to NYC, Boston, and Philadelphia for example.
We propagated the X-59 sonic boom through 5 years of atmospheric profiles collected 4 times per day, and compared the coarse and fine spatial resolutions. We also compared the results for 4 atmospheric profiles per day to one atmospheric profile per day.
The resulting waveforms took up a substantial amount of storage space.



»

To determine importance of input factors,

used decision tree and bootstrap forest analysis

 Input factors (predictors)
— Heading
— Latitude/longitude
— Season
— Datetime
— Ground elevation

« Carpet quantifiers
— Exposure Region Size
« “Carpet width”
— Undertrack Perceived Level (PL)
— Range of PL

Carpet Width (miles)

PR R
M L b= LN OO0 = 00 W0 O =+ P L

b ke e ik ek [,
d LN Oh =~ 00 O
;]

All Data

Example decision tree data for CW

All Data
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To decide the resolution, a bootstrap forest of decision trees was used. I’m going to build up one decision tree as an example. After simulated propagation of the X-59 sonic booms in the subset region, the first step of the decision tree, or maybe even step zero is to pool all the data. That’s what’s shown in the bottom figure. The figure shows the carpet width, or exposure region size, of all the simulated sonic boom carpets in the northeast subset. Each dot on the plot is the result of a single simulation run. Then the decision tree can split on values of the input factors to better explain the variability.

*describe the decision tree process over the next 4 slides, splitting on different factors to explain variability in the observations*


»

To determine importance of input factors,

used decision tree and bootstrap forest analysis

 Input factors (predictors)
— Heading
— Latitude/longitude
— Season
— Datetime
— Ground elevation

« Carpet quantifiers
— Exposure Region Size
« “Carpet width”

All Data

Example decision tree data for CW

Heading(West)

— Undertrack Perceived Level (PL)

— Range of PL

Carpet width (miles)

b b
b i L e LN TN =] 00D O = T
[l ] ] -] -
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Headina(North. South. East)

Heading(North, South, East)

All Data
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For the first split, the decision tree shows the difference between the carpet width when the aircraft is flying west versus north, south, or east. It turns out that the prevailing winds in the USA cause the west heading carpets to be narrower than the other directions.


»

To determine importance of input factors,
used decision tree and bootstrap forest analysis

 Input factors (predictors)

All Data Example decision tree data for CW

— Heading
Heading(West) Headina(North. South. East)
— Latitude/longitude
- Season Season(Winter, Fall) Season (Summer. Sorina ) Headina(North. South)
— Datetime
— Ground elevation
- Carpet quantifiers _ B .
: . 180-]
— Exposure Region Size = 1107
11 : 7 E ‘55 E
« “Carpet width — 130 .
£ 130
— Undertrack Perceived Level (PL) © 110°
= o
— Range of PL X
Q 60
8%

Headina(East)

0- = . - - - — =
~ [Season(Wi |Season(Su Heading(North, South) | Heading(East)
Heading(West) Heading(North, South, East)
All Data
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Then each side of the decision tree is split again on other factors. The west heading split on season and the other heading group split on heading again. Each split explains more of the variability in the carpet width.


»

To determine importance of input factors,
used decision tree and bootstrap forest analysis

 Input factors (predictors)

All Data

Example decision tree data for CW

Season(Winter)

— Heading |
Heading(West) Headina(North. South. East)
— Latitude/longitude | |
- Season Season(Winter, Fall) Season (Summer. Sorina ) Headina(North. South) Headina(East)
— Datetime | | |
— Ground elevation Month>=4 Month<4 Season (Summer . Sorina. Fall)
« Carpet quantifiers _ 20 :
v 180
— Exposure Region Size %’ 170
.S:I ! ...
« “Carpet width” = laod . o
. + 120~
— Undertrack Perceived Level (PL) 'g 1104
90-
— Range of PL 5
T o0
S
0 Month>=4 Month <4 [Season(Summer, [Seas
Season(Wi |Season(Su Heading(North, South) Heading(East)
Heading(West) Heading(North, South, East)

All Data
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A final split is shown, further explaining the variability


»

- Bootstrap forest analysis was conducted to
evaluate spatial and temporal resolution

— Randomly sampled from the dataset to build 100
decisions trees

— Statistical decision tree recursively partitioned data
according to the relationship between predictors and
response variables

— Contribution of each predictor was then ranked

Predictor

Climate |

Season

Latitude

Longitude

Ground Altitude (ft) |
Heading

Year

Meonth

Time

CW (mi)
Rank

= = P2

WO w00 = un

Bootstrap forest analysis description
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| .
Heading(North, Sog!h, Eié)
| | | >
|Season(Winter, Fall)”Season(Summer, Spring)| |Heading(North, South) ‘
|
\
|Month> =4| |Month<4‘ |Season(Summer, Spring, Fall) ”Season(Winter) |

200 -r
—~ 190
v 159l
o 5%
- — - a 1
£ 1%-
~ 140
£ 1304

130 *
T 10 PR
2 5
L )
]
o
-
(g0}
o
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Month>=4 |‘.1:nth~'-i Season(Summer, [Seas
Seascn:\'."i‘Seascn‘Su Heading(North, South) Headin g(East)
Heading(West) Heading(Nerth, South, East)
All Data
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So that was for a single decision tree. The bootstrap forest was made up of 100 decision trees. Predictor screening was used to determine the most important factors impacting the carpet width. The ranking of the factors is shown as the bar graph.

Again, heading is important for CW because of prevailing winds.


»

Bootstrap forest results

Fine spatial resolution (green# + yellow )

PL (dB) PL range CW (mi)
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Coarse spatial resolution (green# only
PL (dB) PL range CW (mi)
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Ground Altitude (f) I | 6 0 : 4] 5
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Month : 1 1 3|l 2
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« Time of day was not important

- Equivalent predictor importance for both spatial
resolutions 7
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The predictor screening results for the fine and coarse spatial resolution is shown here for the mean PL, range in PL, and carpet width. One important outcome from the bootstrap forest analysis was that time of day was not an important factor. Because of this we chose to use 1 atmospheric profile per day instead of 4 for the nationwide study.

The predictor importance was roughly the same for the fine and coarse spatial resolution, which is one clue that the coarse resolution would be adequate.

Next I’ll tease one visualization approach we used.
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Carpet width (CW) mean and standard deviation (SD) results
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Presentation Notes
Now I’m briefly going to show some results that indicate visually that the coarse spatial resolution is adequate while teasing some of the visualization techniques we used.

*Explain the plot*  The plot is nice because we can show many aspects of the data at once.

Smoothly varying values indicate either resolution is adequate because we should be able to interpolate between them.



»
Final Design

« Inputs
— 134 locations separated by about 200 km
— 5 years of atmospheric data at each location

— One time per day, 1800 UTC, 11 AMto 2 PM local  °

— 4 cardinal aircraft headings

- Results
— Over 1 million X-59 sonic boom exposure region sizes
— Over 18 million X-59 sonic boom waveforms

- Follow-on analysis

— Multiple linear regression models to estimate quantities
in intermediate locations
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Here is the final simulation design. We used the coarse spatial resolution, which has 134 locations across the US. The X-59’s low-boom was propagated through 5 years of atmospheric profiles, one per day at each location and at four aircraft headings. The results were generation of over 1 million sonic boom exposure region sizes and over 18 million low-boom waveforms.

To estimate the loudness, variability, and exposure region sizes away from the test points, multiple linear regression models were fit to the data using the same predictors as the bootstrap forest. Later on when we show results using these models, they have roughly 50 km spatial resolution.



Simulating X-59 Low-booms and Dose Variability Nationwide

Outline of the
Sonic Boom
Simulation Goals

DoE Approach
for X-59 Sonic
Boom Simulation

Simulation Results

and Visualizations

Doebler, W.J., Wilson, S.R., Loubeau, A., Sparrow, V.W. (2022) "Simulation and Regression Modeling of
NASA's X-59 Low-boom Carpets across the USA," Journal of Aircraft (to appear); doi: 10.2514/1.C036876
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Finally I will share some of the results and our visualization approaches for this large dataset
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Visualization Techniques: Violin Plots for Loudness @
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85
80

75

m?DI|.|I|l] l]||| |

oL 65 HEE B EE

60 M T

95

50

60 -50 -40 -30 -20 10 0 10 20 30 40 50 80
offtrack distance (km)

1. Manual of the ICAO Standard Atmosphere Extended to 80 kilometres —— Loudness in a standard atmosphere1 2

(262 500 feet). International Civil Aviation Organization ICAO 7488, 1993. . RPN T :
2. Acoustics — Attenuation of sound during propagation outdoors — Part 1: ‘ Peak-normalized PDF "violins” of loudness in

Calculation of the absorption of sound by the atmosphere, ISO Standard realistic atmospheres
13-1:1 1993. ' ioli
9613-1:1993, 1993 Median loudness of each violin

31



Presenter
Presentation Notes
The first technique we used were violin plots. The plot on the right shows the loudness vs offtrack distance. The violins are peak-normalized probability density functions at each offtrack location. Black line is a standard atmosphere. Dashed line is the median of each violin. Most of the time, the X-59’s sonic boom is quieter than the standard atmosphere. The standard atmosphere is the one that the X-59 aircraft itself was designed to.
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Visualization Techniques: Violin Plots for Climate Results @

Seasonal Loudness
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*describe the Dept of Energy Building America climate zones*
*describe the violins same as previous slide but split by climate zone and season*
Note the loudness typically is higher in the colder regions. Similar seasonal patters for Cold, Very-Cold, and Marine; Hot-dry, mixed dry; and hot-humid, and mixed humid


“ Visualization Techniques: Map plots for Loudness and

Variability
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Here we have the geographical results for all of our generated data for sonic boom Perceived level. 
*Describe dot size = SD, dot color = mean loudness.*
Note the loudness increase in the north and in mountainous regions.

It’s slightly more variable in the south especially toward the coasts.
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Visualization Techniques: Map plots for Season and Heading @/

Mean Loudness and SD

Season A \PLSD:1.6to4.2dB
Wint Spring Summer Fall 76
ViAo, W hiarande, L Biiwvesse, L8 Gharands, .o .
e .:.0 :o.‘. ....":o.o. :o..l.:. 4 ...o :o .: .... '.:0... :...Of. .. ...o :o .: .o..... . « .0. 'S4 ...O :0 .: .o....:.... :. ..' = L 3
[ () o _o0® @ o, e o o _o0® @ @ e |eo o —_o® ( ) Cry (] [e)
s..o.:.o.o 'o .:0 '} ) 0...0 0.0 ..o. ®9.'g O....:..:o ARND TS ..... :.o.:o.‘. .0‘.‘.. 3 -
{ ] ..: .... .% ° 0..0.. .:.% e ..o..: g ..,? ® ..‘:3..’}.% o PL Mean (dB)
o« .o. o°. ‘ .:°
- 70
% S, o ° i oo S % ° ° ® % ° o, o 69
%° % ) T ot ¢ %° o 926
SRS SRRSO ORI I :
N R TwA 9 K MBI °° - AR YT X ! @ 67
%0 ..0.‘0 0.0.0 > 8 % 08 D) S DS LTI = oy ...~o a
° %, ..o.. (P o.. Qe 0.0.....0.
® 0' ) O’ T
2
° ® e o %, O oo o* e %o O ..0...0 Craly % ‘3
% 0‘.0. .o.°:.‘. e ....o‘ ...O: o o20° » ". ..o. ....0. )
..0 o..o. ..0:.0 :..o. 0.:. .: 0% & ..’:.0. ....f. .. p) e ® .: ° ..0 o....:.... :.. : 8
o % KA | ®e AR o ®e 2 ....°.Q. =
R GNTR e I GHTe s s SR & Te wlriaNg 5
% }""% Q% ." '.::. .\o L 3
0% S o9 PR LY O Y % 0% 3% % o ° Y 1
Yoot B et S g Soonea et SR
RS R TOSRedo SISO e R OGR0dr 3 S
so.:'x: X o o.o..:o .: .: <* %" o so.... o o'. { o
e side “;“'}-
o, o..O ()

34


Presenter
Presentation Notes
*Describe splitting on heading and season.*

This type of chart allows estimates of loudness and variability for various times of year and flight conditions, which aids in deciding when, where, and how to fly the X-59. For example, if we wanted to make sure our booms are as quiet as possible during community testing, we may choose to fly over the south east US in the Fall with a west heading.


“ Visualization Techniques: Contour plots for multiple linear

regression
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Here we have the results of the multiple linear regression model, which allows us to estimate the X-59 loudness at locations we did not include in the propagation simulation. We just need to know the given the ground elevation, lat/lon, climate zone, season, and heading. This chart has 0.5 deg resolution. For these contour plots, it’s only possible to show one quantity at a time.


»

Simulation Study Summary

Assessed impact of climate, heading, season, time of day, and geographical location
on low-boom loudness, variability, and exposure region size

Simulation resolution was decided by DoE
Generated millions of sonic boom waveforms and exposure region sizes

Multiple linear regression was used to estimate loudness, variability, and exposure
region size at intermediate locations

The simulated data will be used to aid X-59 community test plans
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In summary, the simulated data will be used to decide when, where, and how to fly the aircraft to achieve test goals. The sim resolution was decided by a design of experiments approach, and the results aid in the claim of national representativeness of X-59 community tests because we will sample areas with varying loudness across the country.


»

Transitioning to X-59 Community Response Testing Approaches

- Demonstrate a candidate statistical analysis approach for one site
— Single event data from large community test of 2018

- Highlight some challenges and opportunities in this complex problem
— Survey mode: How do we deploy many surveys when test conditions change rapidly?
— Sampling sites: How will we select community test sites?
— Sampling study subjects: How will we recruit participants?
— Dose uncertainty: What are the effects if dose is subject to some imprecision?
— Pooling data: Can we combine data from distinct sites to produce a nationally representative curve?
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Will: The simulation experiment showed some potential geographic differences in X-59 exposure loudness, which is one of many reasons it is necessary to test at multiple sites. Next, I'm going to pass it off to Nathan Cruze who will provide more details on the specific X-59 Community Response Test survey administration, site selection, and modeling approaches



Large Community Test: Single Event Data

Perceptual Annoyance Responses _
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QSF18: Conditional Dose-Response Relationship

« Reproducing Bayesian Random Intercept Logistic Regression of Lee et al. (2020)

e ic{l1,2,...,371} individuals
e je{1.2,....n;} booms Hijlpi;  ~  Bernoulli(pi;)

piilBo. B1.u; = logit™ Y ((Bg + 1) + B1x44)
e H;;, indicator of High Annoyance Pij|fo- 1 21 _J 2(( 0 i)+ Prtig.

uilor  ~ N(0,07)
® p;j, probability of High Annoyance 3 ~ N (0,100)
e 1;;. dose, in PL dB By ~ N (0,100)
2 Y N

e u;, individual intercept o, ~ 1G(0.01,0.01)

Bo. 31, 0%, para ers
30, B1. 02, parameter

Parameter Estimate Lower 95% CI  Upper 95% CI R

o -19.0 -24.02 -14.25 1.00
3 0.15 0.10 0.21 1.00
o 2.62 1.75 3.86 1.00

« Estimates for 371 subject-specific intercepts; family of individual dose-response curves
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QSF18: Marginal Dose Response Relationship

QSF18 Marginal Dose Response Curve

« Want population average relationship,
rather than subject-specific curves

3.0

« Vaughn et al. (2021) compare Bayesian
and GEE approaches to obtain marginal
models

20

1.0

» Integrate over (prior) distribution of random
effects (Pavlou et al. 2015)
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where f(u) denotes N(0, 2.622) distribution
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Challenge: Near Real-Time Data Collection Needs

Experimental conditions may change within the half hour—need prompt responses
—  Multiple single event surveys and a daily summary survey each day of testing
— Recruiting and retaining a panel sample is more practical than a cross-sectional study design

Survey modes—who participates and how
— Paper modes don’t meet near real-time need, especially for single event survey

—  Consideration of interactive voice recording (IVR)—Fidell and Horonjeff (2019) noted low completion rates
for telephone surveys without callbacks

Preferred modes: internet and custom smartphone applications
—  Meets near real-time requirement
— Mapping interface allows user to indicate location at point in time—solves significant linkage issue
—  Simplifies nonresponse follow up
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Challenge: Sampling Sites Given Operational Constraints

- In principle, thousands of airfields nationwide, but...
—  Study aims require one month in place
—  Limited number of airfields can support needs of X-59
— Some feasible sites are near each other

- Site selection via purposive sampling
— At present, plans for selection of five distinct test sites

—  Defining orientation of study region and heading of aircraft through it
—  Climate factors

— Demographic composition of the locality
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Challenge: Sampling Study Subjects

Dose will be administered across a large study area
—  Sparse network of sensors obtain objective measurements at select points
—  Fused with predictive models to estimate dose and uncertainty throughout

Population: all residents of 20 NM x30 NM recruitment region
— Take union of Census Blocks within this recruitment region
— Sampling frame is a list of postal addresses in member Census Blocks

Sample: recruited subset of residents of blue region
— Variance unit is the household (select every nt" address in a sorted list)
—  Within-household sampling to get person (Rizzo, Brick, and Park 2004)
— In common with household surveys and probability-based internet panels

All in community exposed to dose, only sample surveyed

Notional Diagram
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Challenge: Accounting for Dose Uncertainty

- Means of dose estimation ongoing; see Klos (2020)
for one example

0

0.09 ' ' _:::IU;I;Z:TI;Z.:E;T?:}E::;E-:_ZI.JI"'-'E )
- Effects of measurement error on logistic regression o} ] "
—  “Underestimate the...probability for high-risk cases and 0.07 True '
overestimate for low-risk cases” (Stefanski and Carroll 1985, p. T 0.0st Dode #/
1336) 5% Range /" y
—  Overestimated->policy may be unduly stringent on aircraft i 0.04 F— T "
manufacturers 00— T
— Underestimated-> policy may subject public to unacceptable e }/{
levels of noise o] IR C, oy

50 1] 70 éﬂ E:D 1CIIC| 1*;13 *.é'l} 130
. . . dose (dB)
- Measurement error statistics literature of recent

interest in the acoustics literature
— Doebler et al. (2022), Horonjeff (2021,2022)
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Challenge: Pooling Data

- Many papers in acoustics literature seek to pool or combine data from distinct
studies or from multiple noise sources
— Neighborhood Environmental Survey—Miller et al. (2021)

- Two years from collecting live data—what will final analysis model look like?
— Categorical outcome, with regulatory emphasis on binary concept of “Highly Annoyed” or not
— Repeated measurements through panel survey of respondents

— Need for national, marginal dose-response relationships (single event and cumulative) from up to five
distinct sites

- A candidate: multilevel regression with poststratification (Gelman and Little 1997)
— Divide population into many categories (poststrata)
— Averaging across dose-response relationships for poststrata, weighted in proportion to size in population
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Summary

NASA’s Quesst Mission will provide key data to regulators for the development of noise standards for
overland commercial supersonic flight.

X-59 build is well underway, with a first flight planned for 2022
Community testing will begin in 2024 and deliver dose response data from overflight of US communities

A simulation study assessed impact of climate, heading, season, time of day, and geographical location on
low-boom loudness, variability, and exposure region size

X-59 booms will be slightly louder and less variable in the colder climates and with greater ground
elevation.

Exposure region is widest with east heading due to prevailing easterly wind.
Exposure region does not change considerably with climate region except for Marine climate zone

Relevant statistical models link perceptual response and objective measurements in dose-response curve
Discussed challenges shape our decisions to date and continue to be areas of research in planning phase
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To summarize, technology and design improvements have led us to the point where we can envision a possible future for supersonic commercial aviation that is quiet and sustainable.

Quiet overland flight is vital for achieving airline operations and eventual broad market access for the traveling public.

NASA’s Low Boom Flight Demonstration mission was created to provide key data needed to define standards for acceptable quiet supersonic overland flight

The X-59 QueSST aircraft is a unique design created specifically to meet the requirements to gather highly relevant acoustic data.

The build of the aircraft is well underway and we expect to be flying it later this year.

The mission will culminate in community testing to begin in 2024.  It will deliver dose response data from overflights of the US and possibly international communities.

NASA is seeking broad interaction and engagement with the international community to ensure that the results are acceptable and lead to the adoption of international standards.
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To summarize, technology and design improvements have led us to the point where we can envision a possible future for supersonic commercial aviation that is quiet and sustainable.

Quiet overland flight is vital for achieving airline operations and eventual broad market access for the traveling public.

NASA’s Low Boom Flight Demonstration mission was created to provide key data needed to define standards for acceptable quiet supersonic overland flight

The X-59 QueSST aircraft is a unique design created specifically to meet the requirements to gather highly relevant acoustic data.

The build of the aircraft is well underway and we expect to be flying it later this year.

The mission will culminate in community testing to begin in 2024.  It will deliver dose response data from overflights of the US and possibly international communities.
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To summarize, technology and design improvements have led us to the point where we can envision a possible future for supersonic commercial aviation that is quiet and sustainable.

Quiet overland flight is vital for achieving airline operations and eventual broad market access for the traveling public.

NASA’s Low Boom Flight Demonstration mission was created to provide key data needed to define standards for acceptable quiet supersonic overland flight

The X-59 QueSST aircraft is a unique design created specifically to meet the requirements to gather highly relevant acoustic data.

The build of the aircraft is well underway and we expect to be flying it later this year.

The mission will culminate in community testing to begin in 2024.  It will deliver dose response data from overflights of the US and possibly international communities.

NASA is seeking broad interaction and engagement with the international community to ensure that the results are acceptable and lead to the adoption of international standards.
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