AG8S 073  WYLE LABS EL SEGUNDO CALIF F/6 20/1
CORRECTION PROCEDURES FOR AIRCRAFT NOISE DATA. VOLUME IV, TONE ==ETCIL)
FEB B0 D N MAY: E E WATSON Y-FA-'IBHA-”IQS
UNCLASSIFIED WR=79=9=VOL-% FAA/EE=80=1~VOL~4




Report Ne: FAA-EE-80-1, Vel. IV

. y
CORRECTION PROCEDURES
FOR AIRCRAFT NOISE DATA
VOLUME IV: TONE PERCEPTION

D.N. May and E.E. Watson

Wyle Laboratories
128 Maryland St.
£l Segundo, CA 90245

ADA083075

o "4%
o
\ﬁ ¢
; %
.

DTIC

- ELECTE
T 1980
B FEBRUARY 1860 gf«?“ 14

FINAL REPORT A

Document is available to the U.S. public through
The National Technical Information Service,
Springfield, Virginia 22161

Prepared for

- »
- eer———

DDC FiLE COPY,

U.S. DEPARTMENT OF TRANSPORTATION
Federal Aviation Administration

Office of Environment and Energy
Washington, D.C. 20591

R0 4 14 021,




1

The contents of this report reflect the views of Wyle Laboratories
which is responsible for the facts and the accuracy of the data
presented herein. The contents do not necessarily reflect the
official views or policy of the Department of Transportation. This
report does not constitute a standard, specification or regulation.

e ARG er YR, Y rsriy e st Mo it e e — E—— J




I 1. Report No. / 2. Govermnment Accession No. 3. Recipiont’s Cotelog
‘ FAAfEE}80-1,-Vol. IV
“ . Ii'h end Subtitle ] Raspar e ey
; Correction Procedures for Aircraft Noise Data, \//J/ A j—‘EZ Few980 1
. vol. IVp Tone Perceptiong . S “’f; = 6. Performing Orgenization Code
f S -‘\) . ) 8. Performi No.
{ o T
l . yond E. E./Wafson ] (j V Wkﬁjzr}:/_g!‘f,ﬁ}/
- 9. Perferming Orgenizetion . ress 110, Work Unit No. (TR
k| Wyle c:bo:al:or'iesu"n o Add y " Ne- (TRAIS)
- Wyle Research ~ ront Noy
! 128 Maryland St. L DOLFA-78WA-4143}:
b El Sggundo, Colifomia 90245 13. Type of Report end Period Covered
' 12. Sponsoring Agency Neme ond Address y .
' U. S. Department of Transportation <;/ }Finol Corl g
: Federal Aviation Administration ~ 4
Office of Environment and Energy 14 Sponsoring Agency Code
, Washington, D, C. 20591 '
0 1S. Supplementary Notes
18. Abatroct
g

The existing fone correction procedure in the Effective Perceived Noise Level (EPNL) calculation
procedure required for aircraft certification under Part 36 of the Federal Aviation Regulations was

compared with other tone correction procedures, including the SAE Aerospace Recommended Practice
- 107) and o multitope procedure due to Kryter and Pearsons. Different amounts of tone correction
(tlevel-weightings”) and varying degrees of tone correction at different times in the flyover @time-

i weightings") were also explored. Also studied was o measure of spectral fluctuation, developed by NASA

. ond known as "s"pectral change:* The research was limited to considering revisions within the framework
= of one-third octave, 0.5 second interval analysis, since such revisions can be quite eosily implemented.
0 The various tone correction noise metrics were tested against subjective judgments furnished by NASA of ;
AT the noise from a range of propjet, turbojet, low and high bypass ratio turbofan, and supersonic commercial

aircroft. |t was found that a revision based on *spectral change™ could, after further development, be
meons to improve the accurocy of the EPNL metric. However, the success of the various other potential
revisions depended on the characteristics of the data base tested. It was shown that research into
improved metrics shculd be based on experimental plans which account for the correlations omong the
noise variables and the presence of any interactions,; While the prospects for developing improved tone
correction procedures are quite good, no change from the FAR Part 36 procedure was indicated without
further researchw= A separate, psychoacoustical pilot experiment was also performed into the effects of
pseudofones on judged noisiness. (Pseudotones are low frequency tones introduced into a measured

spectrum by ground reflections near the microphone.)mjects compared pairs of flyover sounds in which

one sound measured at 1.2 m microphone height hod a_s seudotone, and the other sound from the
» sane flyover (measured at 10 m height) had few or no pseudotones yThey were not able, in any consistent
manner, 1o detect a change in noisiness due to the pseudotones. This preliminary study therefore
indicated no reason to change the FAR Part 36 procedure due to the subjective effects of pswdotgnes. —

e o~ rﬁ.;
17. Koy Words 18. Distribution Statement
Noise Certification
Acoustics Correction Procedures Unlimited
| Aircraft Pseudotones
i Tones Aviation Regulations
19. Seeurity Clessif. (of this repert) 20. Security Classif. (of this page) 21 Ne. of Poges | 22, Price
, Unclassified Unclassified 73 |
Ferm DOT F 1700.7 8-72) Repreduction of completed page sutherized

SeX 450
— | A+




. ) | J— PO P
e g e D il e

i sseti vy e Y iy
, iy | e
s Hat I I zti,zs i ,g;ij
: ] | A
- % g §' 33223 § Irax Y Mo gr 3383, & _5:: ‘::3:
- . 3 ) g | T
RIS P ST
I 11111 il ag 1
<3 | | ?{?3
' 2 ?: E8cas Bl of. T e
3i;. é iMmLMldJmhmmmdmLMLJJMwLML&iMJMML&AMMLML&AMMMMLML&JMMmhj
1-} % 'qurp'Tp]wrrr1T[qurp1Tr1wTrP1T[WWTPN1Trq1TP11TrﬂﬂTrﬂ‘Tr1 |
- §. ' ' ' ‘ ' ‘ ’ ' Lo
\; : i 588  Twlds -2 TTT--- %%

Find
contiosters
contimaters

P |
3 3 '
f 5 g ‘ : ;
g § S 2532 53' :ilzaz 2e3 g --:35533'5% éla

- S {2 H i !ig

. 2 IT (T i ”mi%ﬂ |

Whes Veu Noow

W8 756 wascuy). FOr 9PN puiCT COMWErSOnS Snd MOre OO led tabias. 80w NES Abec. Aubi. 288,

-y
Ut of Besghvn s Messwes, Price $2.28, SO Comieg Re. C13.}

Y R ¥ ] se l!:-:.l’&\ »

. Symbed
-




e e wmn - - — e — =

ABSTRACT

The existing tone correction procedure in the Effective Perceived Noise
Level (EPNL) calculation procedure required for aircraft certification under Part
36 of the Federal Aviation Regulations was compared with other tone correction

A i procedures, including the SAE Aerospace Recommended Practice 1071 and a
- multitone procedure due to Kryter and Pearsons. Different amounts of tone

correction ("level-weightings") and varying degrees of tone correction at different

,.
— e

times in the flyover ("time-weightings") were also explored. Also studied was a

measure of spectral fluctuation, developed by NASA and known as "spectral
change." The research was limited to considering revisions within the framework
; of one-third octave, 0.5 second interval analysis, since such revisions can be quite
] ) ’ easily implemented. The various tone correction noise metrics were tested against
“ : subjective judgments furnished by NASA of the noise from a range of propjet,
| turbojet, low and high bypass ratio turbofan, and supersonic commercial aircraft.
It was found that a revision based on "spectral change" could, after further
! development, be a means to improve the accuracy of the EPNL metric. However,
the success of the various other potential revisions depended on the characteristics

L, of the data base tested. It was shown that research into improved metrics should

i be based on experimental plans which account for the correlations among the noise
variables and the presence of any interactions. While the prospects for developing
" improved tone correction procedures are quite good, no change from the FAR Part

- . 36 procedure was indicated without further research,

A separate, psychoacoustical pilot experiment was also performed into the
effects of pseudotones on judged noisiness. (Pseudotones are low frequency tones
introduced into a measured spectrum by ground reflections near the microphone.)
Subjects compared pairs of flyover sounds in which one sound measured at 1.2 m
microphone height had a strong pseudotone, and the other sound from the same
flyover (measured at 10 m height) had few or no pseudotones. They were not able,
in any consistent manner, to detect a change in noisiness due to the pseudotones.
This preliminary study therefore indicated no reason to change the FAR Part 36
procedure due to the subjective effects of pseudotones.
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1.0 INTRODUCTION

The FAA's aircraft noise certification requirements described in FAR Part
36I are based upon the Effective Perceived Noise Level (EPNL) metric which
contains a tone correction. The purpose of the tone correction is to make the
metric account for the noisiness of pure tone components imbedded in the noise
that are not adequately described by the primary building block in the calculation
procedure: the Perceived Noise Level (PNL) term. The tone correction procedure
is necessary because PNL was derived from experiments in which subjects judged
the noisiness of bands of white noise,2 in comparison with which tonal sounds (of
the same SPL) have been judged to be more noisy.3

The tone correction procedure in FAR Part 36 took effect in 1969 and was
based on experience mainly with subsonic turbojet and low bypass ratio turbofan
airplanes. Since then, wide body airplanes with high bypass ratio turbofan engines
have entered more widespread service, and the Concorde SST has introduced the
very large, afterburning turbojet to certain airports. Many of the pure turbojet
airplanes have also been retired. This changing tonal quality of the airport noise
environment has dictated this reassessment of the FAR Part 36 tone correction
procedure to ensure that it reflects the noisiness of the present day airplane fleet,
both in community response and for aircraft certification.

Reassessment of the tone correction procedure in FAR Part 36 is also
opportune for three further reasons.

First, the Society of Automotive Engineers published a recommended prac-

tice for computing the tone correctionl'

which differs slightly from that used in
FAR Part 36: there has been a continuing debate as to which of these methods is
better and, indeed, whether an alternative procedure due to Kryter and PeqrsonsS
may be superior to both. The Kryter-Pearsons procedure differs from the others in
that it can correct for more than one tone in the spectrum (i.e., for the so-called
multitones found in some turbofan spectra). The three procedures are described in
detail later in this report.

Secondly, the comparative assessment of these tone correction procedures
affords an opportunity to consider options to change them in other ways, for
example by time-weighting the tone corrections through the flyover to refiect any
changes in noisiness that depend on whether an aircraft is approaching an observer,
is overhead, or is receding.




..

The third reason for reassessing the tone correction calculation derives from
recognition of the presence of pseudotones in certain aircraft noise spectra.
Pseudotones are not pure tones in the direct sound wave, but rather are manifested
by peaks in the measured one-third octave band noise spectrum that are the resulit
of interference between the direct wave and the ground-reflected chve.6 These
peaks, though they may not be pronounced or perceived as tones, can result in tone
corrections in the EPNL calculation. There is therefore concern as to whether
they exert an influence on measured EPNL values unjustified by their actual

subjective effect,

*
This report, therefore, describes work to reassess tone correction proce-
dures in order to determine whether:

o The FAR Part 36 tone correction should be replaced by another
procedure such as one in which multitones in the aircraft noise
spectrum are considered, and/or one in which the tone correction is
weighted according to when it occurs in the flyover. This work is
described in Section 2.

o The presence of pseudotones is judged by people as important enough to

warrant changes to the procedure. This work is described in Section 3.

Note that throughout this report, the word "tone" has been used as an
abbreviation of the term "pure tone" (thus "tone correction,” not "pure tone
correction"), and that "multitone" has been considered synonymous with "complex
tone." Pure tones and complex tones are defined in ANSI $3.20-1973 ("Psycho-
acoustical Terminology") as follows:

"Pure Tone:

(1) A pure tone is a sourd wave, the instantaneous sound pressure of which

is a simple sinusoidal function of the time.

(2) A pure tone is a sound sensation characterized by its singleness of
pitch.

Note: Whether or not a subject hears a tone as pure or complex is dependent

upon ability, experience, and listening attitude."

*
Dr. Robert Rackl made a major contribution to this work by computing the values

of most of the aircraft noise metrics under study here.
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"Complex Tone:

(I) A complex tone is a sound wave containing simple sinusoidal compo-
nents of different frequencies.

(2) A complex tone is a sound sensation characferized by more than one
pitch.”




2.0 TONE CORRECTION PROCEDURES ANALYSIS

2.1 Available Procedures

Available tone correction procedures are:
o  FARPart 36,

o SAE ARP 1071,% and

o Kry’rer-Peqrsons.5

In Sections 2.1.1, 2.1.2 and 2.1.3, each of these procedures is described in
turn, and the same example sound spectrum is used to calculate the tone-corrected
Perceived Noise Level (PNLT) for each method, in order to highlight their
differences. The calculation procedure to reach Effective Perceived Noise Level
(EPNL) is also indicated to show how the tone correction influences the "final

product."
2.1.1 FAR Part 36

The FAR Part 36 tone correction procedure, which has been adopted by
ICAO,7 is sometimes referred to as "the {0 step method.” [t is described in
paragraph B36.5 of FAR Part 36' as a "correction for spectral irregularities.” Ten
steps are performed to detect and correct for tones in the one-third octave bands
from 80 Hz to 10 kHz, as follows:

Step |. Starting with the sound pressure level (SPL) in the 80 Hz one-third
octave band (band number 3), calculate the changes in sound pressure level

(or "slopes") in the remainder of the one-third octave bands as follows:
s (3,k) = no value

s (4,k) = SPL (4,k) - SPL (3,k)

s (iyk) = SPL (i)l - SPL [ (i-1),k]

s (24,k) = SPL (24,k) - SPL (23,k),

s —— A i e R . —
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where k is a time index designating the 0.5 second* intervals of the flyover,

and i is @ one-third octave band number in the range 3 to 24, as allocated
above. (The calculation therefore operates on a range of frequencies
through the one-third octave band spectrum at intervals through the flyover

when the Perceived Noise Level is within 10 dB of its maximum value.)

Step 2. Encircle the value of the slope, s (i,k), where the absolute value of
the change in slope is greater than five; that is, where

las o) = s -s [6-0, k][ >3

Step 3.

(a). If the encircled value of the slope s (i,k) is positive and algebraically
greater than the slope s [(i-l), k] , encircle SPL (i,k).

(b). If the encircled value of the slope s (i,k) is zero or negative and the
slope s [(i-l), k] is positive, encircle SPL [(i- 1), k] .

(c). For all other cases, no sound pressure level value is to be encircled.

Step 4. Omit all SPL(i,k) encircled in Step 3 and compute new sound
pressure levels SPL' (i,k) as follows:

(a). For nonencircled sound pressure levels, let the new sound pressure

levels equal the original sound pressure levels,

SPL' (i,k) = SPL (i,k)

(b). For encircled sound pressure levels in bands |-23, let the new sound
pressure level equal the arithmetic average of the preceding and following

sound pressure levels,
SPL' (iyk) = (1/2) [SPL [G-12, ] + sPL [Gien), k]]

(c). If the sound pressure level in the highest frequency band (i = 24) is
encircled, let the new sound pressure level in that band equal

*Under Appendix B, paragraph B36.9(c) of FAR Part 36, the intervals may be less
than 0.5 second, but 0.5 second is an industry practice.

TP W
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SPL' (24,k) = SPL (23,k) + s (23,k).

Step 5. Recompute new slopes s' (i,k), including one for an imaginary 25th
band, as follows:

i s' (3,k) = s' (4,k)
: s' (4,k) = SPL'(4,k) - SPL'(3,k),k

$',k) = SPLYG,K) - SPL' [(i-1),k]

s' (24,k) = SPL' (24,k) - SPL' (23,k)

s'(25,k) = s' (24,k)
X Step 6. For i from 3 to 23, compute the arithmetic average of the three
] “‘ adjacent slopes as follows: '
i 3Gk = (1/3) [S' (i) + s [G+1), ] + 5 [G42) k]]
; Step 7. Compute final adjusted one-third octave band sound pressure levels, id

SPL" (i,k) by beginning with band number 3 and proceeding to band number
24 as follows:

SPL" (3,k) = SPL (3,k)
SPL" (4,k) = SPL" (3,k) + 5 (3,k)

SPL" (i,k) = SPL" [(-1), K] + 5 [(i-1), K]

SPL" (24,k) = SPL" (23,k) + 5 (23,k)

6
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Step 8. Calculate the differences, F (i,k), between the original and the

adjusted sound pressure levels as follows:

F (i,k) = SPL (i,k) - SPL" (i,k)
and note only values greater than zero.

Step 9. For each of the 24 one-third octave bands, determine tone
correction factors from the sound pressure level differences F (i,k) and
Table | or Figure 1.

Step 10. Designate the largest of the tone correction factors, determined in
Step 9, as C (k).

PNL(k) is then calculated in the normal way for each kth interval - see, for
example, Appendix B, paragraph B36.3 of Reference |[.

Tone corrected perceived noise fevels PNLT (k) are determined by adding
the C(k) values to corresponding PNL. (k) values, that is,

PNLT (k) = PNL (k) + C (k).

A narrow band analysis may be done if there is a suspicion that any
irregularity in the spectrum is there as a result of tones from other than aircraft
noise. A revised tone correction factor for that band is to be done if necessary.
Pseudotones that are clearly not identified as related to engine noises are
neglected if below 800 Hz. Once the value of PNLTM (Maximum Tone Corrected
Perceived Noise Level) is calculated, the time intervals around the PNLTM interval
are examined for possible band sharing of the tone by seeing whether the average
of the four tone corrections, two immediately before and two immediately after
the PNLTM interval, exceeds the tone correction at PNLTM. I[f so, this average

tone correction is used to compute a new value for PNLTM.

EPNL is then calculated from

2d
EPNL = 10 Iog[ Z antilog [PNLT(k)/IO]jl - 13,
k=0

where d is the time interval to the nearest [.0 second during which PNLT(k) is
within a specified value (10 dB) of PNLTM.




Tone Correction C, dB

Table |

Tone Correction as a Function of Leve! DifferenceI

(This is a tabular representation of Figure |)

Frequency
f, Hz

0 = f < 500

00 = f < 5000

5000 < f <=10,000

Level
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F, dB

F <20
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Level Difference F, dB

Figure 1. Tone Correction as a Function of Level Difference for the
FAK Port 36 Procedure (from Reference 1)




The main features of the FAR Part 36 tone correction procedure which
distinguish it from the SAE ARP 1071 or the i{ryter-Pearsons procedures are as
follows:

Differs from o It is a |0-step procedure involving the calculation of a

SAE ARP 1071 and

Kryter-Pearsons "smoothed" spectrurn, i.e., the supposed spectrum with-

out tones, prior to a tone correction computation,

Differs from o The tone correction is added to the PNL(k).
Kryter-Pearsons

" o Only the lurgest tone correction in the one-third octave
band spectrum at each 0.5 second interval applies; the

others are disregarded.

" o The value of the tone correction is discontinuous with

frequency (see Table | and Figure n.*

The significance of these features cun be gauged by comparison with the paragraph
corresponding to the above in each of Sections 2.1.2 and 2.1.3 tor the other two

tone corrections.

Example. Foliowing the step-by-step instructions g'ven above, for the example
specfrum+ (occurring at a certain 0.5 sec interval) shown in Table 2, the tone
correction of 2.5 dB is calculated, and this amcunt is added to the PNL(k) of the
spectrum as a whole. This PNL(k) can be calculated by reference to FAR Part 36'
Appendix B, paragraph B36.3, and has the value [12.2 PNdB. The PNLT(k)

therefore equals 114.7 PNdB.

*The discontinuity appears to derive from a 196! paper by Little (Ref. 3) in which he
stressed that the accuracy of his study could no! justify presenting a more
continuous relationship. |t seems surprising that the intervening years have not led
to revision of this relationship. The absence of this discontinuity in the Kryter-
Pearsons procedure as used here may be one of its virtues.

*Note that this example spectrum is the some as that used in Sections 2.1.2 and
2.1.3 to illustrate the SAE ARP 107! and Kryter-Pearsons procedures. |t has been
chosen to dermonstrate the ditferences rather than similarities between these and
the FAR Part 36 methods. The different tone corrections indicated for the FAR
Part 36 and SAE ARP 1071 procedures might alse be reduced for this example
spectrum if a band-sharing carrection were annlierl . sns Santion 2,12,

- 4




Table 2

Calculation Steps for the FAR Part 36 Tone Correction,]
Illustrated by an Example Spectrum

asl SPL', dB SPL'', dB
Step 2 | Step 4 Step 7

Frequency,

Hz SPL, dB

50
63
80
100

-5 @-

160
200

NN e W N

o
S

1 ]
[ —
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Er oo

Q=232 z233:®s®@zes ¥

Note: See instructions for Step 3.
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2.1.2 SAE ARP 107]

The SAE ARP 1071 tone correction procedure is sometimes referred to as
"the 7 step method." It is described in Reference 4 and has been approved by the
American National Standards Institute as ANSI S6.lo-|973.8 Seven steps are

E bies 2o ttnia Aia oo

{ described to detect and correct for tones in the one-third octave bands from 80 Hz
,; to 10 kHz. In the following summary, we have employed similar notation to that
- used in the FAR Part 36 description (Section 2.1.1) for the sake of uniformity.
= ; (Those familiar with SAE ARP 1071 may therefore prefer to consult their own
] texts.)

Step |. Compute a spectrum slope:
- s[ti+ 1y k] = SPL[(G+1)k] - SPL G, 0

o where
i is the one-third octave band number ranging from |9 (corresponding to
80 Hz) up to 39 (corresponding to 8000 Hz), and k is the time index at 0.5
sec time intervals. Note sBi+I),k] =0 for 50 and 63 Hz (i < 19).

Step 2. Designate, e.g., encircle, values of s [(i+ l),k] where

las [G+0k]| = | s G+ 0K - s Gk |>5.

Step 3. If the encircled s |(i+1), k] is positive and algebraically greater than
s (i,k), encircle SPL [(i+l),k . If the encircled s[(i+|),k] is zero or negative
ond algebraically less than s(i,k), encircle SPL{i,k).

Step 4

(a). For encircled values of SPL(i,k) Jocated between adjacent and non-
encircled values, SPL(i-1),k] and SPL[(i1),k], set

SPL! (iyk) = {SPL[Gis 1),] + SPL [(i-1)yk] } /2.

If the level in the highest band SPL (40,k) is encircled: set SPL' (40,k) =
SPL (39,k) + s (39,k) if SPL (39,k) and SPL (38,k) are not encircled; set
SPL' (40,k) = SPL (39,k) + s‘/2 if SPL (38,k) is encircled but SPL (37,k) is not;
set SPL' (40,k) = SPL (39,k) + 52/3 if SPL (37,k) and SPL (38,k) are encircled
but SPL (36,k) is not. (Here s | and s, are the changes in SPL between bands
39 aond 37, and between 39 and 36, respectively.)

(b). For two successive encircled values, SPL(i,k) and SPL (i+|),k],

1




set  SPL' (i) = |2 SPL(i-1)k] + SPL [(is2),k]} /3
and  SPL fied= {sPLG-104 + 2 5PL [G2)i]} /3.

If the levels in the two Highest frequency bands are encircled:

set  SPL'Y(39,k) = SPL (38,k) + s (38,k)
and  SPL' (40,k) = SPL (38,k) + 2 s (38,k)
if SPL. (37,k) and SPL. (38,k) are not encircled; or

set  SPL'(39,k) = SPL (38,k) + 53/2
and  SPL’ (40,k) = SPL (38,k) + $3
if SPL (37,k) is encircled but SPL (36,k) is not; or

set  SPL'(39,k) = SPL (38,k) + 54/3
and  SPL' (40,k) = SPL (38,k) + 2 54/3

if SPL (36,k) and SPL (37,k) are encircled, but SPL (35,k) is not. (Here
$3 and s, are the changes in SPL between bands 38 and 36, and

between 38 and 35, respectively.)
Step 5. For each encircled band level, determine
F (i,k) = SPL (i,k) - SPL' (i,k)> 0.

Where F values greater than 5 dB occur in adjacent bands, F(i,k), F[(i+l),k],
and where |35|<S for 2 adjacent bands (here S5 is the difference in SPL
between the (i+2) and (i-1) bands), then define

F' = 10 log [cm'rilog (F(i,k)/10) + antilog (F(m,k)/noﬂ.

Where one of two adjacent F values occurs in a band outside the frequency
range 500-5000 Hz, the values shall be halved, and the F' value ascribed to
the 500-5000 Hz range.

Step 6. Determine the tonal correction C by a procedure which is identical
to that in Table | except that C=0 when Table | would assign it a value less
than I.

Step 7. The largest value of C in the kth time interval is designated C(k)
and used to give PNLT(k) = PNL(k) + C(k). EPNL is then calculated as
hefore. .




An account is also taken of any tone corrections that are suspected to be

incorrect: "When the tone corrections determined from one-third octave band
spectra . .. are suspected to be incorrect, additional analyses may be made with
filter bandwidths narrower than one-third octave bands. Results of the narrow
band analysis may then be used to compute revised tone corrections ... Because
procedures for narrow band frequency analysis of time-varying noise spectra are
not standardized and may be subject to possible errors, the use of such procedures
should be noted, and the procedure described, when employed."

The main features of the SAE ARP 107! tone correction procedure which
distinguish it from the FAR Part 36 or the Kryter-Pearsons procedures are as
follows:

Differs from o It is a seven-step procedure, involving the calculation of

FAR Part 36 and

" e H
Kryter-Pearsons a "smoothed" spectrum, i.e., the supposed spectrum

without tones, prior to a tone correction computation.

Differs from o The tone correction is added to the PNL(k).
Kryter-Pearsons

o Only the largest tone correction in the one-third octave
band spectrum at each 0.5 second interval applies; the
others are disregarded.

Differs from o Any tone correction less than | dB is made equal to zero.
FAR Part 36 and
Kryter-Pearsons
Differs from o The value of the tone correction is discontinuous with

Kryter-Pearsons frequency (see Table | and Figure 1).

The SAE ARP 107} procedure is superficially similar to FAR Part 36: as the
paragraph above shows when compared with corresponding paragraphs for FAR
Part 36 in Section 2.1.1 and for the Kryter-Pearsons method in Section 2.1.3, the
SAE and FAR methods differ between one another far less than they each do with
the Kryter-Pearsons method. However, there are detailed differences which can
sornetimes be important, for example:

o The "smoothed" spectrum differs in SAE ARP 1071's omission of FAR
Part 36's Steps 5, 6 and 7. When two adjacent one-third octave bands
protrude above neighboring bands, the different smoothed spectra
result in a higher tone correction being calculated for the SAF
method. However this tendency is lessened Ly o “aogoshari g

provision in Part 36, as explained further beiow,

13




o A FAR Part 36 provision allows pseudotones up to 800 Hz to be

removed if they are diagnosed (e.q., if regarded under Appendix B,
Paragraph B36.5(m) as not due to the aircraft).

A number of comparisons of these two methods were reported to an SAE A-
21 Subcommittee on Aircraft Noise Metrics in the period February-April, 1975, to
the effect that the SAE procedure, when applied to the same spectrum as the
Part 36 procedure, produces, in relatively isolated cases, corrections which are
higher than Part 36's by up to about 3 dB. However, the use of a "band-sharing"
provision in Paragraph B36.5(n) of Part 36 tends to reduce the number of occasions
that this occurs, by increasing the tone correction in the FAR Part 36 procedure
whenever examination of the spectra at intervals before and after PNLTM suggests
that tone suppression has occurred at PNLTM. In addition to this, tone correction
differences of x dB are not necessarily translated into EPNL differences of x dB
because the EPNL calculation considers a succession of time intervals, throughout
which a given tone correction difference seldom persists. The FAA, in an
information brief,9 reported on |7 flyovers (spanning 707, 727, 737, 747, DC-8,
DC-9, DC-10, L-1011 and Concorde aircraft), which had only two instances of
significant EPNL difference, the maximum instance being 0.7 dB.

Example. Following the step-by-step instructions given above, for the same
example spectrum as in Table 2, a tone correction of 4.7 dB can be calculated using
the SAE ARP 107! procedure, as shown in Table 3. This can be added to the same
PINL(k) of 112.2 PNdB, to give a PNLT(k) of 116.9 PNdB.

14




Table 3

; Calculation Steps for the SAE ARP 1071 Tone Correction,4

lllustrated by an Example Spectrum

; sond 1| PN | s | o n | AR | T d | sieps | Swns | Sens | Sen7
; 19 80 74
' 20 100 66 -8
' 21 125 @ | @ e 75 - -
22 160 84 10 2
23 200 8 Q| =
ot 24 250 1 1 83 4 0
25 315 80 O 8
26 400 @G| n 82 2 0
27 500 84 0 4
: 28 630 83 - 1
h 29 800 82 -1 0
) 30 1000 83 1 2
. 31 1250 85 2 1
} 2 1600 8 84.3 10.7} o | a7 | as
33 2000 @ | 1 83.7 | 11.3
~ 34 2500 83 | »n
35 3150 Q1 82 2 0
3 4000 81 -3 4
37 5000 78 -3 0
38 6300 75 -3 0
39 8000 73 -2 1
4 10,000 @ 6 7 6 1

Note: See instructions for Step 3.
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Tone Correction C, dB

Figure 2. Tone Correction as a Function of Leve!l Difference (adopted from Reference 5 and identified
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2.1.3 Kryter-Pearsons

The Kryter-Pearsons tone correction procedure, so-named because it is
taken from Reference 5 by these authors, has not been endorsed by a standards
organization or government agency and, perhaps for this reason, no step-by-step
calculation procedure has been enunciated for it. For the purposes of this
research, Wyle has extracted and slightly modified (see later) one of a number of
options for a tone correction procedure put forward in Reference 5. It is this
specific "option" rather than all those put forward in Reference 5, that is termed
the Kryter-Pearsons procedure and described on a step-by-step basis below. For

simplicity, the same notation as in Section 2.1.| is used.

Step I. SPL(i,k) in each one-third octave band, i, between 80 Hz (i=3) and
10,000 Hz (i=24) is obtained for all k 0.5 sec intervals in the flyover. For
each SPL(i,k), the quantity F{i,k) is calculated, where

F(i,k) = SPLG,K) - {SPL [(i-D,k] + sPL [+ 1)k} /222 3.
(Values of F less than or equal to 3 are considered zero.)
F (1,k) and F (24,k) are made equal to zero.

Step 2. Referring to Figure 2, a value C(i,k) is calculated for all i,k using
interpolation to obtain C(i,k) for values of F between 3 and 25 for which
curves are not given in Figure 2. Note in Figure 2 that the extrapolated
curves below 500 Hz are due to Kryter and Pearsons, while those
above 8000 Hz are a Wyle modification to avoid the discontinuvities which

are considered drawbacks of the other two procedures.

F=25
15
= 5 i <N
a‘b’—‘:‘ &%
/’A"”A”” r- T ~$
100 200 300 400 500 1k 2k 3k 4k 5k

One-Third Getave Band Center Frequency, Hz

here as the Kryter-Pearsons procedure)

_*|

2o



Step 3. Each value of C(i,k) is added to the corresponding value of SPL(i,k)

to give tone-corrected spectra, SPL' (i,k). PNLT(k) is then calculated
directly from the values of SPL'i,k) in exactly the same way as PNL(i,k} is
calculated from SPL(i,k).

j EPNL is then computed in the normal way.

5 also describe octave and 1/10 octave band variants of

' Kryter and Pearsons
this procedure, but they are not included here as a result of the need to consider
(at this time) spectral time histories similar (i.e., one-third octave band spectra) to
: those considered for FAR Part 36 and SAE ARP [071. This has the virtue of
k facilitating comparison of the three methods, but also has the more important

significance of testing the Kryter-Pearsons method in the context of the data

analysis system that is the industry norm for this type of measurement.

The main features of the Kryter-Pearsons tone correction procedure that

distinguish it from the other two are as follows:

N ‘i' Differs from o [t is a simple, three-step procedure (in our formulation)
s FAR Part 36 and . : :
SAE ARP 1071 involving no attempts at smoothing the spectrum or

considering bandsharing of tones. ]

o The tone correction in each band is added to the SPL in ‘
T~ that band. 1

o Multipie tone corrections can be produced and all, not ;
- just the largest, contribute to PNLT. H

o Tone corrections are considered to be zero for F 3 dB.

o The value of the tone correction is assigned without

. discontinuities across the frequency range (see Figure 2).

Example. Following the step-by-step instructions for the modified Kryter-

Pearsons method as defined above, for the same example spectrum shown in Table
2, the calculation shown in Table 4 (using Figure 2 also) produces a PNL.T(k) of
116.2 PNdB.




Table 4

Illustrated by an Example Spectrum

. .5
Calculation Steps for the Kryter-Pearsons Tone Correction,

S,
d

wai | oo [ [ G2 ] G | s
3 80 74 - 74
4 100 66 - 66
5 125 74 - 74
6 160 84 4 0 84
7 200 86 - 86
8 250 87 4 0 87
9 315 80 - 80
10 400 84 - 84
11 500 84 - B4
12 630 83 -~ 83
13 800 82 ~ 82
14 1000 83 - 83
15 1250 85 - 85
16 1600 95 5 100
17 2000 95 6 6.5 101.5
18 2500 83 - 83
19 3150 84 - 84
20 4000 81 - 81
21 5000 78 - 78
22 6300 75 - 75
23 8000 73 - 73
24 10, 000 77 - 77
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2.2 Prospects for Revised Procedures

The appropriateness of any tone correction procedure depends for its

success in satisfying the two requirements of:

o Properly describing the noisiness of tones - a "perceptual" criterion,
and
o Being straightforwardly measured and analyzed within the framework

of existing aircraft industry acoustical facilities - a "practical”

criterion.

Given one-third octave analysis equipment and appropriate computer backup
as already vused in the industry, a tone correction that is also based on one-third
octave analysis and the current 0.5 second interval analysis poses no difficulty
satisfying the "practical" criterion. For this reason, all three tone correction
procedures considered herein - FAR Part 36, SAE ARP 1071, and Kryter-Pearsons
(as defined here) - can be considered "practical" procedures that can be (or are

being) applied with a reasonable amount of effort.

Tone corrections requiring narrower band analyses or lesser intervals than
0.5 sec. might not, however, satisfy this criterion as they would dictate the use of
different filters or impose the need for spectrum analysis by computer. Wyle is
therefore reluctant to recommend them without overwhelming evidence that a
revised one-third octave band, 0.5 sec. interval, tone correction procedure cannot

be found that is significantly superior to the current FAR Part 36 procedure.

Section 2.2.1 of the report, however, contains a review of the inadequacy,
from a "perceptual" standpoint, of tone corrections using one-third octave analysis

and 0.5 sec. intervals in order to provide reference material for future use.

Section 2.2.2 contains proposals for improving tone corrections within the

framework of current one-third octave band, 0.5 sec. interval, practice.

In Section 2.3, the wvarious procedures are tested against an available

subjective judgment data base, leading in Section 2.4 to recommendations.

2.2.1 Tone Perception as a Function of Frequency Bandwidth and Time

A major reason for using one-third octave analysis in acoustics is that the
one-third octave bandwidths match to some degree the "filter bandwidths" of the
human aural system, which indeed can be crudely modeled as a set of such filters

spanning the audible frequency range.

[T AR
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The "filter bandwidths" that partially correspond with the one-third octave
bandwidths are known as critical bands, a term defined in ANSI $3.20-1973 (where
they are known as the "critical bands (for loudness)') as "that frequency band
within which the loudness of continuously distributed sound of constant sound
pressure level is independent of bandwidth." More simply, the loudness of a band of
noise of constant SPL remains constant while its bandwidth is increased - until a
certain bandwidth is reached, the critical bandwidth, after which its loudness
increases. The process that seems to occur here is one in which the sound

frequency components within this bandwidth "mask" one another to some extent,

i.e., each reduces the loudness of the others. But sounds separated in frequency by
more than a critical bandwidth exert no such influence, and their combined

loudness is therefore greater.

The critical bandwidths increase with the frequency of the center frequency
of the band under consideration, as shown in Figure 3. It is seen that the critical
bandwidths correspond quite closely to the one-third octave bandwidths at frequen-
cies above about 400 Hz. Since the ear is more sensitive to sound above this
frequency, the one-third octave bands have served as a useful basis to analyze
sounds when computing their loudness {(and noisiness). They are used, for example,
in calculating the PNL of aircraft flyovers. This usage doubtless made it inviting

to base tone corrections on one-third octave band analysis also.

In tone perception, however, at least two other recognized psychoacoustical
bandwidths, both considerably less wide than one-third octave bandwidths, may be
equally or more relevant than the critical bandwidths. One of these is called the

critical ratio, and the other the difference limen. Both are also shown in Figure 3.

The critical ratio is defined in ANSI 53.20-1973" as "that frequency of
sound, being a portion of a continuous-spectrum noise covering a wide band, that
contains sound power equal to that of a pure tone centered in the critical (ratio)
and just audible in the presence of the wide band noise.* The critical ratio is
similar to the critical band - and different from the difference limen ~ in that it is
a bandwidth within which one sound is masked by another. Being defined in terms
of the audibility of a pure tone in a broadband background noise, however, the

*
To avoid confusion with traditional practice, we have not adopted the practice used
in ANSI 53.20-1973 of renaming the traditional term, “critical ratio," as "critical
band (for masking)."
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2.

critical ratio seems to be a bandwidth at least as relevant to tone corrections as
does the critical band. The critical ratio is shown in Figure 3, where it is seen to

be about half as wide as the one-third octave bands.

The difference limen is defined in ANSI $3.2-1973 - where it is called the
"differential threshold" - as the "minimum change in stimulus that can be correctly
judged as different from a reference stimulus .. .". In the context of frequency, it
can have a number of different meanings, all of which are related to the minimum
frequency change required in a sound for that change to be detectable. For
example, the difference limen shown in Figure 3 represents the just detectable
frequency change in a sound signal whose frequency is being varied sinusoidally
(i.e., modulated) four times per second.IO This particular difference fimen has a
bandwidth of less than 1/100 of an octave, while - depending on the signal - other
difference limens can also be obtained. The importance of these difference limens
in the tone correction context is that, within bandwidths two orders of magnitude
less than the one-third octave bandwidths, the ear still has the ability to detect the
frequency shift in a pure tone. Since no one really knows what properties of a pure
tone are annoying, it is not possible to exclude changing frequency content” within
the one-third octave bandwidths as significant perceptually, even though the
current practice of using one-third octave analysis would generally fail to reveal
this.

Aside from reasonings in terms of established psychoacoustical concepts like
the critical band, critical ratio and difference limen, other information is available
which leads one to regard one-third octave band usage for tone correction
procedures with suspicion.

Thurlow and Bernsteinl

2 showed that when people were presented with two
simultaneous tones separated in frequency by about half the one-third octave
bandwidths, they were able to detect the presence of two fones, or at least to
detect a change in the overall quality of the resulting sound compared with a single

tone. These two tones could have the same one-third octave band SPL as a single

»

There is, of course, considerable evidence that changing sound level adds to
annoyance, and some evidence that changing frequency (e.g., as sirens do) adds to
detectability. In fact, changes in any stimulus characteristic stimulate the so-
called orienting response (Ref. 11) and therefore add to the annoyance caused by
any stimulus that, in the absence of this change, was already judged to be annoying.




tone but be perceived differently in terms of annoyance. This possibility was

13 who found, for example, that five-tone

directly examined by Pearsons, et al.,
complexes (i.e., a sound composed of five tones) were judged noisier than two-tone
complexes when the frequency spacing between the highest and lowest frequency
tones was as little as |/10 octave. The difference averaged about 3 dB, which is
significant when tone corrections generally used in aircraft noise are of about this
order. The same reference also reports the extra noisiness occurring when 500 and
2000 Hz tones modulated at 5 Hz were presented: this seems to support the
difference limen for frequency change as an important bandwidth for tfone
corrections since (as discussed above) the difference limen is the bandwidth at

which tone frequency modulation of this type becomes detectabie.

The preceding discussion on the appropriateness of one-third octave band
analysis in formulating tone corrections should be supplemented by mentioning two
other frequency-related matters which current tone corrections do not deal with.
One is our perception of a tone in the presence of other noise, both tonal and
broadband in nature, not necessarily close to that tone in frequency; the other is
the relationship between tone perception and tonal duration.

14, 15 have found that subjects may perceive more

A number of researchers
than two tones when two tones are presented, due either to beats within the ear's
cochlea or outside it; the significance of beats within the cochlea is that the beat
frequency tone(s) are not detected by the measurement microphone and therefore
any required tone correction would need to be calculated from the two tones which
generate the "beat" tone, a practice neither followed today, nor indeed possible
wiﬂl\ién our current knowledge of the annoyance caused by the beats., Small, et

al,, = found that when two tones are heard (separated in frequency by more than
the critical bandwidths involved), the loudness of the higher frequency tone
changes relative to its loudness when heard by itself. This too is not dealt with by
17 and Schubert|8 found that a

tone heard in the presence of white noise is perceived as of different frequency

current tone corrections. finally, Webster, et al.,

(i.e., it has a different pitch) than when heard alone. The change in pitch of the
pure tone components in an aircraft noise spectrum that are due to changes in the
broadband characteristics of the noise may add to annoyance in the same way that
tone modulation does (see above). Bilger and Hirsh!? showed that a tone of low
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frequency is audible only at a high level when presented in the presence of a much
higher frequency band of intense noise. These two tone perception characteristics
may well be relevant to aircraft tone corrections by virtue of aircraft tones
occurring within a broadband spectrum of comparatively high SPL, but they are not
dealt with by current methods.

The other facet of tone perception introduced for discussion above is the
importance of tonal duration. When a short duration sinusoidal signal, i.e., a
toneburst, is Fourier-analyzed, its spectrum is found to be composed not only of
the sinusoidal frequency but also of frequencies each side of it. The significance of
this is discussed by Garner20 in the context of very short (10 ms) tonebursts - and
Figure 4 decribes such a spectrum. Although aircraft noise sinusoids can last
throughout the flyover, i.e., 10 seconds or longer, there is a considerable
fluctuation in their level ct a given receiver point, deriving perhaps from the high
directivity of individual frequency components of the compressor noise as the
airplane flies by (and the compressor axis changes in angle relative to the wavepath
to a fixed observer).

These level fluctuations are easily evidenced in the 0.5 sec interval spectra
as discussed later in this report in the context of a quantity known as "spectral
change." It is possible moreover that these fluctuations last for considerably less
than 0.5 sec and, though they are not short enough to sound like impulses, their
duration may still be short enough for the Fourier spectrum of certain sinusoids to
be sufficiently broadband to cause them to no longer sound tonal - while still

appearing as "tonal" spikes in one-third octave analysis.

Other relevant aspects of tonal duration and tone perception are that tones
and other sounds have reduced loudness when their duration is less than a certain
time (known as the "integration time" of the ear). The masking process also takes
time to be "set up," i.e., it has a "latency."” The relevant ﬁmes2 associated with
both these hearing characteristics range up to about 0.5 sec and they may
therefore have some importance in aircraft tone perception, which is not catered

to in current tone correction procedures.

All the preceding discussion in Section 2.2.1 throws doubt on the corre-
spondence between tone perception, on the one hand, and current tone correction
procedures on the other. To examine, more accurately, the true nature of tonal
features in the airplane noise context, Wyle analyzed the difference between the
tones indicated by one-third octave band analysis and those indicated by a narrower

band analysis, as follows.
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Narrow Band Analysis of Aircraft Sounds

Noise spectra from a B-727 aircraft were chosen since this aircraft
frequently displays one dominant tone in its noise signature (at the fan blade
passage frequency). Since the study of multiple tones was also an objective of this
work, an A-300 Airbus was also chosen for analysis as representative of new
technology high bypass ratio fanjet aircraft, whose noise signatures have "buzz-
saw" tones at about 200 to 400 Hz and biade passage frequency tones at 2000 to
3000 Hz.

e e et A e e T P —————— R

Analog tapes for the analysis were obtained from the Federal Aviation

21

Administration, U. S. Department of Transportation.“” These noise leve!l measure-

ments were taken at Dulles International Airport by members of the Transportation
Systems Center (TSC) Noise Measurement and Assessment Laboratory. The

. flyovers simula’red* both approach and departure conditons for the B-727 and the
A-300 aircraft.

The equipment used by Wyle Laboratories in the frequency analysis of the

analog tapes of these flyovers was:

. Frequency Analyzer: Nicolet Scientific Corporation 444A  Mini-
R Ubiquitous FFT Computing Spectrum Analyzer
' Tape Recorder: Nagra 1V-SJ Tape Recorder
b - X-Y Recorder: Hewlett-Packard 70358 X-Y Recorder
ST
Tapes were made of the beginning of the departure flyovers. The loops
ended at the position where the Doppler shift of the dominant tone was noted
subjectively. The tape loops for the departures of the B-727 and A-300 were then
averaged by the analyzer's summing circuit over 64 spectra (true power averaging)
for each of two frequency ranges, as set out in Table 5. This was sufficient to
5 average out random signals and consequently clearly establish the presence of

tones where they existed in the broadband noise. In the case of the low frequencies

(up to 500 Hz), a spectrum measurement was made with the tape recorder running

*
] "Aircraft simulated a noise abatement departure procedure, with engine thrust
‘ reduced to a cutback EPR (Engine Pressure Ratio) prior to passing over the
‘ listening site. The B-727(s), in a clean configuration, at 210 knots and level at
2000 (ft) increased power to cutback EPR and initiated a climb when approximately
I mile from the monitoring site. At 3000 (ft) MSL (Mean Sea Level) the aircraft
reduced power, turned onto a race track pattern and descended to 2000 (ft) for the

! next simulated departure. The A-300 flew a similar pattern but initiated its climb
at 2500 (ft) and climbed to 4000 (ft) MSL." (Ref. 21).
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without tape to record noise generated by its mechanical and electrical compo-
nents. This spectrum was then subtracted, on an energy basis, from the flyover
spectrum. The spectra at frequencies above 500 Hz were not subjected to this

background noise, so this procedure was not carried out in these ranges.

Table 5

Characteristics of the Frequency Analyses
Performed on B-727 and A-300 Airplanes

Memory Period

of Analyzer Sampling
Analysis Frequency at the Duration for
No. Range, Bandwidth, Stated Bandwidth, 64 Samples,
Hz Hz sec sec
I 12.5 - 5000 12.5 0.02 5.1
2 25 - 10,000 25 0.04 2.6

The real-time analyzer has the capability of 400 line resolution for each
spectrum, consequently giving the bandwidths described in Table 5. Table 5 also
shows that the sampling duration was well above the 0.5 second (or less) which our
hearing mechanism uses. The spectra obtained therefore indicate fewer tones than
we may actually perceive, but even so are strikingly different from those obtained

by conventional one-third octave analysis, as shown in Figures 5 and 6.

Table 5 indicates that the bandwidths used were roughly equivalent to those

of the difference limen (see Figure 3) at the mid-to-upper frequencies in each
range.

Figure 5(a) (for the B-727) shows at least two tones in the narrow band
spectrum, at about 2 kHz and 4 kHz - yet neither is incontrovertibly a tone in the
one-third octave spectrum, and only one would be recognized by the FAR Part 36
and SAE ARP 1071 procedures. In the narrow band analysis of Figure 5(a), there is
also some evidence of multiple tones in the |-2 kHz region, which may to some

extent have been lost in the slightly wider, narrow bandwidth analysis shown in

~

Figure 6(a).

Figures 5(b) and 6(b) display A-300 spectra easily characterized as multiple

tone spectra by the series of bunched spikes in the lower, narrow band curves.

Again, these are more evident in the 12.5 Hz bandwidth analysis of Figure 5(b) than
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Figure 5. Narrow Band and One-Third Octave Analyses of Simulated Takeoffs
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Analysis 1: 12,5 Hz bandwidths covering the 12.5 - 5000 Hz
region (spiky curves); one-third octave analysis covering the same
region (flat-top curves).
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by (o) B-727 (top) and (b) A-300 (bottom).

Analysis 2: 25 Hz bandwidths covering the 25 - 10,000 Hz region
(spiky curves); one-third octave analysis covering the same region

(flot-top curves).
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in the 25 Hz bandwidth analysis of Figure é(b). Nearly all the bunched spikes are
lost in the one-third octave band analyses, whefe the only clearly established tones
are at 2500 Hz ond 25 Hz. In Figure 5(b), a narrow band spike at 1300 Hz stands
nearly 10 dB above the immediately neighboring spectrum, yet the corresponding
octave protrusion is only about 2dB. In Figure 6(b), a narrow band spike at
5500 Hz protrudes by 13 dB, while the corresponding one-third octave protrusion is
not visible at all. The bunched spikes between | and 2 kHz in the narrow band
spectrum of Figure 5(b) provide clear examples of how more than one spike can
exist within a one-third octave bandwidth yet be undetected by one-third octave
analysis.

This section has indicated that there are many reasons for questioning the
form of current tone correction procedures based on one-third octave analysis and
0.5 second time intervals. Alternate procedures, especially those using narrower
frequency bandwidths (anywhere down to 1/100 octaves), might correct more
adequately for tones in general and multiple tones in particular. The discussion and
analysis in this section is intended to illustrate this for future reference. As stated
at the outset in Section 2.2, existing industry practice is to use one-third octave
analysis, and we have therefore concentrated on one-third octave analysis in the
tone corrections analysis in the rest of this report. Section 2.2,2 describes revised
one-third octave band tone correction procedures that are tested against one
another in Section 2.3,
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2.2.2 Comparison of Alternative One-Third Octave Band Tone Corrections

In addition to the FAR Part 36, SAE ARP 1071 and Kryter-Pearsons tone
corrections described in Section 2.1, a number of revisions to these procedures, and
a completely different one were examined. The various features which differed

from those in FAR Part 36 were as follows:

o Spectrum smoothing (see Section 2.1) differed in the case of the SAE

ARP |O7I* procedure {and therefore also in our revised variants of
it).

o Multitones (see Section 2.1) were considered by the Kry'!er-Peorsons*

procedure (and therefore also in our revised variants of it).

o Time-weighting, defined by weighting the amount of the tone correc-

tion to give it a different value through the flyover, was applied in
various forms to the FAR Part 36, SAE ARP 1071 and Kryter-
Pearsons procedures. This revision to those procedures was to test
out a number of hypotheses as to when, during a flyover, tones might

be most annoying. (These hypotheses are spelled out in Table 6.)

o Level-weighting, defined by multiplying the amount of the tone

correction by a constant independent of time, was applied in various
degrees to all the procedures, for two reasons. One reason was to

22 that the Kryter-Pearsons tone

test out a prediction by Wells
correction is too small; the other reason was to nondimensionalize
the ﬁme-weighﬁng“. The level-weightings were designated by the
variable, a, which consisted of the multiplier applied to the value of

the tone correction; for the unaltered tone correction, a=1.

*A fuller explanation of the features of the SAE ARP 1071 and Kryter-Pearsons
procedures which differ from FAR Part 346 is given in Section 2.1.

* %
The time-weighting reduced the magnitude of the tone correction at some points of

the flyover while holding it the same at others - it never increased it, Therefore
the question might arise as to whether ony benefit due to time-weighting should be
attributed to (1) shaping the tone correction in time, or (2) merely decreasing its
amount. To ensure that the first of these was fully explored, the whole function
was therefore multiplied by various level-weightings so that a whole range of
"amounts" of tone correction were explored,
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Table 6

The Hypotheses for and Descriptions of the Various Time-Weighting Functions Considered.
Each function is given the code, b, shown in the right-hand column. The time at
PNLTM is designated t=0; t 10 and toare the times ot which PNLT is {0 dB lcwer

than PNLTM, the times in all cases being established from the non time-weighted
PNLT history. In the instance (b=02) when the time-weighting is discontinuous at t=0,
the value at 1=0 is the value defined by the time-weighting to the left, i.e,, earlier.

2,

~
. 3.

L]

S
4.
5.

i
6.

HYPOTHESIS

The current time~weighting is appropriate ,

The tones are annoying only on the approach.

The tones are annoying on the approach and
become grodually less so thereafter.

The tones are much more annoying when the

airplane noise is greatest than at other times.

The tones are annoying throughout the flyover
but their effect at times other than t=0 is not
odequately reflected in the energy summation
of PNLTM (which leads to EPNL); they are
therefore accentuated os shown,

The tones are annoying throughout the approach

TIME-WEIG HTING FUNCTION CODE, b
1Tim-vnlghina
! ! 00
I
‘1o ° Yo
Time e
i
— 1y 02
10 0 "o
03
’
1 3

-
O

.10 10

*vo 10

(but their affect is then not odequately conveyed

by the energy summotion of PNLTM which leads
to EPNL); after =0, the tones are not annoying.
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o} No tone correction. A level-weighting of zero (a=0) "cancelled" the

tone correction. In this report, the ensuing EPNL is termed Inte-
grated Perceived Noise Level (IPNL),* and was included as a datum

against which to judge the perforimance of all the various methods.

o Averaged tone correction. All the various accepted procedures add a

tone-correction to each PNL(k) before summing PNLT(k) over the
relevant time history (the time for which PNLT(k) > PNLTM -10) to
obtain EPNL. In this way, the considered PNLT(k) values contribute
to EPNL in proportion to their sound power - a rational procedure
which may, however, neglect much of the noisiness of the airplane's
tones if the tone corrections at or near PNLTM happen tn have small
values. The revised procedure computes EPNL by adding to IPNL the
average tone correction, C(k), across the relevant time history, ~hich
in this case is the time for which PNL(k)> PNLM - 10. C(k) can be
defined for each of the three baseline tone correction methods nd is

referred to here as C(k)FAA, é(k)SAE or é(k)Kp-

o Spectral fluctuation. An additional correction procedure, defired as

Spectral Change in Reference 23, was also tested. Spectral Ctange,
designated here as SC, is a variable describing the amount by which
the SPL in each of the individual frequency bands varies with time
over and above the variation of the overall A-weighted sound level.
The period considered is the noisiest 3 seconds of the flyover. The
computation of SC is defined in, and illustrated by, Table 7. Spectral
“hange is not a direct tone correction, but it may account fir the
noisiness of tones indirectly if tonal SPLs fluctuate with timme more
than the sound's broadband SPLs do. Shepherd23 tested a number of
coefficients, i.e., multipliers, for Spectral Change when addinj this
quantity to PNL and regressing the result with judged annoyance.

One good value for the coefficient was 0.5.

*There are two forms of IPNL. The one used here is as defined above. The other
form is the energy summation of PNL over the EPNL interval. The two forms
differ by only a constant and the adequacy of each of them is treated equally by
our analysis.
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2.3 Test of Existing and Revised Procedures

2.3.1 Data Base

A number of researchers have reviewed the literature to try to assess the
superiority of various tone correction procedures over one another, and over no
correction at all. These include Kryter,z’ 24 Ollerhecxd,25 and Scharf and
Hellmon.26 In general, the results of this type of review are rankings of the
various metrics in order of their success in correlating with judged noisiness. A
common feature of this type of review, however, is that these rankings often differ
from siudy to study and that such differences are only partially diagnosed by

references to the various experimental procedures and data bases employed.

As indicated in Section 2.3.3, the authors believe that research into the
superiorily of one metric over another should include deeper studies into the
reasons why these experiments sometimes produce conflicting results. In this
study, we have therefore preferred to investigate one data base in-depth rather
than review severai data bases cursorily. As shown in subsequent sections, this in-
depth study has been successful in demonstrating how conflicting results can
emerge from such studies depending, for example, on the data taken into the
analysis.  The results therefore offer better perspective conclusions as to the
superiority of one metric over another, and indicate pitfalis to avoid in future such

analyses.

The data base chosen for in-depth analysis was one by Powell,27 which was
derived from a carefully conducted psychoacoustical experiment, using a compara-
tively large number of subjects (96) and 120 flyover noises from six different
airplunes on landing and takeoff. The airplane types spanned the range of interest
(with the exception of helicopters) and involved a propjet (CV-640), a subsonic
turbojet (DC-8TJ), two low bypass fanjets (DC-8TF and B-737), a high bypass
fanjet (3-747), and a supersonic turbojet (Concorde). Their spectra are shown in
Figure 7. Powell's data were kindly furnished to Wyle for this study, and various
additional metrics were then computed and compared for their ability to predict

the observed subjective judgments.

2.3.2 Type of Analysis

The type of analysis used was as follows. For each of the aircraft flyover
signals, Powell27 calculated the EPNL values for the signal levels which produce

equal noisiness judgments by his subjects. The result is shown in Figure 8. The
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success of EPNL can be measured by the standard deviation for the various aircraft
signals in Figure 8 about their mean value: perfect success would imply zero
standard deviation since then equal EPNL values would give equal noisiness. The
standard deviation in Figure 8 for both the takeoff and landing data is about 2 dB.

To investigate the virtues of noise metrics other than EPNL, standard devia-
tions were therefore calculated for them also, in all cases considering the airplane
flyover levels judged to be equally noisy. The superiority or inferiority of these
metrics was gauged by the degree to which these standard deviations were smaller

or larger than one another.

Although any difference in these standard deviations can be regarded as
some evidence for the superiority of one metric over another, a statistical ‘est was

also performed on some of them as described in Section 2.3.4.

In addition to standard deviation, the "range" of each metric is also
indicated in some of the results. |ts purpose was to expose any instances in which
metric was successful in collapsing the data for all spectra except perhaps for .
single, but important, aircraft type. Although the standard deviation might then be
very small, a large "range" for the metric could imply its failure to deal fairly with
a particular type of noise, a type of power plant, an airplane category, or the

airport communities most exposed to that airplane category.

Section 2.3.3 also describes an important facet of the analysis method

concerning the separation of data.

2.3.3 Separation of Data

Powell's data from Reference 27 were studied in two parallel analyses. One
considered all 12 of his aircraft/flyover categories, i.e., six aircraft types times
two flyover conditions (landing and takeoff). The other considered only seven

aircraft/flyover combinations, which were chosen using the following rationale.

Experiments in which any dependent variable (e.q., subjective judgments) is
influenced by more than one independent variable (e.g., several noise stimulus
characteristics) require special care in experimental procedure and analysis. The
reason for this is that, if the independent variables are correlated with one
another, as is very often the case, an analysis which takes no account of those
intercorrelations can produce misleading results. To illustrate this, consider a

hypothetical study in which judged noisiness (dependent variable) is to be predicted
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from two variables: airplane type (jet versus prop), and aircraft height. Aircraft

type and aircraft height are the independent variables. The experimental proce-
dure involves presenting tapes of takeoff noise by a jet and a propeller plane as
measured at a given point near an airport, but the experimental procedure and
subsequent analysis fail to take account of the fact that the jet's takeoff is steeper
than the prop-plane's, i.e., the independent variables, aircraft type and aircraft
height, are correlated with each other. As a result of this failure, the analysis
results in judged noisiness being found to be greatest not only with the jet aircraft
but with the greater height that the jet has attained over the microphone. (A
consequent absurd conclusion that considered all of the aircraft signatures would
be that the lower the aircraft, the less intense the sound.)

This hypothetical example highlights an experimental problem in which the
absurdity of the result is obvious enough that (I) the experiment is very unlikely to
have been structured in the described manner, or (2) the analysis could have
obviated the potential problem in a number of ways, including analyzing the effect

of height for the two aircraft types separately.

In most experiments, the intercorrelations of the independent variables are
not as strong as in the example. However, they might still be substantial. In
addition, the result being researched is usually less obvious in advance, and so the

misleading result may go undetected.

An additional problem in certain data is that there may be an interaction
between the dependent variables; for example, one aircraft type's flyover mcy be
judged less noisy with increasing height and the other aircraft type's flyover may
be judged more noisy with increasing height (say, because of a slower flyby). In
this case, the experiment, if not properly analyzed, might yield an effect on
noisiness by height that depended on the numbers of each airplane type that were
featured in the experiment. Therefore, if these numbers were not proportional to

those in the aircraft fleet in general, the experimental result would be erroneous.

These two data characteristics are termed multicollinearity (for the inter-
correlations of the independent variables) and interactions (for the differing
effects of one variable depending on the value of another). A fuller explanation of

multicollinearity is given in Reference 28, and an example of an experiment

designed to avoid it is Reference 29, Note that such experiments invariably

R e




require either synthetic stimuli or very carefully selected real stimuli., An eusy-to-
f understand explanation of interactions is given in Reference 30. Note aiso that

both these effects are now being recognized by some aircraft noise researchers; for
: example, synthetic stimuli and factorial experimental designs30 are being used by
NASA;3| the latter reference also points out that "current tone-correction
procedures did not adequately account for the effects of the interaction of tonal
content with sound pressure level." This suggests that different tone corrections
are therefore indicated for different leve!s of noise, i.e., EPNL should not just be a
linear function, f, of PNL and tone correction like f(PNL, tone correction) but also

should recognize their interrelationship as a function like f(PNL, tone correction,

PiNL x tone correction).

2 the above

In the context of our extended analysis of Powell's dataq,
considerations led to a study of whether the noise variables might be corielated
with one another. Figure 9 presents a plot of the tone correction quantity, TC,
against the spectral descriptor, IPNL-SEL, for Powell's data. Here TC is a simpl-
tone correction based on the maximum amount by which any one-third octave band
SPL, at the time interval corresponding to PNLM, stands above the average 5PL. of
the two adjacent bonds.* The spectral descriptor, IPNL-SEL, where SEL is the
Sound Exposure Level (an integration of the A-weighted level between the
0 dB-down points), is analogous to the difference between the D-weighted and A-
weighted sound levels, since PNL and therefore IPNL have similar origins to dB(D).
The relationship between TC and IPNL-SEL is therefore the relationship bet veen a
tone correction on the one hand and the spectrum shc1peM for the aircraft type on
the other. As shown in Figure 9, a correlation (r = 0.60) exists between these
quantities in Powell's data. Neglect of this correlation could lead to selecting a
tone correction that is not so much a tone correction as a method of reducing
whatever variance is introduced by any inadequacy in PNL, for example. A lower

correlation (r = 0.54) is present, however, for the flyovers shown circled, as

discussed further below.

Yie., TC = [SPLGK) - ®[(SPL (i=1,k) + SPL(s1,k)]| for k corresponding with
PNLM. max

*
A more obvious, geometrically-derived relationship was sought but not founc in the
spectra shown in Figure 7.




D1 4O UOHIUIYIP 104 £°E77 UOILDIG 33§ *((7 3DU3IaJaY) bib(]
$,]|aMad ul wn1;9dg 3y} jo adoyg ayi pub uoIEIa4I0) 3Uo| ajdwig D UaIM}IQ UOIID|3110D) *6 21nb1 4

P ‘135 - INdI

4
e
-

®,
- . LO¥I-AD . L4¥L* N pig-na =
1r8-5af” « H] ?
V40 T ™1418°D0 Q
X :
-
3
1418-20 ° 3
TOP9-AD * 1482 ° 4P
o
i 1t
-3 N A A ON




When it is not possible to obtain nonmulticollinear data when analyzing the

usefuiness of each component term in a metric, gross comparisons of the success of
one metric compared with another in describing human response can still be made
using multicollinear data. The validity of these comparisons depends on obtaining
sample data that is representative of real-life data. In the context of the present
study, the rankings of the various tone-corrected EPNLs according to their success
- in describing annoyance should be the same for the sample data as in real-life, if

: performed on a set of aircraft flyovers representative of the occurrence of these

o aircraft flyovers in the real world.

In our reanalysis of Powell's data, we have analyzed two sets of data in
parallel - one set being all the applicable data in Reference 27, and the oher a
subset of these data in which the multicollinearity has been slightly reduced.
Because, however, substantial multicollinearity remains in the reduced data base,
: and is likely to exert a substantial influence on the results, the reduction in the
data base was accomplished by taking some cognizance of the prevalence of the

various data base aircraft types in the aircraft fleet as a whole.

Examination of the circled data in Figure 9 shows that Concorde fiyovers, in

o

!’ particular, are represented far beyond their incidence in real life. Therefore one
. Concorde flyover, the landing one, was removed. The resulting correlation
) coefficient between TC and IPNL-SEL for the remaining seven flyovers in the
i circle was 0.53, compared with the 0.60 correlation coefficient for all Powell's
“\ datq, thus conferring a very slight further reduction in multicollinearity.
: The seven flyovers in the reduced data base were, therefore, as follows:
. 47 Landing
DC-8TJ Landing
737 Takeoff
N 7 Takeoff
DC-8TF Takeoff
DC-8TJ Takeoff
Concorde Takeoff

Multicollinearity may, of course, still be present in the form of correlations |
involving other attributes of the noise. One such attribute is flyover duration,
31 to be well accounted for by the EPNL metric.

The effects of multicollinearity have not been investigated exhaustively in this

although duration has been shown

—

study; they should ideally be taken account of when first developing metrics.
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2.3.4 Results

The metrics evaluated in this analysis can be summarized as follows:

o EPNL (FAR Part 36) abbreviated to EPNL (FAA)
EPNL (SAE ARP 1071) abbreviated to EPNL (SAE)
EPNL (Kryter-Pearsons) abbreviated to EPNL (KP)

These metrics are described in Section 2.1. Each was investigated

for all 30 combinations of level-weighting, a=1, 0.5, 1.5, 2, 3, and
time-weighting, b=00, 02, 03, 33, 55 and 52, as described in

Section 2.2.2. a=1, b=00 are baseline values for these quantities.
o IPNL and SEL

IPNL is described in Section 2.2.2. SEL is the Sound Exposure Level,
an integration of the A-weighted sound level over the |0 dB-down
interval. Neither IPNL nor SEL contains a tone correction; therefore
neither can have a level-weighting or time-weighting. Note that
each of the EPNL variants, when a=0, is the same as IPNL.

o IPNL + Clik)g p p» IPNL + Clk)g 5 and IPNL + Clkygp

These metrics are described in Section 2.2.2, C(k) is an arithmetic
average of the FAA, SAE or KP tone correction values in each
0.5 second interval between the {0 dB-down points. The tone correc-

tions may be level-weighted and time-weighted as before.
o sC

SC is the quantity Spectral Change as defined in Section 2.2.2. Its
usefulness was investigated (with the coefficient 0.5) when added to a

limited selection of the other metrics.

A selection of results for the reduced and unreduced” data bases obtained
from Reference 27, including the individual flyover sound level values of scme
representative metrics, is given in Table 8. Table 9 is a summary table which only
presents the standard deviations, but does so for aill the metrics. Figures 10 and 11
contain representative plots of the standard deviations for two of the metrics to

show graphically the effect of changing level-weighting, a, and time-weighting, b.

*The nature ond significance of the reduced and unreduced data sets are discussed in
Section 2.3.3.
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Table 8

Sound Levels, Standard Deviations and Ranges, in decibels, for27
Some Representative Metrics Analyzed Here from Powell's Data

Metric
EPNL EPNL EPNL IPNL  SEL EPNL EPNL
(FAA) (SAE) (KP) (FAA) (SAE)
Flyover a=1 =1 a=1 noa noa a=2 =2
b=00 b=00 b=00 nob nob b=00 b=(0
47 L 85.2 85.1 86.3 83.8 8I.7 86.6 86.5
DC-8TJ L 851 85.0 85.4 83.9 8.8 86.3 86.2 E
737 T 88.9 89.2 88.3 87.9 86.0 90.1 90.9 | ¢
47 T 86.7 86.9 86.5 85.0 83.2 88.4 88.9 | &
DC-8TF T 88.2 88.5 87.8 86.7 84.9 89.7 90.5 | o
DC-8TJ T 850 85.1 85.3 83.8 821 86.3 86.5 | S
Concorde T 83.4 83.8 83.7 82.5 813 84.5 85.7 | @
Std. Dev. 195 202 157 189 1.8l 204 218 |§
Range 5.5 5.4 4.6 5.4 5.6 5.3 |
737 L 87l 87.3 89.1 84.8 8l.2 90.1 90.6
47 L 85.2 85.1 86.3 83.8 8l.7 86.6 86.5
DC-8TF L 83.8 89.3 91.4 85.3  80.7 92.3 93.3
DC-8TJ L 85.1 85.0 85.4 83.9 8l.8 86.3 862 | &
Concorde L 83.5 83.4 83.8 82.3 80.7 84.6 84.7 | 3
CV-640 L 875 88.1 90.8 83.8 78.5 9.4 92.4 | &
[2]
731 T 889 892 83 8.9 8.0 9.4 9.9 |&
747 T 86.7 86.9 86.5 85.0 83.2 88.4 88.9 | ¥
DC-8TF T 88.2 88.5 87.8 86.7 84.9 89.7 90.5 | o
DC-8T1J T 850 85.1 85.3 83.8 821 86.3 86.5 | @
Concorde T 83.4 83.8 83.7 82.5 B8I.3 84.5 85.7 |8
CV-640 T 88.0 88.6 87.2 86.6 825 89.6 90.9
Std. Dev. 1.95 2.12 2.48 .70 1.97 2.62 2.90
Range 5.5 5.9 7.7 5.5 7.5 7.9 8.7

L = landing, T = takeoff, a = level-weighting, b = time-weighting code
The metrics are defined in Sections 2.1 and 2.2.2 (a = I, b = 00 are baseline values)
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Table 8 (Continued)

Metric

EPNL  EPNL EPNL EPNL IPNL+  JPNL+ IPNL «
(KP)  (FAA) (SAE) (KP) Clkigpp Clgap ClRep

- Flyover a=2 a=2 =2 a=2 a=| a=| a=|
b=00 b=55 b=55 b=55 b=00 b =00 b =00
' 747 L 88.9 85.0 85.1 86.2 85.2 85.2 86.3 |
DC-8TJ L. 87.0 84.8  84.8 85.1 85.1 85.0 855 | &
737 T 88.9 88.8 89.0 88.3 88.9 89.1 88.3 |
747 T 88.] 86.6  B86.7 86.2 86.7 86.9 86.5 18
DC-8TF T 89.0 87.9  88.1 87.4  88.l 88.2 87.6 | o
DC-8TJ T 86.8 84.9 85.0 85.1 85.1 85.2 853 (9
Concorde T 85.1 83.6 84.1 83.4 83.6 83.8 83.71¢9
b Std. Dev. I.45 1.88 {.85 1.60 1.88 1.92 1.50 g
Range 3.8 5.2 4.8 4.8 5.3 5.3 4.5
737 L 94.3 87.8 88.2 90.7 87.4 87.7 89.5 ]
: 47 L 88.9 85.0  85.1 86.2 85.2 85.2 86.3
N DC-8TF L 97.6 88.2 88.9 91.5 88.6 89.2 9.1
DC-8TJ L 87.0 84.8  B4.8 85.1 85.1 85.0 8551 &
. Concorde L 85.4 83.5 83.3 83.9 83.6 83.6 84l | @
CV-640 L 97.9 87.5 88.2 9.8 873 88.1 90.5 g'
’ o
737 T 88.9 88.8 89.0 88.3 88.9 89.1 88.3 ;
s 47 T 88.1 86.6  86.7 86.2 86.7 86.9 86.5 | g
~ DC-8TF T 89.0 87.9  88.l 87.4  88.1 88.2 87.6 |9
DC-8TJ T 86.8 84.9 85.0 85.1 85.1 85.2 853 1| %
Concorde T 85.1 83.6  84.l 83.4 83.6 83.8 83.718
CV-640 T 87.6 88.3 89.1 86.9  88.l 88.8 87.1
Std. Dev. 4.42 1.92 2.13 2.84 1.89 2.07 2.38
Range 2.8 5.2 5.8 8.3 5.3 5.5 7.4

L = landing, T = takeoff, a - level-weighting, b = time-weighting code
The metrics are defined in Sections 2.1 and 2.2.2 (a = {, b = 00 are baseline values)
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Table 8 (Continued)

Metric

IPNL + IPNL + IPNL + IPNL + IPNL + IPNL + IPNL

Flyover a=2 a=2 a=2 a=2 a=2 a=2 no a
b=00 b=00 b=00 b=55  b=5  b=55 nob
747 L 86.7 86.7 88.8 85.5 85.6 86.8 8.4
DC-8TJ L 86.3 86.1 87.1 85.2 85.3 85.7 85.5 | &
737 T 89.9 90.3 88.7 88.9 89.0 88.3 gl | &
747 T 88.4 88.9 88.1 86.9 87.1 86.5 8s.1 |8
DC-8TF T 89.4 89.7 88.6 86.4 88.2 87.5 8.5 g
DC-8TJ T 86.5 86.5 87.0 85.5 85.5 85.6 85.0 | &
Concorde T 84.7 85. 1 85.0 83.9 84.1 83.8 85.2 |8
Std. Dev. 1.85 2.01 1.37 1.58 .74 1,48 1.35 g’
Range 5.2 5.3 3.7 5.0 4.9 4.5 37
-
737 L 90.0 90.6 9.4 88. | 88.4 90.7 85.5
747 L 86.7 86.7 88.8 85.5 85.6 86.8 8i.4
DC-8TF L 92.0 93.2 97.7 88.8 89.5 91.6 85.5
DC-8TJ L 86.3 86.1 87.1 85.2 85.3 85.7 85.6 | S
Concorde L 84.7 84.8 86.1 83.9 84.2 85.1 8.8 | 3
CV-640 L 90.9 92.6 97.6 88.4 88.9 92.7 8.5 g
4]
a
737 T 89.9 90.3 88.7 88.9 89.0 88.3 83.1 | o
747 T 88.4 88.9 88.1 86.9 87.1 86.5 86.0 |
DC-8TF T 89.4 89.7 88.6 86.4 88.2 87.5 87.5
DC-8TJ T 86.5 86.5 87.0 85.5 85.5 85.6 85.0 | &
Concorde T 84.7 85. 1 85.0 83.9 84. | 83.8 852 | ®
CV-640 T 89.6 90.9 87.6 88.9 89.6 87.1 8.8
Std. Dev. 2.38 2.88 4.34 1.89 2.07 2.74 .27
Range 7.3 8.4 12.7 5.0 5.5 9.0 3.7

L = landing, T = takeoff, a = level-weighting, b = time-weighting code
The metrics are defined in Sections 2.1 and 2.2.2 (a = |, b = 00 are baseline values)
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1 Table 8 (Continued)
iv Metric
{ EPNL  EPNL  EPNL  EPNL  IPNL+
(FAA)  (SAE)  (KP) (KP) Ckyp
b oo + %2 SC + Y2 SC + % SC + % SC + % SC
] Flyover a=| a= 1 a=| a=2 a=2
P b =00 b = 00 b = 00 b =00 b - 00
B 747 L 85.8 85.7 86.9 89.5 89.5 | _
: DC-8TJ L 86.8 86.7 87.1 88.7 88.8 | i¥
737 T 89.1 89.5 88.5 89.1 88.9 | ¢
747 T 88.9 88.0 87.6 89.2 89.2 | &
DC-8TF T 88.9 89.2 88.5 89.7 69.3 | &
. DC-8TJ T 86.2 86.3 86.4 87.9 86.2 | F
Concorde T 86.1 86.5 86.4 87.8 87.7 | ¥
Std. Dev. (.51 [.49 0.91 0.75 0.65 | &
i Range 3.3 3.7 2.2 1.9 1.8 |
737 L 87.8 88.0 89.8 95.0 95.1 ‘
47 L 85.8 85.7 86.9 89.5 89.5
DC-8TF L 89.0 89.5 91.6 97.8 97.9
DC-8TJ L 86.8 86.7 87.1 88.7 88.8 |
Concorde L 88.0 87.9 88.3 89.9 90.6 | 3
CV-640 L 88.2 88.8 91.4 98.6 98.2 |
()
737 T 89.1 89.5 88.5 89.1 88.9 | >
747 T 88.9 88.0 87.6 89.2 89.2 | 7
NC-8TF T 88.9 89.2 88.5 89.7 89.3 | 3
DC-8TJ T 86.2 86.3 86.4 87.9 88.2 | 2
Concorde T 86.1 86.5 86.4 87.8 87.71 3%
CV-640 T 89.2 89.8 88.4 88.8 88.8
Std. Dev. 1.29 Y 1.76 3.83 3.80
Range 3.4 4.0 5.2 10.8 10.6 |

[. = londing, T = takeoff, a = level-weighting, b = time-weighting code
The metrics are defined in Sections 2.1 and 2.2.2. (a = {, b = 00 are baselire values)
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Figure 10, Standard Deviations of EPNL (FAR Part 36) for All Powell's
Data (kef. 27) as @ Function of "Level-Weighting," a, and "Time-

Weighting, " b, a and b are defined in Section 2.2.,2.
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Set of Powell's Data (kef. 27) as a Function of "Level-Weighting, " a,
and "Time-Weighting," b. a and b are defined in Section 2.2.2,




A statistical test to gauge the significance of the differences between *he

standard deviations is Snedecor's F tesf.30 This was used (after applying Bessel's
correction3o) to see whether the metrics with standard deviations that were (1)

lower, or (2) higher than those observed for EPNL (FAR Part 36) were truly (I)

superior, or (2) inferior.

Using the F-test and the tables of F values in Reference 32, the quo-ed
sample standard deviations have to take the values shown in Table |0 to be judged
significantly different from the EPNL (FAR Part 36) standard deviations at ‘he
stated significance levels. Note, however, that there are approximately 400
standard deviations listed in Table 9, and it is therefore reasonable to expect that
in any "fishing trip" in which all of them are compared with the values given in
Table 10, some of the differences that are indicated to be significant are, in fact,
due to chance. This is especially true at the p = 0.050 level, and probably also tiue
at the p = 0.025 and p = 0.010 ievels. The proper application of Table 10 is to
permit a significance test to be conducted on any few metrics chosen to be of

special interest before knowing their standard deviations.

An exception to this "proper application" rule is possible, however, when
several metrics which share similar features to the one indicated to be significant
are themselves indicated fo be significant. In these instances only, a "fishing trip"
through Table 9 may be justified. For example, a metric which is indicated to be
superior to others when it has a level-weighting of a = 1.5 might be accepted as
truly superior, if variants of the same metric with a = | and a = 2 are also indicated
to be superior. The asterisks (*) and daggers (1) shown in Table 10 and applied to

Table 9 must therefore be interpreted with the cautions indicated above,

Results for a selection of the more successful metrics are given in Table [ 1.
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Table 10

Values Which a Standard Deviation Must Be Less Than (or Exceed)
for Them to Be Judged Significantly Lower (or Higher) than the

Standard Deviation Found for EPNL (FAR Part 36). (Use of this table is
subject to the cautions described in Section 2.3.4.)

Significance Level, p

0.010

0.025

0.050

Reduced
Data
Base

Metric significantly worse than
EPNL (FAR Part 36) if Std. Dev.
exceeds . . .

5,661

4.692"

4.024'

Metric significantly better than
EPNL (FAR Part 36) if Std. Dev.
is less than . . .

0.668

0.806

0.940

Unreduced
Data
Base

Metric significantly worse than
EPNL (FAR Part 36) if 3td. Dev.
exceeds . . .

PR VLA

3.636"

3.273"

Metric significantly better than
EPNL (FAR Part 36) if Std. Dev.
is less than . . .

0.922

*

1.045

1161
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Table 11

Standard Deviations of Selected Noise Metrics Analyzed Here from Powell's Data (Ref. 27)
For each of the metrics in the top half of the table, the values of
level-weighting, a, and time-weighting, b, are those which give the lowest
standard deviation in Table 9. (The metrics in the lower half of the table were
investigated for only the values of a and b shown.)

. Reduced Data Base Unreduced Data Base
) Metric o a b o a b
EPNL (FAA) 187 | gg 1.70 0.5 55
EPNL (SAE) 171 3 02 | 1.73 0.5 55
. | EPNL (KP) 131 3 B | e 05 {3
IPNL + Ck)p o 1.55 3 55 1.68 | 55
| IPNL + C(kg 5 161 1.5 55 | 172 0.5 55
RS IPNL + Tkl p 1.37 2 00 | 1.65 0.5 55
' IPNL .87 - - | 1w - ]
' IPNL + %5C 1.35 - - 1.27 - -
o EPHL (FAA) + %5C L5110 00 | 1.29 | 00
EPNL (SAE) + &SC 1.49 ! 00 | 1.4l | 00
EPNL (KP) + 5C 0.91 | 00 | 1.76 | 00
EPNL (KP) + ®5C 0.75 2 00 | 3.83 2 00
. IPNL + Ttk) p + %SC 0.65 2 00 | 3.80 2 00

t
|




2.4

Conclusions on Tone Correction Procedures

The results in Section 2.3.4 allow the following conclusions to be drawn

about the superiority of the various metrics when compared with EPNL (FAA).

D

For the reduced data base

o

There was a consistent tendency for variants of EPNL(KF) to be
superior. EPNL(KP) for a=1, b=00 had a standard deviation 19
percent lower than EPNL(FAA) for the same a and b. The best
variant of EPNL(KP) - a=3, b=33 - had a standard deviation 30 per-
cent fower than that of the best variant of EPNL(FAA).

There was a tendency for many of the metrics to be superior with a
level-weighting of 2 to 3 in the instances when the time-weightings
were applied. The time-weighting most consistently successful was
b=55.

There was little or no benefit in time-averaging the tcne corrections
ond adding them to IPNL.

There is a substantial advantage to using Spectral Change, which is
greatest when applied to the Kryter-Pearsons tone coriections,
particularly EPNL (KP) + %SC for a = 2, and IPNL + C(k)KP + %SC for
a=2.

The minimum standard deviation of 0.65 occurred for this latter
metric, and was 67 percent lower than the standard deviation for *he
currently used EPNL(F AA) metric.

For the unreduced data base

¢}

EPNL(FAA), EPNL(SAE), and EPNL(KP) were not much different
from one another. (EPNL(KP) may appear fractionally better for “he
values of a and b giving the lowest standard deviation in Table |1, but
appears inferior to the other two when all are compared for a:l,
b=00.)

IPNL and SEL were no worse then EPNL (FAA).

Level-weightings of about 0.5 may have improvecd the metrics

slightly, while level-weightings greater than about a : 2 made them

worse.




o A consistently successful time-weighting was b=55.

o There was little or no benefit in time-averaging the tone correcticns
and adding them to IPNL.

o There was an advantage to using Spectral Change in most instances
when the metric to which it was applied had little or no level-
weighting. (When the metric was level-weighted, SC made its

standard deviation worse.)

0 The minimum standard deviation of 1.27 occurred for IPNL + %SC cnd

was 35 percent lower than the standard deviation for the currently
used EPNL(F AA) metric.

A metric which appeared consistently better for both data sets was IPNL. +
%,SC. The addition of %SC to all three EPNL metrics was also beneficial for c=|
and b-00.

Few of the other metrics that seemed superior in one set of data were also
superior in the other. While EPNL(KP) seemed superior in the reduced data for

most values of a and b, its superiority is arguable, at best, in the unreduced data.

A general conclusion applicable to time-weighting is that it may well be

useful to increase the tone correction early in the flyover.

No general conclusion appears possible with regard to level-weighting,
except perhaps that level-weightings exceeding a value of about 3 are clearly

excessive,

The results from the unreduced data base favor metrics like IPNL and
IPNL + 25C, but cannot be regarded as an indication that tone corrections aire
super fluous. The authors' data show a correlation between the tone corrections and
Spectral Change, so that the reason for the superiority of IPNL + %25C over IPNL. is

partly due to the influence of SC in accounting for the noisiness of the tones.

The results indicate that SC may be worth developing. Its present

formulation operates only on 3 seconds of the flyover and has no frequency-

weighting.




——

Despite the difficulty in drawing firm conclusions about the superiority of

one tone correction over the other, there is conclusive evidence in the psycho-
acoustical literature that tone corrections can help describe the noisiness of tonal
sounds, and ainple evidence in our analysis that improved tone corrections may well
be possible if developed from appropriate experimental plans (e.g., factorial
designs), which take account of multicollinearity and the interactions between the
noise variables. A clear illustration of the significance of multicollinearity is
provided here by the disparate results yielded from a single experiment when

multicollinearity is significant in one analysis and reduced in another.

There were indications from this research that improvements to tone
correction procedures are possible within the context of one-third octave band,
0.5 second interval analysis, which is the existing industry standard. However, a
literature survey and frequency analysis (Section 2.2.1) showed that tone correc-

tions might be further improved if based on narrow band analysis.

Notwithstanding this potential for improvement, none of the tone correction
procedures actually tested in this study proved to be consistently and significantly
superior to the one in F AR Part 36.
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3.U PSEUDOTONE PERCEPTION

3.1 Fxperimental Procedure

3.1.1 Problem Definition

This section of the report addresses the question of whether a flyover noise
having pseudofones,6 for which the EPNL may consequently be slightly differznt
from that for the same flyover noise without pseudotones, was indeed perceivec to
be nore or less noisy. Behind this question is concern as to whether the FAR Part
36 measurement procedure should be changed, because the specified microphone
height of 1.2 m is one at which pseudotones occur. Wyle has advised FAA6 that a
10 m micropbone height provides a way to reduce the pseudotone measurement
anomaly. However, the necessity for making this change must also be judged in its

perceived noisiness context,

The study was structured so that subjects judged the relative noisiness of
pairs of flyover sounds - each pair being composed of (1) a flyover sound measured
at 1.2 m microphone height, and (2) the sound of the same flyover measurec at

1 m microphone height.
3.1.2 Noise Stimuli

Five pairs of aircraft tflyover sounds were presented through Telephonics
TDH-39 headphones, and were tape recordings on Nagra IV SJ recorders of the Los
Angeles International Airport measurements described in Reference 6. The data in
that reterence were reviewed to pick out the flyovers for which a pseudotone was
strongly evident at 1.2 m microphone height and not evident (or barely evident) at
10 m height. (These flyovers were generally those in which the ground surface riear

the microphone was acoustically hard, e.g., asphalt.)

The criterion for diagnosing a pseudotone is based on the frequency shift
with time of a low frequency dip in the spectrum, as evident on the spectral time

history plots in Reference 6 and as described in that report.

I-lyovers exhibiting strong pseudotones at 1.2 m and minimal or no pseudo-
tones at [0 m were selected so as to maximize any subjective pseudotone effect,
nn the reasoning that it should be researched first, on a pilot experiment basis,
where it was most obvious. A follow-up experiment might then be required if a
pseudotone effect were proved, to investigate the effect for a normal flyover

"population." It turned out that only the pilot experiment was required.
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The order of the flyover sound pairs (pseudotones vs nonpseudotone) were
alternated so that order effects in the subjects' judgments could be controlled. The
noise stimuli - and the associated airplane types and noise levels - are described in
Table 12.

Table {2

Flyover Pairs in Order of Presentation With
Their EPNL Values and Subjective Scores

Noise Aircraft and  Pseudotone  EPNL,  Subjective Subjective

Pair Flyover EPNdB Score Score Excess
No. Procedure Over Mear
| 747 Takeoff V€S e 6 0.5
2 727 Landing ';‘gs :82:% 8.5 3
3 727 Landing < oe™> 3 +2.5
4 707 Landing '\\,";s : :%Zé 3 +2.5
5 47 Takeoff XSS i -7 -5

3.1.3 Subjects

Subjects were 10 Wyle employees, eight male and two female, aged 22 to 53
years. All subjects claimed no hearing impairment, but in this pilot experimer:, no
avdiometric screening was undertaken, In any case, subjects acted as their own
controls, thus obviating some of the need for ensuring minimum hearing stancards.
The subjects were volunteers and had a general idea of the object of the
experiment (see also the Instructions in Section 3.1.4), but were uninformed about

the experimental structure,
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3.1.4 Instructions

Subjects received the instructions shown in Table |3, based for uniformity
on som~what similar instructions in References 27 and 31. They were also given
the Questionnaire in Table 14, Note that the same tape was presented twice, since
the 5-minute time for one presentation was short enough to permit a repeat
presentation (thereby reducing experimental variance). The subjects were not told
that the second tape was a repeat of the first, and the airplane sounds were
sufficientiy "characterless" that no subject appeared to detect the repetition. The
first qu=stionnaire was collected after the first tape was played, to prevent any

tendency to copy it.

Subjects were assured that their names and individual results would be kept

confidential.
3.2 Results
A scoring system was established as follows,

If the first sound in a pair was judged the more annoying, the noise pair was
scored +|. |If the second sound was judged the more annoying, the pair was sco-ed
-). 1t the two sounds were judged equally annoying, the pair was scored zero. ~“he
overall score for each pair was then established by (1) averaging each subject's first
tape and second tape scores in order to determine that subject's overall opinion of

that pair, and (2) adding the scores so obtained from all the subjects.

In this way, a score of +10 would indicate total agreement that the first
sound was considered the more annoying; -10 would indicate total agreement that
the second sound was considered the more annoying; and zero would indicate that
there were as many opinions that the first sound was more annoying as that the

second sound was more annoying.

The above scoring system results are shown in the "subjective score" column
of Table 12, There was a strong tendency for the second sound in each pair to be
judged the more annoying, perhaps because it occurred closest in time to the
subjects' judgments. This was removed in the column labeled "subjective score
excess over mean" by subtracting the mean (-5.5) of the subjective scores from the
scores themselves. The right-hand column is therefore intended to represent the
subjective scores normalized for order effects. Table |5 presents the results shown

in Table 12 in a form suitable for drawing possible conclusions.
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Table 13

Instructions to Subjects in Pseudotone Pilot Experiment

INSTRUCTIONS

THE EXPERIMENT IN WHICH YOU ARE PARTICIPATING IS TO HELP US
UNDERSTAND THE CHARACTERISTICS OF AIRCRAFT SOUNDS WHICH CAN CAUSE
ANNOYANCE IN AIRPORT COMMUNITIES, WE WOULD LIKE YOU TO JUDGE HOW
ANNOYING SOME OF THESE AIRCRAFT SOUNDS ARE. By ANNOYING wE MEAN
- UNWANTED, OBJECTIONABLE, DISTURBING, or UNPLEASANT.

ATRCKAFT SOUNDS WILL BE PRESENTED IN PAIRS., WE WANT YOU TO TELL
US WHICH SOUND IN EACH PAIR IS THE MORE ANNOYING., A SCOR-
ING SHEET WILL BE PROVIDED, CHECK THE APPROPRIATE BOX TO INDI-
CATE WHICH SOUND IS THE MORE UNWANTED, OBJECTIONABLE, DISTURBING,
OR UNPLEASANT.

IF YOu JUDGE THE TWO SOUNDS TO BE EQUALLY ANNOYING, CHECK BOTH
BOXES.,

THERE ARE FIVE PAIRS OF SOUNDS IN THE FIRST TAPE., AFTER THIS3 TAPE
IS COMPLETE, PLEASE HAND IN YOUR SCORE SHEET. ANOTHER TAPE WiLL
THEN BE PRESENTED TO YOU, AND A NEW SCORE SHEET WILL BE USED.,

[F YOU HAVE ANY QUESTIONS, PLEASE ASK THEM NOW. AFTER THE TEST
BEGINS, IT SHOULD PROCEED WITHOUT INTERRUPTION. THANK YOU FOR
YOQUR COOPERATION,

RSPy SR




Table 14

Questionnaire in Pseudotone Pilot Experiment

Subject Number

Tape Number

Pair

Pair 2

Pair 3

Pair 4

Pair 5

Age Sex

‘.

First sound more annoying

Second sound more annoying

First sound more annoying

Second sound more annoying

First sound more annoying

Second sound more annoying

First sound more annoying

Second sound more annoying

First sound more annoying

Second sound more annoying
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Table {5

Correspondence l3etween EPNL and
Noisiness Differences in Each Noise Pair

| 2 3 4 5 6
. Order {-ffects
Removed, EPNL
; , Noise Pseudotone Pseudotone Higher
T Pair Judged Judged for Correspondence- Correspondence- !
; No. Noisier? Noisier?” Pseudotone?  Columns 2 & 47 Columns 3 & 47 i
| No No No Yes Yes
2 Yes Yes Yes Yes Yes
3 No Yes No Yes No
. 4 Yes No Yes Yes No
5 No No Yes No No

The most relevant columns in Table {5 are those in which the order 2ffects
are removed: columns 3 and 6. Column 3 indicates that the pseudotone flyover
was judged to be the noisier about as often as it was not (2 out of 5 occasions).

K Column ¢ indicates that the EPNL difference between the sounds in each pair

correctly predicted the subjective difference on 2 out of 5 occasions.

3.3 Conclusions on Pseudotone Effects

e results in Section 3.2 showed that (1) the subjects did not consistently
agree that the pseudotone flyovers were either less or more annoying tkan the
others, and (2) the EPINL metric did not display any consistent tendency to disagree

with the subjects' opinions.

Since the flyover pairs were selected on the basis of a strong pseudotone

difference, the results can probably be token to indicate that in a normal flyover
"population' any pseudotone effect is, at the very least, as small as the other
unaccounted for effects which govern subjective judgments. In the laboratory
setting, such other unaccounted for effects are minimized and the above corclusion

is therefore even more valid for real life,

The results were, however, derived from a pilot experiment using only a few

'
i

subjects. The strength of the experiment in its use of noise pairs from the same

flyover reproduced at the same level as measured in the field, was also a weakness:




S catr s e
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an alternative experimental plan could have held the EPNL value constant in each
noise pair and compared the subjective judgments {Lsing a continuous scale) with a
"geometric" descriptor of the pseudotone iaken from the graphical spectral time
histories in Reference 6. These changes rmight have increased the sensitivity of th:
experiment fo detect pseudol: e effects on subjective judgments. However, the
experiment as performad nad « high face-validity, i.e., it strongly and obviously
tested the likelihood thut a change in microphone height would change the noisiness
of a flyover or improve the ability of the “PNL procedure to predict noisiness,

The present, preliminary study indicates that the pseudotone effects at the
"2 m microphone heignt are likefy to have [ittle or no subjective consequence.
Thue, an aircraft noise certification procedure may =ither be based on a measure-
ment technique wiiich effectively eliminates them from the data by the use of a
19 microphone (see Yolume I for a more detailed discussion on fhis issue), or the

« AR Part 36 procedure may remain unchanged.
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