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ABSTRACT

A cooperative acoustics flight test campaign between the US Army and NASA was performed in which design of
experiments (DOE) approaches were used to plan the flight test conditions. Three DOE designs were used, a face
centered central composite design, circumscribed central composite design, and a hexagonal design. A traditional
one-factor-at-a-time approach was also used, and interpolation points were planned to test for the strength of the
DOE approaches. This paper documents the design methodology, discusses how response surface models were fit
to the data, evaluates the overall response of the models, and evaluates the individual DOE designs. The response
surface models were also used to design new test conditions of interest during the experiment, and that process is also
documented. For the first time, DOE was shown to be an exceptionally useful tool for rotorcraft acoustics flight test
planning, while the full power of the approach has yet to be reached.

INTRODUCTION

A comprehensive acoustics research flight test was conducted
by the US Army’s DEVCOM Aviation & Missile Center
(AvMC) and the NASA Langley Research Center (LaRC) us-
ing an MD530F vehicle (Ref. 1). One of the primary ob-
jectives of the flight test was to investigate the use of de-
sign of experiments (DOE) for selecting flight test conditions.
Traditional flight test design investigates one-factor-at-a-time
(OFAT) and seeks to build a database of measurements that
reasonably spans the entirety of the flight envelope that can
be maintained steadily across a microphone array. This ap-
proach suffers from several limitations, but the major concern
is that it requires a relatively large number of test conditions
be measured. The required number of test conditions grows
with increasing complexity of the physics under investigation.
Design of experiments has been shown to be effective at re-
ducing the measurement scope of experimental data sets in ro-
torcraft aerodynamics as well as other complex research fields
(Refs. 2-0).

Let us assume that the speed and flight path angle (FPA)
of a vehicle are all that are important for characterizing the
acoustic emissions of a particular rotorcraft. This is what
land-use modeling software, such as the Advanced Acoustic
Model (Ref. 7), assumes today. In that case, measuring the ve-
hicle at five flight speeds and five different flight path angles
would result in a test matrix that has 25 individual conditions
to measure. However, it is known that weight of the vehi-
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cle can influence the acoustics. In the OFAT approach, the
researcher would repeat all 25 of those speed and FPA con-
ditions at each vehicle weight of interest. Even simplifying
and assuming that the vehicle flies in a ‘heavy’ and ‘light’
condition, that approach doubles the required measurement
points. This problem is further exacerbated as the number of
measurement parameters increases. We know that traditional
helicopter noise can be nondimensionalized by four unique
parameters (Ref. 8), and so the required test matrix should
be quite large (Ref. 9). When Urban Air Mobility (UAM)
vehicles are considered, with multiple propulsors and multi-
ple potential configurations, then the measurement space can
quickly become intractable. When considering meeting the
needs of Future Vertical Lift (FVL) or UAM vehicles, OFAT
testing cannot continue, and a new system for choosing ade-
quate test conditions must be developed.

This paper describes several potential design of experiments
approaches, provides analysis of the individual designs, and
discusses in-field optimizations. The intent of this experi-
ment is to provide more guidance for future rotorcraft acoustic
flight test design development.

FLIGHT TEST DESCRIPTION

This data set comes from a comprehensive flight test that was
conducted to address multiple unique research goals simulta-
neously. The flight test is described completely in Ref. |, with
specifics provided in Refs. 10—12. Only the relevant data nec-
essary to discuss the DOE data set will be presented here, and
the reader is referred to the other references for more complete
details.

The test utilized a fully instrumented MDS530F helicopter,
shown in Figure 1 (Refs. I, 13, 14). This is a light-utility
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Figure 1: MDS530F vehicle as configured during flight test.

civilian vehicle with a single 350 HP, turboshaft, Rolls-Royce
250-C30 engine; additional MD530F aircraft characteristics
are shown in Table 1. Aircraft positional and inertial state data
were measured with NASA’s Aircraft Navigation and Track-
ing System (ANTS), and are described in Ref. |. This vehicle
was outfitted with a significant suite of on-board instrumenta-
tion that is also described in Ref.

Table 1: Aircraft specifications.

No. Main Rotor Blades 5
Main Rotor RPM, BPF 477, 39.75 Hz
No. Tail Rotor Blades 2

Tail Rotor RPM, BPF 2,848, 94.9 Hz

Microphone Instrumentation

This flight test had two primary microphone arrays (a snap-
shot array and a phased array). The snapshot array is the fo-
cus of the DOE work, and so is described here briefly. The
snapshot array was comprised entirely of Wireless Acoustic
Measurement System version II (WAMS II) systems, which
are remotely controlled with local data storage. Each unit
consists of a microphone, ground board, radio antenna, GPS
receiver, and on-board SD card for data recording. Micro-
phones 1 through 75 use the standard WAMS II setup for this
test, which consisted of a GRAS 67AX microphone embed-
ded in a 400 mm diameter round ground board. However,
microphones 76 through 79 used an inverted B&K 4964 mi-
crophone above a 381 mm diameter ground board. In these
configurations, microphones are offset from the center of the
ground board to minimize edge effects, per SAE Aerospace
Recommended Practice (Ref. 15). All microphones are sam-
pled simultaneously and uninterrupted throughout a run at 50
kHz with 24-bit resolution, and are time synchronized with
vehicle instrumentation using Coordinated Universal Time.

The snapshot array was designed to create hemispheres, i.e.,
to capture the acoustic levels at all emission angles below the
aircraft, sufficient for land-use planning models such as the
Advanced Acoustic Model and the Aircraft Noise Prediction

Program 2 (Refs. 7, 16). The snapshot array was designed
using a modified 8™ order Lebedev distribution (Ref. 17) in a
manner to provide significant coverage of a hemisphere as the
vehicle passes over the center of the array. This array layout
design is described in more details in Ref. 10. Microphone
locations on the ground are shown in Figure 2. Microphones
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Figure 2: Snapshot array microphone locations shown on the
ground.

were generally numbered sequentially counter clockwise and
radially from the farthest out to the innermost microphones.
A Cartesian coordinate system is used with microphone 79
defined as the center of the coordinate system for the snapshot
array (‘X’ = ‘Y’ = “Z’ = 0). The coordinate system is defined
such that ‘X’ is along the flight track and is positive in the
primary flight direction; Y’ is defined perpendicular to the
flight track and is positive to the aircraft port (left) side; ‘Z’ is
positive up.

Figure 3 shows the microphone locations on the hemisphere
using a Lambert projection. The Lambert projection is de-
fined such that azimuth is represented by counter-clockwise
rotation around the figure, in the direction of the main rotor
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Figure 3: Microphone positions projected on a hemisphere,
using a Lambert projection, for the designed flight condition.

as seen from above. Elevation in the Lambert projection is
represented in the radial direction, such that the center of the
figure is directly beneath the rotor, while the edge is the hori-
zon plane.

Flight Test Condition Design

A balanced approach to meet as many objectives simultane-
ously as possible was taken for the design of the flight test
conditions, while also remaining well within the flight enve-
lope of the vehicle and constrained by available flight time. In
the end, three design of experiment techniques were deployed
along with a more traditional one-factor-at-a-time (OFAT) ap-
proach to designing test conditions. Only two flight condi-
tion parameters were varied, true airspeed measured in knots
(TAS) and flight path angle (FPA) measured in degrees. The
center point of the design of experiments (75 KTAS, —3°
FPA) was chosen to be colocated with all designs, providing
a stable location from which to deviate.

The first design of experiments approach used a face cen-
tered central composite design (FCCD), shown in Fig. 4. The
FCCD places test conditions at the corners of a cube (box in
two dimensions) with additional points at the center of the
cube and the center of each face of the cube. In two dimen-
sions, as tested here, that results in 9 unique test conditions in
a three-by-three pattern, which appears to collapse to a form
of OFAT in this case. The size of the box was chosen such
that test conditions were located in level flight (where rotor-
craft spend much of their time), and the highest speed descent
condition comfortably achievable was chosen as the bottom
right corner. These two conditions determined the center of
the design as well as the extents of the box.

The circumscribed central composite design (CCCD) is simi-
lar, and shown in Fig. 5b. The CCCD again places test condi-
tions at the center and on the corners of a cube, but instead of
placing the remaining points on the center of the face of the
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Figure 4: (a) Generic face centered central composite design
where red circles show the test prescribed conditions. (b) a
2-D implementation of FCCD used for this flight test.

cube, it circumscribes a sphere around the cube and places the
test conditions on the surface of that sphere normal to the cen-
ter of the cube’s faces (Fig. 5a). In the CCCD design, two test
conditions were removed at the —3° FPA level, as they were
only 5 knots different than the FCCD test conditions shown in
Fig. 4b, and it was judged that this difference was likely not
enough (given experimental errors in piloting and weather) to
justify the additional flight test hours to measure. So, for the
CCCD conditions used later, the FCCD test points located at
(60 KTAS, —3° FPA) and (90 KTAS, —3° FPA) are employed
instead of the ideal conditions at 55 and 95 KTAS. The CCCD
approach is expected to yield slightly better predictive values
in climb conditions than the FCCD design, as the physics of
climb will be represented in the final model.

The final DOE design used was a hexagonal approach. While
the central composite designs provide effectively three levels
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Figure 5: (a) Generic circumscribed central composite design
where solid red circles show the prescribed test conditions.
Open red circles are left to show the slight change over the
design in the FCCD approach from Fig. 4a. (b) a 2-D im-
plementation of CCCD used for this flight test, where the red
squares are neglected in the final design.

in each direction (true airspeed, flight path angle), the hexag-
onal approach (shown in Fig. 6) has 5 levels in true airspeed
and 3 levels in flight path angle. While the central point was
maintained, this design was chosen to have a larger radius and
to cover more of the flight envelope of the vehicle. The ob-
vious drawback to this design is that it placed no test condi-
tions in level flight, where vehicles spend the majority of their
time. The hexagonal approach also does not extend to multi-
dimensional conditions and so has limited use when consider-
ing applications to future vehicle concepts.

Finally, all of the test conditions were brought together and
additional conditions chosen to complete the traditional OFAT
approach (shown in Fig. 7). Here, two additional test condi-
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Figure 6: Hexagonal design of experiments approach used
during flight test.

tions were chosen to fill out a reasonable spread of level flight
speeds, two conditions were chosen at slow speed (40 KTAS)
but steeper descents (—6° and —9°), and a third condition at
a higher speed climb condition (75 KTAS, 3° FPA). Then,
a higher speed descent condition (75 KTAS, —9° FPA) was
chosen to round out the OFAT conditions.

The purpose of DOE implementation is to enhance test effi-
ciency, and so a response surface modeling (RSM) method-
ology was used. In order to test the accuracy of the RSM, it
must be checked against extrapolation and interpolation data
points. The OFAT test conditions serve as adequate extrapo-
lation points for all DOE designs, but no interpolation points
were available interior to the central composite designs. Thus,
two conditions were selected to be inside of each of the DOE
designs to test for the ability to interpolate on the interior por-
tion of any response surface model that might be developed.
In total, 25 unique test conditions were developed for the flight
test that spanned all of the myriad requirements for the snap-
shot array flight days.

At this stage, all test conditions have been identified and pri-
oritized, with DOE conditions given priority zero, meaning
they were mission critical. Test conditions were assigned con-
dition codes (‘C’ for climb, ‘L’ for level flight, ‘D’ for de-
scent) and flown during the experiment with respect to their
pre-determined priority levels. Table 2 identifies the test con-
dition codes, airspeed and flight path angle specifications, as
well as the number of times flown throughout the first flight
test day.

GENERALIZED LINEAR MIXED
MODELING

Acoustic response surface models can now be built following
the process previously documented in Ref. 18. From the work
shown in Ref. 18 and follow-on analysis, each individual mi-
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Figure 7: Complete flight test condition design showing
central composite designs, hexagonal design, interpolation
points, as well as the remaining traditional one-factor-at-a-
time conditions needed to complete the matrix.

crophone measurement can be reasonably described using a
quadratic response surface model based on Equation 1.

yAV4+y+ V24P +Vry (1)

Here, ‘y’ is the acoustic metric of interest, and (V, ) are TAS
and FPA, respectively. The dimensional models (V, ) were
shown to be just as powerful as, if not more accurate than, the
non-dimensional models in Ref. 18. As these parameters are
significantly simpler to implement during the flight test, they
were the primary focus. The metrics investigated here are the
same used in Ref. 18, namely:

e overall sound pressure level (OASPL)

e A-weighted overall sound pressure level (OASPLA)

e blade-vortex interaction sound pressure level (BVISPL)
e perceived noise level (PNL)

e tone-corrected perceived noise level (PNLT).

o cffective perceived noise level (EPNL)

e sound exposure level (SEL)

BVISPL was defined as a frequency integration from 200 Hz
to 800 Hz, while OASPL was limited to frequencies from 20

Table 2: Flight condition names, prescribed flight conditions,
and number of measured runs at that condition.

Condition Code TAS FPA  Runs
[kts] [°]
Cl1 75 3 5
C2 60 2 5
C3 95 2 5
C4 75 125 5
L1 40 0 4
L2 60 0 5
L3 75 0 5
L4 90 0 9
L5 110 O 4
D1 80 -1.5 3
D2 40 -3 5
D3 60 -3 5
D4 75 -3 5
D5 90 -3 5
D6 110 -3 5
D7 65 -4.5 3
D8 40 -6 3
D9 60 -6 5
D10 75 -6 5
D11 90 -6 5
D12 75 -725 5
D13 60 -8 5
D14 95 -8 6
D15 40 -9 3
D16 75 -9 3

Hz to 11 kHz. The remaining metrics are defined in their tra-
ditional sense.

The RSMs using Eq. | are built unique for each metric (6)
and each microphone (79). During the flight test this was
done in a unique manner for only one half-second spectrum,
while the vehicle crossed the center of the microphone array.
The crossover point was determined not through GPS track-
ing data, as those were not available until after the test was
complete, but by using the time when the center microphone
recorded its maximum sound pressure level. This method
was verified to be within one-half of a second of the actual
crossover time using the experiment from Ref. 18 and so was
deemed sufficiently accurate. Verification post-test showed on
average this assumption was accurate within one-quarter of a
second for the current experiment. Each metric from each
microphone was investigated without correcting for spherical
spreading as well as correcting for spherical spreading to the
assumed crossover altitude for each run. Thus, the response
surface models were based on a ground plane of data, and an
approximate hemisphere of data, respectively.

The RSMs were built using normalized TAS and FPA as well
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as dimensional quantities. Normalization of the variables can
be used to reduce the influence of one variable over the other
if a small range is used for one variable. Normalization was
done each day, such that the minimum value prescribed for
that day was set to 0, and maximum value was set to 1 and
internal numbers were linearly mapped accordingly. Fortu-
nately, the normalized variables resulted in identical results
as the dimensional variables, and so only dimensional results
will be used here.

The RSMs were built using an identity link function assum-
ing a normal distribution of the metrics, as well as assuming a
gamma distribution of the metrics. Ref. 18 showed that a nor-
mally distributed metric assumption was accurate within ap-
proximately 1.5 dB, while subsequent research that was pre-
sented at the conference showed that the gamma distribution
resulted in an accuracy within 0.015 dB. For the majority of
the analysis in this paper, dimensional predictor variables are
used with an assumption of a gamma distribution in the re-
sponse variables.

FLIGHT TEST APPLICATION

The flight test conditions were defined and the groundwork
for building of the response surface models was in place prior
to the start of the flight test. This meant that as soon as the
first day of flight testing was accomplished, the RSMs were
built and interrogated to begin defining new test conditions for
subsequent days. The first day of testing for the conventional
MD530F measured the conditions found in Table 3. Here, it
should be noted that ‘L6’ and ‘H1’ (a hover condition) were
added to assist in analysis with the phased array experiment
documented in Ref. 1. The ‘H1’ case was not used in this
present work.

During the flight test, the RSMs were built using all data that
were available at the end of the day. There was insufficient
time to evaluate one DOE design over another and still exe-
cute an optimization technique to determine extra data points
necessary to measure on the following flight test day. Thus,
79 RSMs were built — one for each microphone — using the
overflight data from the runs captured in Table 3, with the ex-
ception of ‘H1’ condition.

RSMs were built from the metric data collected from each
microphone during the overpass, as well as by averaging met-
ric data across the repeated flights of the same condition.
Presently, investigation of only the averaged conditions will
be discussed.

Several microphones were chosen for investigation of their
response surface models. Figure 8 shows the OASPL metric
modeled for microphone 13, which was ahead of the vehi-
cle and slightly below the horizon plane. The RSM shows,
in this direction, for a non-distance corrected signal, that the
maximum noise is radiated at steep descent angles and very
high speeds. Minimum noise for this directivity is located
near level flight at very low speeds.

Table 3: Flight conditions measured during the first day of
conventional MD530F testing.

Condition Code TAS FPA  Runs
[kts] [°]
Cl1 75 3 3
C2 60 2 3
C3 95 2 3
C4 75 125 3
L6 20 0 3
L1 40 0 3
L2 60 0 3
L3 75 0 3
L4 90 0 4
L5 110 O 3
D1 80 -2 3
D2 40 -3 3
D3 60 -3 3
D4 75 -3 3
D5 90 -3 3
D6 110 -3 3
D7 65 -4 3
D8 40 -6 3
D9 60 -6 3
D10 75 -6 3
D11 90 -6 3
D12 75 =725 3
D13 60 -8 3
D14 95 -8 4
D15 40 -9 3
D16 75 -9 3
H1 0 0 1

The magnitude of the gradient of the RSM shown in Fig. 8 is
provided in Fig. 9. From this figure, it appears that the highest
rates of change relative to each axis are at the edges of the in-
terrogation window (lowest and highest possible speeds) and
could have been predicted from the quadratic assumption of
the generalized linear model (Eq. 1). The use of the gradient
method must be employed in the future with a higher order
response model where gradients would provide more useful
information.

Similar data can be found in Figure 10, which provides the
BVISPL and the gradient of BVISPL from microphone 13.
Here it is reinforced that peak BVI occurs for this vehicle
in shallow descents and slow speed flights, while the high-
est rates of change occur near the edges of the interrogation
window at the extremes in flight path angles.

This process of fitting RSMs and evaluating the gradient was
automated for all microphones and all metrics. The maxi-
mum value of the RSM and the maximum value of the gra-
dient of the RSM was identified for all runs in Table 3. This
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Figure 8: RSM using a generalized linear model with gamma
distribution for a microphone ahead of the vehicle (micro-
phone 13) and OASPL metric.
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Figure 9: The magnitude of the gradient of the RSM from
Fig. 8.

resulted in multiple figures, such as Figure 11, which shows
the flight condition resulting in maximum BVISPL predicted
for each of the 79 microphones. Not all microphones ex-
perience strong BVI, and so predictions from some of these
microphones will not yield useful information. In a holistic
sense, however, this figure makes it clear that the -3 degree
descent conditions are primary drivers of BVISPL above 60
knots, with slower speeds requiring higher descent angles. It
should be noted that the range of frequencies investigated for
BVISPL includes significant tail rotor contributions, and so
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Figure 10: RSM using a generalized linear model with gamma
distribution for a microphone ahead of the vehicle and (a)
BVISPL metric and (b) gradient thereof.

the tail rotor may be contributing to this conclusion.

Figure 12 shows the location of maximum derivative of the
BVISPL RSM, based on a gamma distribution of the response
variable. It is clear that the maxima are stacked near the ex-
tremes of the interrogation window and are likely not pro-
viding significant useful information, but it does suggest low
speed climbs and descents are of potential interest. However,
Figure 13, shows the location of maximum derivative of the
BVISPL RSM, based on a gamma distribution of the response
variable and non-dimensionalized predictor variables. Here,
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Figure 11: Maximum BVISPL predicted by the RSM for each
microphone, trained on all data from Table 3, assuming a
gamma distribution of the response variable.
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Figure 12: Maximum BVISPL gradient of each RSM for each
microphone, trained on all data from Table 3, assuming a
gamma distribution of the response variable.

steep descents at slow and high speeds are potential locations
of interest, but again these are at the edge of the interrogation
window and are potentially a numerical fitting issue.

Combining all microphones and all metrics into a single im-
age results in Figure 14. The contour level is from BVISPL
metric for the center microphone (microphone 79), while the
markers indicate locations of maximum value or gradient of
the RSM, for each microphone, from every metric of interest.
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Figure 13: Maximum BVISPL gradient of each RSM for
each microphone, trained on all data from Table 3, assum-
ing a gamma distribution of the response variable and non-
dimensionalized predictor variables.
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Figure 14: Contour shows BVISPL for the center microphone,
while each circle represents a maximum value of a RSM for
each microphone and each metric. Diamonds represent the
maximum gradient of the RSM for each microphone and each
metric, all assuming a gamma distribution of the response
variable.

Overall takeaways are that the -3 degree descent conditions
are of primary interest for maximum metric values, while
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slow speed and high speed conditions may be important for
both maximum values and maximum gradients. Using non-
dimensionalized predictor variables results in a largely similar
distribution, shown in Figure 15. The non-dimensionalized
predictor variables do show some preference for collecting
—12 degree descent conditions for multiple flight speeds.
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Figure 15: Contour shows BVISPL for the center microphone,
while each circle represents a maximum value of a RSM for
each microphone and each metric. Diamonds represent the
maximum gradient of the RSM for each microphone and each
metric, all assuming a gamma distribution of the response
variable and non-dimensionalized predictor variables.

All of the previous data can be evaluated against the planned
test points and used to suggest new test points worth investi-
gating. A secondary data set also exists alongside this experi-
ment, which provided slightly different results. Those results,
not shown here, contributed to the identification of new test
conditions as well. The new test conditions, which are unique
and far enough away from pre-planned test conditions, are
provided in Table 4. A second day of data was collected, in
which these conditions were flown multiple times along with
some of the originally planned flight conditions. The second
day of testing measured the conditions found in Table 5.

ANALYSIS OF DESIGN OF EXPERIMENT
APPROACHES

At this stage, a DOE method was developed for flight test-
ing through the use of standard approaches. Analysis of the
acquired data set was made using generalized linear model-
ing with non-dimensional and dimensionalized predictor vari-

Table 4: Flight conditions developed during the flight test, us-
ing the RSM values and gradients previously described. The
final column indicates that the point was developed based on
the RSM models for maximum (M) metric and derivative (D)
of the metric.

Condition Code TAS FPA Reason
[kts]  [°]

C5 40 3 D
Co6 60 3 D
C7 95 3 D
C8 40 5 D
C9 60 5 D
C10 75 5 M
Cl1 90 5 M
D18 40 -12 D
D19 60 -12 M
D20 75 -12 D/M

ables, and six acoustic metrics as response variables. The
RSMs were then evaluated for their maximum values and
maximum gradients, and new test points were created and
subsequently tested. Further evaluation is necessary to de-
termine the value in the original DOE designs, as all acquired
data were used so far to train the RSMs.

Optimization with DOE

The evaluation of the DOE designs will begin with the previ-
ously described development of new test conditions, this time
repeated using only the test conditions from each DOE de-
sign. The intent here is to determine if the above designs were
implemented, what would the impact be on providing new test
conditions.

Figure 16 provides a similar approach as Figure 14, but this
time created using only the FCCD design. Several distinct
differences appear in this image, as compared to Figure 14.
First, the identification of maxima values for RSM and maxi-
mal gradients are dispersed over a larger portion of the figure,
and not grouped in the corners of the domain. Second, the
maximal values would encourage more testing at the -3 de-
gree descents (suggested before but test points already existed
there), and now include test conditions at steeper descent an-
gles for 70 knot flight speeds. This area was covered well
by the overall test design, but could have influenced and im-
proved the test plan if this area wasn’t measured. It is interest-
ing to note that the BVISPL contour is significantly different
for this model then was previously shown in Figure 14. The
errors in the RSM modeling using DOE will be analyzed be-
low.

This analysis is continued using the CCCD design approach,
as shown in Figure 17, and the Hexagonal design approach
in Figure 18. The CCCD approach BVISPL contour for mi-
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Table 5: Flight conditions measured during the second day of
conventional MD530F testing.

Condition Code TAS FPA  Runs
[kts] [°]
Cl 75 3.0 2
C2 60 2.0 2
C3 95 2.0 2
C4 75 125 2
C5 40 3.0 3
Co6 60 3.0 3
C7 95 3.0 3
C8 40 5.0 3
C9 60 5.0 3
C10 75 5.0 3
Cl1 90 5.0 3
L1 40 0.0 1
L2 60 0.0 2
L3 75 0.0 2
L4 90 0.0 5
L5 110 0.0 1
D2 40 -3.0 2
D3 60 -3.0 2
D4 75 -3.0 2
D5 90 -3.0 2
D6 110 -3.0 2
D9 60 -6.0 2
D10 75 -6.0 2
D11 90 -6.0 2
D12 75 =725 2
D13 60 -8.0 2
D14 95 -8.0 2
D17 75 -10.5 5
D18 40 -12.0 3
D19 60 -120 3
D20 75 -120 4

crophone 79 agrees better with the full data set RSM con-
tour, and provides some unique test conditions as suggested
by the maximal values. For the CCCD design, -6 degree slow
speed conditions become important to measure for the max-
imal value analysis, while the gradient method suggests low
speed conditions are of particular importance.

The hexagonal approach, shown in Figure 18, provides a con-
tour map similar to that seen in Figure 16, although with less
steep vertical gradients. Again, the -3 degree descent condi-
tion is called out as a particular need for additional testing, as
well as some steeper descents around -6 degrees at around 40,
75, 85, and 100 knots.

Overall, the method for fitting RSMs to flight test data and
investigating the maximum value and maximum gradient has
been shown valuable in identifying new potential test condi-

O DOE Max Value
¢ DOE Max Derivative
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Figure 16: Contour shows BVISPL for the center microphone,
while each circle represents a maximum value of a RSM for
each microphone and each metric as developed by the FCCD
DOE approach. FCCD conditions shown in squares. Dia-
monds represent the maximum gradient of the RSM for each
microphone and each metric, all assuming a gamma distribu-
tion of the response variable.

tions to investigate. It is clear that the maximum value method
results in more obvious flight test conditions, with the gradient
method tending to prefer locations on the edge of the interro-
gation window. Further analysis should be done to determine
other viable methods for determining new test points ‘on-the-
fly’, such as training a semi-empirical model and identifying
areas where high errors are expected with the model (Ref. 19).

RSM Errors with DOE

A principle element of the DOE process has yet to be investi-
gated. That is, the ability for the RSMs to accurately predict
locations of interest outside of the test envelope (extrapola-
tion) as well as within the test envelope (interpolation). In
order to conduct the analysis, RSMs are made using each ex-
perimental design. The models were then evaluated at the in-
terpolation points and ‘OFAT’ points previously identified in
Figure 7. The ‘OFAT’ conditions are extrapolation points for
each of the three designs, and so provides an excellent chance
to evaluate the RSM predictions.

As each of the interpolation and extrapolation points were
measured, then the error can be determined as the difference
between the measured response and predicted value for each
metric at every microphone location. Figure 19 is a Lambert
projection of the error predicted at each microphone location
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Figure 17: Contour shows BVISPL for the center microphone,
while each circle represents a maximum value of a RSM for
each microphone and each metric as developed by the CCCD
DOE approach. CCCD conditions shown in squares. Dia-
monds represent the maximum gradient of the RSM for each
microphone and each metric, all assuming a gamma distribu-
tion of the response variable.

for the OASPL metric using FCCD RSMs. From this figure,
it is obvious that the errors in the RSM peak beneath the ro-
tor and near the horizon plane and rear of the vehicle for the
OASPL metric.

Similar figures can be produced, such as Figure 20, which
shows the error distribution for OASPL from the CCCD de-
sign for an extrapolation condition ‘D16’. Here, primary er-
rors occur forward and slightly below the rotor suggesting that
the RSMs do not adequately predict the BVI related noise as
that is the primary radiation direction for BVI.

Figures such as these have been produced for all metrics, for
each DOE approach and can continue to be qualitatively an-
alyzed. However, a more robust statistical analysis has been
conducted to quantify errors associated with DOE. Each of
the errors for each microphone can be captured in a single
box plot, as shown in Figure 21. These are standard box plots,
where the red lines indicate median values, with the box rang-
ing from 25th to 75th percentiles, and the whiskers extend to a
maximum of 1.5 times the interquartile range. ‘plus’ symbols
represent outliers, while the solid black line differentiates be-
tween interpolation and extrapolation points. Figure 21 is a bit
of a misnomer as the ‘interpolated’ and ‘extrapolated’ points
were used in the building of the RSM’s. Instead, this figure
acts as the anchor to compare the following images to. This is
the ‘ideal’ condition, where the RSM’s have performed to the
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Figure 18: Contour shows BVISPL for the center microphone,
while each circle represents a maximum value of a RSM for
each microphone and each metric as developed by the Hexag-
onal DOE approach. Hexagonal conditions shown in squares.
Diamonds represent the maximum gradient of the RSM for
each microphone and each metric, all assuming a gamma dis-
tribution of the response variable.

Error [dB]

Qo

Co

Figure 19: Lambert projection of the error predicted by the
FCCD RSMs for the OASPL metric at interpolation condition
‘D1,

best of their ability as they are trained on the data set in ques-
tion. It is useful to note that the median errors for all points in
Figure 21 are within 1.5 dB, which is well within the expec-
tation for repeated flight conditions. Overall this shows that
the RSMs, when built on the data they are trying to predict,
do an excellent job of recreating those data. This analysis
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Error [dB]

Figure 20: Lambert projection of the error predicted by the

CCCD RSMs for the OASPL metric at extrapolation condi-
tion ‘D16’.

21

18

IS5

12 ¢

9 -

Error [dB]

Q\ Q(\ Q\ \)\

Condition

NS PRI

Figure 21: Box plot of RSM OASPL prediction errors for the
complete design for interpolated conditions (‘D1’ and ‘D7’),
as well as extrapolation conditions (‘C1°, ‘L1’, ‘L5’, ‘D&,
‘D15’, and ‘D16’).

does have the drawback of losing directionality information
that was available in the Lambert error projections.

Figure 22 shows the OASPL prediction error distribution for
FCCD design for both interpolated and extrapolated condi-
tions. It is clear that the RSM for OASPL produces signifi-
cantly lower median errors and a smaller distribution of errors
for points located interior to the test conditions (interpolation).
However, while the extrapolation points have higher distribu-
tion of errors, their median error is still quite small within 3 dB
of the actual value. The same analysis can be done for other
metrics, such as BVISPL (Figure 23) and SEL (Figure 24).
The BVISPL analysis shows increased spread across the con-
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Figure 22: Box plot of RSM OASPL prediction errors for

the FCCD design for interpolated conditions (‘D1° and ‘D7),

as well as extrapolation conditions (‘C1’, ‘L1’, ‘LS’, ‘D§’,
‘D15, and ‘D16’).
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Figure 23: Box plot of RSM BVISPL prediction errors for

the FCCD design for interpolated conditions (‘D1° and ‘D7),

as well as extrapolation conditions (‘C1°, ‘L1’, ‘L5’, ‘D&,
‘D15’, and ‘D16’).

ditions, but the median errors stay within (or very close) to
3 dB from truth data. The SEL condition, however, shows
significantly smaller errors, with the exception of the climb
prediction condition (‘C1’). This is to be expected as sound
exposure level is an integrated quantity that is less sensitive to
dynamic variations in vehicle state, compared to BVISPL.

The CCCD condition can be similarly investigated, and is
shown in Figures 25 and 26. Examination of Fig. 25 com-
pared to Fig. 22 shows similar levels of OASPL prediction for
interpolation and extrapolation points. The CCCD design, in
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Figure 24: Box plot of RSM SEL prediction errors for the

FCCD design for interpolated conditions (‘D1’ and ‘D7),

as well as extrapolation conditions (‘C1’, ‘L1’, ‘LS’, ‘D§’,
‘D15’, and ‘D16’).
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Figure 25: Box plots of OASPL prediction errors for the

CCCD design for interpolated conditions (‘D1° and ‘D7),

as well as extrapolation conditions (‘C1°, ‘L1’, ‘L5’, ‘D&,
‘D15’, and ‘D16’).

general, represents a lower spread of error levels with the ex-
ception of ‘D15’ extrapolation condition. However, the FCCD
design in general has lower median errors across all micro-
phones for OASPL predictions.

Sound exposure level for the CCCD design was also provided
in Figure 26. Comparing to Figure 24, it can be seen that the
CCCD has a higher spread in extrapolation errors, with the ex-
ception of condition ‘C1’. Predicting ‘C1’ better is expected
for the CCCD design as climb conditions are represented in
the design, while FCCD conditions do not include climb con-
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Figure 26: Box plots of SEL prediction errors for the CCCD
design for interpolated conditions (‘D1’ and ‘D7’), as well as
extrapolation conditions (‘C1°, ‘L1’, ‘L5’, ‘D8’, ‘D15’, and
‘D16°).

ditions. The interpolation conditions yielded similar error dis-
tributions.

Finally, the Hexagonal DOE design can be analyzed in Fig-
ures 27-29. The OASPL RSMs for the Hexagonal design

21
18 1
151
12 |
9.

Error [dB]
= {1 +
—{I -
+—[TH
—[TF -~

S Q’\ OO0 ch Q\‘;Q\‘o
Condition

Figure 27: Box plots of OASPL prediction errors for the

Hexagonal design for interpolated conditions (‘D1 and ‘D7’),

as well as extrapolation conditions (‘C1’, ‘L1’, ‘LS’, ‘D§’,
‘D15, and ‘D16’).

(Fig. 27) shows a significantly lower spread and median er-
rors than either of the FCCD (Fig. 22) or CCCD (Fig. 25)
designs for the same metric in both interpolation and extrapo-
lation conditions. The errors for the Hexagonal design are in
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Figure 28: Box plots of BVISPL prediction errors for the

Hexagonal design for interpolated conditions (‘D1 and ‘D7’),

as well as extrapolation conditions (‘C1°, ‘L1°, ‘L5’, ‘D§’,
‘D15’, and ‘D16’).
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Figure 29: Box plots of PNLT prediction errors for the

Hexagonal design for interpolated conditions (‘D1 and ‘D7’),

as well as extrapolation conditions (‘C1°, ‘L1’, ‘L5’, ‘D§’,
‘D15’, and ‘D16’).

line with some of the best errors expected from Fig. 21, and
this is likely because the Hexagonal design spans a signifi-
cantly larger portion of the flight envelope than the FCCD or
CCCD designs.

The Hexagonal design did not adequately perform with the
interpolation condition ‘D1’ for the BVISPL metric (seen in
Fig. 28), but overall performed excellently across all condi-
tions. Also provided was the PNLT prediction for this con-
dition, which shows small median errors and small spread of
errors across all conditions and microphones.

CONCLUSIONS

A comprehensive acoustics research flight test was described,
in which a design of experiments approach was undertaken
to design the initial test conditions. Three unique approaches
were considered for the two flight test parameters available
(flight path angle and flight speed). A face centered central
composite design, a circumscribed central composite design,
and a hexagonal design were all employed. A fourth design
was used, based on traditional one-factor-at-a-time, to com-
plete the entire flight envelope.

A response surface methodology was used to fit the measured
data. Each of the 79 available microphones was modeled us-
ing a quadratic generalized linear model assuming a gamma
distribution of the response variables with respect to the pre-
dictor variables (flight path angle and flight speed). These
models were built for each of the six acoustic metrics of inter-
est (OASPL, OASPLA, BVISPL, PNL, PNLT, and EPNL).

The RSMs were first built using all available data at the end of
the first day of testing. The RSMs were investigated for their
maximum predicted value as well as their maximum gradient
value. This was to highlight areas of interest where signifi-
cant acoustic phenomena might be occurring and worth fur-
ther investigation. From this analysis, 10 new test conditions
were designed and measured on a subsequent day. It was
highlighted that refinement of the gradient method is neces-
sary through the use of a higher order model, as the assumed
quadratic model used here always results in gradient maxima
near the boundaries of the interrogation window.

Post-test analysis was conducted to investigate the effective-
ness of the individual DOE designs and to determine if the
above identification of new test conditions would have worked
for the smaller DOE designs. It was demonstrated that the
designs could have yielded new test conditions, and that the
Hexagonal approach (which covered more of the flight enve-
lope) produced fewer new test conditions interior to the design
envelope.

The RSMs of the DOE designs were then investigated for
their error distributions compared to interpolation conditions
as well as extrapolation conditions. Overall the Hexagonal
design condition appeared to provide the lowest error distri-
bution, and this is again likely because it spanned a larger
portion of the test envelope and so had a larger span of data
to train upon. Of the two central composite designs, the cir-
cumscribed design provided slightly lower errors and was ex-
pected because this design has improved fitting characteristics
with its flight conditions not perfectly symmetrical allowing
for greater analysis of covariates.

This experiment pioneered the use of design of experiments
for rotorcraft acoustic flight testing. It sets up the basis for
developing such approaches for future vehicles, such as the
urban air mobility community. However, this is neither the
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best nor only approach to design of experiments for field test-
ing. One particularly powerful method, not employed here,
is to dynamically update a prediction model during testing.
If a semi-empirical model is built prior to the test, then the
errors of such model can be minimized through strategically
designing test conditions around locations of maximal error
(Ref. 19). This method is particularly powerful, but requires
substantially more understanding of the vehicle prior to the
flight test, and substantially more computational power than
was available in the current methods. The approach taken here
is a reasonable first step when the vehicle design or response
is unknown prior to testing.
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