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ABSTRACT

A gerles of Investlgations were Initiated in an effort to assess the
effect of gonlc boom signature modlfication on human subjectlve
regponse, ugslng Lockheed's sonlc boom simulation facllity. Subjectlve
response was found to be influenced by changes in sgeveral signature
parameters, Including rigse time, Interpeak duration, and the addltion
of short duratlon transients to the silgnature "bow" wave. Detalled
descriptions and the results of thls gerlies of experiments, completed
under subcontract B-87017-US with the Stanford Research Institute,

are described in the followlng report.
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RELATIVE ANNOYANCE AND LOUDNESS JUDGMENTS
OF VARIOUS SIMULATFD SONIC BOOM WAVEFORMS

By: Le Je Shepherd, Sclentlst
and
W. W. Sutherland, Sr. Res. Englneer
LOCKHEED-CALTFORNIA COMPANY

Introduction and Background:

Ag an ailrcraft travels through the atmosphere at velocltles greater than
Maech 1, a pressure wave ls generated which propagates awey from the ailr-
craft and upon Intersecting wlth the ground, produces an exploslve sen-
sation in the audltory mechanlisms of humansg and animels located along
the flight peth.

The continued operation of elrcraft at supersonic speeds wlth the con-
sequent generatlon of thls sonic boom pnenomena, has sparked controversy
concerned with the nature of the boom phenomensa, primarily as related to
posslble damage effects to humans or gtructures exposed to the short
duration translents. Numerous damage claimsg flled by private cltlzens
alleging personal injury or property demage have led to the initlation
of a gerles of research programs conducted by both the government and
private Industry concerned wilith detalled examination of the phenomena.
Since 1950, at leagt 21 gtudies have been sgpongored by the NASA, FAA4,

and USAF deeling wlth the subjectlve responses of humend, and the effects
of sonlc booms on structures located beneath the supersonic flight path.
These investigatliona have formed the core of an Intensive research effort
and have gerved to 1lluminate the problem by providing a broad understand-
ing of the generation and propagation of the sonlc boom pressure wave,
while providing useful knowledge concerning structural and community

responge.

The firast investlgatlons concerned wlth the sgpecifilcation of human response
were Implemented with extengslve flight test programs and ylelded a large
amount of useful data. Attempts to accurately deflne the nature of the
pressure stlmulus affecting large numbers of Indivliduals was soon identi-
fled as an important problem area. The problems of variability in flight
and atmospheric conditions were compounded by the problem of providing



extenglve arrays of instrumentation and the all important cogt of pro-
viding enough supersonlc flyovers for statistlcal reliability. Active
confrontation with these problems lead to attempts to simulate the
boom phenomenon in the controlled environment of the laboratorye.

In order to lmplement tests of subjectlve reactions under laboratory
conditlons 1t 18 necessary to replicate ag closely as possible the
specific sonic boom pressure signatures. Zeppler and Harel (1965),
enclogsed only the ear In a headset-earmuff conflguratlion and drove
the reproducers with appropriate electrical waveforms. Kryter and
Pearsons (1965), experimented with a 100 fto chamber with large loud-
gpeakers mounted in the walls acting as pressure reproducers, and of
the different technlques tried, the pressure chamber concept has

provided the most accurate pressure time higtory sonlc boom gimulation.

In the summer of 1965, the Bloacoustics Laboratory at Lockheed
developed a chamber simllar to that descrlbed by Kryter and Pearsons,
but dlffering in that the system utllized dlrect current amplifilers
and servo gystem technlques to produce the required low frequency

responge.

Following the successful implementation of thlg facility, a gerles of
test programs were deslgned and executed, in the Interest of
establishing the ameliorative effects of modifications in gonic boom
parameters on human gubjective response Jjudgments. Thesge gtudies
were deslgned wilth a serles of Independent varlables, including
signature overpressure, duration, gross waveshape changes, and rise
time., The results of these early Lockheed studles were reported at
the June 1966 meeting of the Acoustical Soclety of America. The
results indicated the existence of several ilmportant reletionships
between changes in the physical parameters of the sonle boom waveform
and subjectlve human response, mogt notable signature rise time and
overpressure were seen asg respongse modiflers, parameters which had

been thought to be lmportant baged on previous subjective sgtudles



and theoretlical predictions. Several other interesting effects were
noted, including an apparent effect on subjective loudness appearing
as & function of selective modification of the bow wave of the boom
pressure slgnature. In addition, systematic examinatlon using a

number of dlffering experimental methods indlcated posslble differ-
ences to exlst between loudness and annoyance ag subjectlve judgment

criteria.

The varlous topic areas listed here were seen as important problems
in the overall goal of human sonlc boom responge definition. A
detalled reseasrch program was designed Jolntly by personnel from the
Life Sclences Department of the Lockheed-Californla Company and the
Sensory Sclences Research Center at the Stanford Research Ingtitute.
The program was conceived In the interest of examlining a serles of
sonlc boom effects and relationships in depth utlilizing personnel
and facilities located at Lockheed's Rye Canyon Research Laboratory.
This program executed by Lockheed under subcontract B-87017-US wilth

the Stanford Research Ingtltute 1s described in the following sections

of this report.



Desgcription of the Program:

1) Experimentel Deslgn

The research effort was divlded into three maln sectlons as shown in
Teble 1. Each section was composed of a serles of subjectlve com-
parigong deslgned to examine posslble boom parameter-humen response
relationgships using a palred comparigon technique. In all tests the
waveforms to be campared were presented to humen subjects seated
singiy In the pressure chamber of the sonlc boom gimulator. ZEach
palr of booms was presented at 4 second intervels, with a duration

of 2 seconds between each boom of the palr. The first boom of the
palr wag deslgnated the standard with the second boom transilent belng
compared relative to the gubjective judgment of the gtandard. The
subject was requlred to state whether the gecond boom wag louder,
equal to, or softer, In the tests using loudness as a criterlon, or
more, equally, or less annoylng In the case of the subjects basing
thelr judgments on annoyance. Percelved gtimulus equallty was
determined through a technique utilizing the method of 1limitsg iIn
which the experimenter varied the amplitude of the comparison gtimu-
lus systematlcally in digcreet Increments of 2.0 dBe Pregentation
order effects were compensated for using AB and BA stimulus present-
ation order. A totel of 67 subjects, &ll Lockheed employees statloned
at Rye Canyon Regearch Leboratory, partlcipated in the three part test
gseries. Both male and female subjects particlpated in the test serles.
Subjects ranged in age from 20 to 57 years wlth the mean age at 34.2
years. Tests were performed with the experimenter recording the

subjects responses.

Sample Ingtructlon sheets are shown In Appendix 1. The initial
testing session with each subject began wlth & learning perlod of



SERIES I:

SERIES II:

SERIES III:

TABLE 1.

RESEARCH TEST PROGRAM SUMMARY

PARAMETERS EXAMINED

RISE TIME: 1, 3, 10 MSecs

DURATION: 100, 350, 500 MSec.

REFERENCE LEVELS: 0.8, 1.6, 2.4 PSF
SUBJECTIVE CRITERIA: Loudness, annoyance
SIGNATURES USED: Ideallzed N-Waves
APPROX. TESTING HOURS: 180

SIGNATURES USED: 1/2 N-Waves at standard
reference level of 1.6 PSF with peaks of 2.2
and 3.3 PSF added to bow wave of tegt
waveforms.

DURATION: 180 MSec.

CRITERION: Loudness

APPROX. SUBJECT TESTING HOURS: 10

SIGNATURES USED: 1/2 N-Wave "Sawtooth" waves

with variable interpeak spacing. A & B

configurations

INTERPEAK DURATIONS: 2, 4, 8, 16, 32, 6L MSec.
DURATION: 150 MSec

REF. LEVEL: 1.6 PSF

CRITERION: Loudness !
APPROX. TESTING HOURS: Lk



approximately ten minutes durlng which the experimenter explalned the
instructions and allowed the subject to meke a practlice tegt run under
actual testing conditlons. ZEach indlividual subject was tested for
approximately 50 minutes; attempts at longer sessions triled during
pretesting periods had resulted in fatlgue and inconglstent judgments.
Within the courge of an Individual sesglon, the chamber was opened
after every three test trials (approx. 15 min.) to allow fresh air to
clrculate in the airtlght testlng chamber and to glve the gubject a
brief rest perliod. Each test subject returned for testing at iIntervals
of approximstely U4 days. An attempt was made to maintaln thils 4 day
interval throughout the tegt series in the interest of controlling

for any posslble intertrlal learning (extinction) effects.

The complete test program is shown in Tables 2 and 3. The Series I
tegts comprised the majorlty of the total program effort, involving
approximately 180 subject testlng hours. The tests in Serles I were
degigned to attempt to specilfy the relationships between sonlc boom
slgnature duration, rige tlme and human gubjectlve response, at three
different standard Intensity levels. Standard intenslty levels were
0.8, 1.6, and 2.4 PSF, with the reference slgnature at each of these
levels conglsting of en N-wave of 350 ms duratlon, having a rlse time
of 3 ms. Both AB and BA presentatlon orders were used in the interest
of correctlng for possible stimulus order effects. The gubjects 1n
Series I were dlvided lnto two groups of 20 persons each, Group A
uslng loudness as & Jjudgment crlterion, and Group B making their
Judgments using annoyance as a basgis for comparigon. Reference to
Table 1 wlll Iindicate the detalls of each indivlidual waveform
comparlgon., Ag indlcated prevliously, three standard reference levels
were used, with both groups of 20 subjects meking 9 waveform com-
parisons at each level, (using AB and BA orders) for a total of 54
Series I triaels for each test gubject. Ideallzed N-waves, free



from any simulated atmospherlc digstortion were used for &ll test

slgnatures in this serles.

Series IT was the ghortest test seriles of the program, involving
approximately 10 subject testing hours. This gseries of comparison
triels was designed to assess the modlfylng effects on gubjectlve
loudness of the addition of a short duration pesk on the "bow" part
of 1/2 Newave transients. 1/2 N-waves were used in the interest of
eliminating any potential subjective "avereging'" effects occurring
wlth the presence of a complete signature. The reference silgnature,
as shown in Table 3, conslsted of a 1/2 N-wave, presented at 1.6 PSF
wlth a duration of 180 ms and a rise time of 1 ms. The two test
signatures consisted of the bagic reference 1/2 N-wave with short
duratlion peaks of 2.2 and 3«3 PSF total amplitude added to the bow
wavee. As before, both AB and BA gtimulus presentatlon orders were

ugeds

Serles IIT was an investigation of the modifying effects of inter-
peak spacing of "sawtooth" 1/2 N-waves on subjective loudness.
Table 3 indicates the content of thls phase. Approximately Lk
subject testing hours were used to evaluate the differences between
the 1.6 PSF 1/2 N-wave of 150 ms duratlon reference slgnature and
the type 1 and 2 "sawtooth" waveforms having different interpeak
durations. Six interpeak durations, 2, 4, 8, 16, 32 and 64 ms, were
chogen for examination on the bagls of data obtailned prior to
beginning the present reported programe For each type "sawtooth"
wave of a partlcular interpeak spacing, trlals were run using AB
and BA stimulus presentation order, resulting in & total of 24 sub=-
Jjective comparigsong for each of the 20 teat subjects. In both Seriles
IT and IIT, the rige time filter network in the simulator was

ad justed to produce transients having rlse times of 1 mse.



TABLE 2

SERIES I
STANDARD COMPARISON

TYPE  PSF DUR. R.Te TYPE PSEB= DUR. R. T. N
N-WAVE 8 350 3 N-WAVE 0.8 100 1 20L, 20A
0.8 100 3 20L, 20A
0.8 100 10 20L, 20A
N-WAVE 0.8 350 1 20L, 20A
__f‘\~\\\\\1__ 0.8 350 3 20L, 20A
0.8 350 10 20L, 20A
N-WAVE 0.8 500 1 20L, 20A
0.8 500 3 20L, 20A
0.8 500 10 20L, 20A
N-WAVE 1.6 350 3 N-WAVE 1.6 100 1 20L, 20A
1.6 100 3 20L, 20A
1.6 100 10 20L, 20A
N-WAVE 1.6 350 1 20L, 20A
_J\\\\\\\\J_— 1.6 350 3 20L, 20A
1.6 350 10 20L, 20A
N-WAVE 1.6 500 1 20L, 20A
1.6 500 3 20L, 20A
1.6 500 10 20L, 20A
N-WAVE 2.4 350 3 N-WAVE 3.3 100 1 20L, 20A
3.3 100 3 20L, 20A
3.3 100 10 20L, 20A
N-WAVE 3.3 350 1 20L, 20A
3.3 350 3 20L, 20A
3.3 350 10 20L, 20A
N-WAVE 3.3 500 1 20L, 204
3.3 500 3 20L, 20A
3.3 500 10 20L, 20A



TABLE 3

SERTES IT .
STANDARD COMPARISON
_ TYPE  PSF__DURe R.T. TYPE  PSF@= DUR. R.T. N
1/2 N-WAVE 1.6 180 1 1/2 N-WAVE 1.6 180 1 20L
1/2N + PK 2.2 180 1 20L
1/2N + FK 3.3 180 1 20L
2.2 3-3 T
PK PK
STANDARD COMPARISON
TYPE PSF DUR. R.T. TYPE PSF DUR. R.T. SHK SP. N
1/2 N 1.6 150 1 1 1.6 150 1 ol 20L
1 le6 150 1 32 20L
1 1l.6 150 1 16 20L
_P’\’\_ 1 1.6 150 1 8 20L
1 1.6 150 1 20L
TYPE 1 1 1.6 150 1 2 20L
_l\N\_ 2 1.6 150 1 6L 20L
2 l.6 150 1 32 20L
2 2 1l.6 150 1 16 20L
2 1.6 150 1 8 20L
2 l.6 150 1 4 20L
2 1.6 150 1 2 20L



2) Simulation System

The baglc pressure chamber gimulatlon system concept consigts of
recording an approprilate electrical analog of the pressure signature
on megnetic tape, dellvering this slgnal to high power direct current
amplifiers, &nd drivlng loudspeakers coupled to an alrtight chanber.
Thig system mekes possible a falthful reproductlion of a varlety of
sonlc boom translents within the limits of the 0.3 to 500 cps pags-
band of the system. Linear operation of the system allows over-
pressures of 4.5 PSF to be achleved with rise tlmes of approximastely
10 mge Rige times of 1 ms duratlon may be reproduced at more con-
servative levels (2-3 PSF) and the system features clrcultry special-
1zed for the accurate control of this parameter through a varlable
range of 1 to 10 ms., Overpressure level 1s varlable in 1 dB steps
over the effectlve linesr range. A unlque nolge squelch circult is
employed to effectively reduce undegired amplifier input signals

and 1lg controlled by an electrlcal command slgnal recorded on a
separate track of the boom signel tape. The pressure chamber was

70 cublc feet in volume, and measured approximately 4 ft. x 3~l/2 fte
X 5 fte In slzes Accesg to the chamber Interlor was obtalned through
& hinged well arrangement. The chamber Interior was fltted with a
wall mounted intercom system, a small light for Interior illumination
and a chalr for the gubject. The presgure fleld in the chamber was
monltored continuously durlng testing sessions with a Photocon Model
464 capacitor mlcrophone using a Photocon Model DG 605D Dynagage
system with Tektronix Model 564 Storage and Model 502 Dual Beam
Oscilloscopes. In addition, a Honeywell Model 906 recording osclllo-
graph was avallable to permentently record system performsnce at the
weekly performence callbration checks conducted throughout the
tegting phages of the research program. The chamber and control room
faclillty were located adjacent to each other in an open area beneath
the maln leboratory complex, as shown in Figures 1 and 2. Ogeillographlc
recordings of system performence using sample signatures from each test

serles are shown in Figures 3, 4, 5 and 6.

10
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Figure 1. Sonic Boom Simulation Chamber - Note Hinged Wall Access.

Figure 2. Simulator Control Room Adjacent to Airtight Test Chamber,
Subject and Experimenter at Testing Stations.

11



Figure 3. Typical Simulatlon System Performance
Top: Input Command Signal
Bottom: Chamber Pressure Time History
Series I N-Wave, 500 mg. Duration, 10 ms. Rise Time,
1.6 PSF. ~ Sweep = 100 ms/cm.

Flgure L., Typical Simlation System Performance
Top: Input Command Signal
Bottom: Chamber Pressure Time History

Series II 1/2 N-Wave, 150 ms. Duration, 1 ms. Rise Time,

3.3 PSF. (Peak), Sweep = 25 ms/cm.

12



Figure 5. Typlcal Simulation System Performance
Top: Input Command Signal
Bottom: Chamber Pressure Time History
Serles III Type 1 1/2 N-Sawtooth Wave with 16 ms.
Interpeak Spacing @ 1.6 PSF. - Sweep: 25 ms/cm.

Figure 6. Typlcal Simulation System Performance
Top: Input Command Signal
Bottom: Chamber Pressure Time History
Series IIT Type 2 1/2 N-Sawtooth Wave with 16 ms.
Interpeak Spacing @ 1.6 PSF. - Sweep: 25 ms/cm.

13



Spectral Analysig of Boom Test Signatures:

A gerles of gpectral energy analyses were made using selected test
waveforms from each of the three tegt series. These analysesg were
completed in the interest of establishing objective criteria which
might be compared with the subjective judgments of the test subjects.
The analyses provided computer tabulatilons (not shown in the test
data), spectral energy plots (as shown in Figures 13 to 28), along
wlth pressure time histories (not shown in the test data). Of the
25 different waveform signatures used in the test program, 16 were
ugsed for spectral analysils, along wilth several other slgnels used

for system calibratlon and noise level checks.

Several steps were requlred in the lmplementation of the analysis.
The pressure time historles of the various test signatures as re-
produced 1n the simulator were recorded on FM magnetic tape using
an appropriate low frequency mlcrophone system (Photocon). The
mlcrophone was posiltioned in the chamber at epproximately the ear
level of a seated test subject. The magnetlc tape data was then
converted from analog ho dlgltal form using the EAT hybrid computer
facllity located at the Rye Canyon Research Laboratory. The blnary
tape was then transported to the computer facility at the Stanford
Regearch Ingtitute where an existing Fourler Integral computer
program speclallzed for analysls of these transient phenomena was
uged to lmplement plotting of the gpectral energy characterlstilcs

of each signature.

The 1/2 N-wave spectra shown in Filgure 18 indlcates & decrease in
spectrum energy level dropping at & rate of approximately 6 dB per
octave, which agrees relatively closely with mathematical predictions.
The high peeks and nullg in the curve follow closely the established
Trequency responge of the testlng chamber. 500 Hz low pass fllters

1k



were used in the amplification system driving the chanber (to
eliminate the FM tape carrier signal), consequently the spectral

content of each of the waveg analyzed above 500 Hz 18 mostly anaelysils
system nolge and should be disregarded.

15



Experimental Regults and Discussion

Serles I.

The results of the Serles I tests are shown in tabular form in Table
4, and graphically in Figures 7, 8, 9, and 10. As mentioned in the
program descriptlon presented in a previous sectlon of thils report,
the indlvidual waveform comparigons 1n this serles of tests were
deslgned to identlfy relationships between gignature duration and
rigse tlme at three different standard overpressure levels, using
loudnesgs and annoyance as Judgment crilteria. The levels shown in
Teble 4 represent the average change in dB required in the tegt
comparigon slgnature for a judgment of subjectlve equalilty using the
Judgments of 20 test subjects for the evaluation. The standard
deviatlon provides an indication of the variability in judgments of

the subjects for each signature comparison.

The comparisons shown in Teble 4 and Flgure 7 indicate small differ~
ences to exist in equallty judgments as the duration of the test
gignature is varied. Varistlons of typlcally less than 2 dB are seen
at each of the three overpressure ranges examined. The rise time of
these test signatures has apparently little duratlon effect, as shown
in Table 7. Both loudness and annoyance are seen to be a function of
rise time at any one particular duration. The varlance 1s relatively
congtant for each of the three durations at any one rise time, which
supports the finding that duration hag little effect on Jjudgments of
loudness or annoyance. Spectral analysis Indlcates the greatest
differences 1n the waveforms of 100, 350 and 500 mg. duration to exist
at frequences generally below 10 Hz, with the fundamental frequency
seen to be & functlon of the duration of the signature., With the ear
acting essentially ag & high pags filter network, these large sub-
sudlble spectral components are of llttle apparent audltory signifi-
cance and the potential for subjectlve differences becomes a function
of the spectrum assoclated wlth the bow and tell waves and any summation

gffects thereof.

16



Interesting differences were noted with variations In rige time.
Figures 8, 9 and 10 indicate the results of the analysis of these
test comparisons conducted at 0.8, l.6 and 2.4 PSF reference levels,
respectively. SubJective loudness or annoyance 1s geen to decrease
as the rise time 1s increased, with levels of gbout 13 dB typlcal of
subjective differences between signatures having rise times of 1 and
10 ms. Reference to Flgures 8, 9 and 10 will indicate the relation-
shlp between standard reference level and judgments of the rise time
loudness or annoyance wilth differences between identical comparisons
at different reference levels belng on the order of 1 dB. Reference
level would appear to have lilttle effect on rlse time loudness or
annoyance comparigons, for the range of the three reference levels
examined.

Previous studles conducted by Lockheed~Callfornla Company have es-
tablighed essentlally the seme Increase rise time - lower loudness
reletlonshlp as appears to be evident In this study. Spectral differ-
ences have been offered as possible explanation for the definlte sub-
Jective changes In loudness and annoyance noted In thig type of in-
vestigation. The spectral analysis performed on Series I N-waves

having 1, 3 and 10 ms. rise times appears to support the subjectlve
data. Filgures 14, 15 and 16 show the spectral characteristlcs of the
test silgnatures used here. The range of greatest gpectral dilfference
for the 1 ms. rise time N-wave with respect to the 3 ms. gtandard
reference occurs between approximately 200 and 500 Hz., The average
difference 1s seen to be on the order of 7 dB wilth maximum differences
of about 12 dB. In the case of the 10 ms. rise time N-wave, the range
of difference extends to approximately 80 Hz with & definite decrease

in energy evlident from this freguency up to cutoff at 500 Hz. In
sumary, the spectral analysis Indicates the 1 ms. rise time wave to
have the most energy between 20 to 500 Hz; the 3 ms. wave averages about
T dB less from approximately 120 to 500 Hz; and the 10 ms. rise time wave

17



averages about 16 dB less for the range 120 to 500 Hz. Testing
indicates the 1 ms. wave to be loudest and most annoylng, followed
by the 3 and 10 ms. rige time signatures. Using an audibllity
criterion, the spectral analyses appear to support the subjectively

determined loudnesgss and annoyance judgments.

Much iInterest has been generated wilth regard to the toplec of
ingtructlional set ag applied to psychoacoustic expérimentatibn. In
the interest of examlning this potential parameter, the entlre Serles
I test schedule was run using both subjective loudness and annoyance
ag judgment crilteria. The results will be noted wilth reference to
Teble 4 and Figures 7, 8, 9, and 10. Loudness and annoyance criteria
seem to effect little difference for all of the comparlsons except
these involving signatures with 10 mg. rige times. A subjective
difference of about 2 dB 1s consistently noted in the analysis of
comparigons using thils partlicular waveform parameter. For ldentical
comparigons, the date indicate the annoyance level to be less than
that subjectlively determined for loudness. The standard devlatlons
for both comparisons are large when compared with the remainder of
the invegtigations, with the variance in judgments using a loudness
criterla greater than that obtalned using an annoyance basls. Many
of the test subjects expressed difficulty making judgments with the
10 ms. wave, hence the possibllity of learning variables operating
here seemsg plausible. Tt would appear that for the purpcses of
comparing waves of varying rise time, as accomplished in this experi-
mental program, the establishment of an annoyance criteria would
eppear more valid than loudness as &a criterion, 1n terms of the

apparent varlance in subjective evaluation.

The results of an analysilg of variance performed on the Series T

annoyance data are as follows:

1. The varience between rise time comparisons = 655.5 (df = 3)
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2. The varlance within the rige time series (different durations)
= 0,12 (df = 19)

3. Tigher's F ratio = 5462.5 which 1s highly significant (level
greater than .OL level of confidence)

The experimental differences 1n rise time comparisons are taken,

therefore to be reel and not due to chance.

An analysls of varlance performed on the Serles I loudness data
yilelded the followlng results:

1. The variance between rise time comparisons = 1103.8 (df = 3)

2. The variance within the rise time series (different duratlons)
= 0.16 (af = 19)

3. Fisher's F ratio = 6893.7 which indicates high significance
(greater than 0.0l level of confidence)

Ag in the case of the date based on annoyance judgments, these rise
time differences with the loudness criterlon are taken to be real,

end not due to chance.
Serles II.

The effect on loudness judgments of adding a short duration "splke"
translent to the bow wave of an ldeallzed 1/2 N-wave pressure
signature was examined in thils short test series. Table 5 and
Flgure 11 indlicate the results of the tests which involved 20 test
subjects comparing two different "splke' waves with a standard

reference ideallzed 1/2 N~wave. The graph 1n Figure 11 indlcates
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a loudness increase of 4.35 dB when a splke totaling 2.2 PSF is
added to the reference l.6 PSF N-wave, and 7.7 dB increase when

a splke totaling 3.3 PSF 1s added. Increesing the amplitude of an
idealized 1/2 N-wave to twice 1ts originel value results in an
increase of 6 dB. Thus, the 3.3 PSF peek wave should have & minimum
effect of about 6 dB increase when compared wilth the 1.6 PSF
reference, which appears to be the case here, plus gome extra
loudness factor due to the addition of high frequency energy as &
result of the modification to the decaylng portion of the 1/2 N-wave.
When the spectra of these modifled waves are compared wlth unmodified
1/2 N-waves an increase in spectral energy of about 6 dB through the
range of 30 to 400 Hz is seen 1n the modified spectra, apparently
due to the additlon of the splke. The additlonal loudness factor
amounts to + l.7 dB for the 3.3 PSF wave and + l.35 dB for the 2.2
PSF peak wave.

The standard devliations obtained in thls experlment reflect an
apparent difference in the subjects abllity to make comparlsons with
different stimulus presentatlon orders. In view of the total time
involved in the experiment (10 subject testing hours) it seems

reagonable to assign thls findlng to a learning effect category.
Using a T test for slgnificant differences between the means of
correlated samples, the averaged (AB and BA orders) results from the
Series IT tests were analyzed wlth the following results:

l. For the 3.3 PSF peak vs. standard reference, T = 11.50 (af = 38)

2. For the 2.2 PSF peak vs. standard reference, T = 6,40 (df = 38)

3. In both cases the values exceed that required for significance
at the .00l level of confidence. The differences between



loudness Jjudgments for the modifled waves and the standard are

accepted as real and due to factors other than chance.
Series IIT.

The design of thls experiment wag flrst suggested as & result of
investigations conducted by Lockheed durlng the SST program. Near
fleld boom signatures resembling a "sawtooth" configuration had been
predicted to occur at certaln flight condltions and were seen as a
toplec for experimentation. A brief test series was run during the
summer of 1966 in an attempt to identlfy potential relationships
between the spacing between the peaks of the "sawteeth" and human
Judgments of loudness. The results of this cursory examlnation
indicated a trend towards a loudness reduction with & reduction in
peak spacing, but thls relationship was not examlned further untill
the present. Ag outllined in detall in the program description
sectlon of this report, the Serles III tests compared 1/2 N-waves

of two basic configurations, each at six different intérpeak durations,
with a standard reference 1/2 N-wave 150 ms. in duration and 1.6 PSF
in amplitude. The experimental results are shown 1n Table 6 and
Flgure 12 and indicate the exlstence of a relatlonshlp between inter-
peak duratlons 1n the Type 1 waveforms and subjective loudness.
Figure 12 graphlcally illustrates this relationship and Indicates

the results of the tests using the Type 2 slgnatures. In contrast

to the decrease 1n loudness apparent wlth & decrease in Type 1 peak
spacing, the Type 2 waves are judged to be relatlvely equal regardless
of interpeak duration.

An anslysls of varilance was performed on the date and the resulis are

as follows for the Type 1 signature comparilsons:

1) For the Type 1 waves, the variance within interpeak trials =
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1.18 (af = 19).

2) The varlance between AB and BA presentation orders = 8.0
(af = 1).

3) The Fisher's F ratio = 6.77 which is significant at the .05

level of confldence.

The analysls of varlance performed on the data for the Type 2 signa-
tures ylelded the following:

1) The variance within interpeask trials = 0.023 (df = 19).

2) The variance between AB and BA presentation orders = 0.96

(af = 2).

3) The Fisher's F ratio = 40.8 which is significant at the .01

level of confildence.

The data indicate statistlcally the operatlon of presentation order
effects 1n the case of the Type 2 wave comparlsons. The actual
numerlcal varlance 1s smell however, and the results should be

appralsed consldering this factor.

There are several possibllitles which may account for the mechanisms
operating In the apparent Type 1 loudness effect. Spectral differ-
ences in the waves should provide some bagls for objective compariscon.
The gpectral energy analysis performed indicate the waves of Type 1
confliguration to have less energy through the range of 0 - 100 Hz
than the standard reference signature. Above 100 Hz, the 64 ms.

wave appears to have more energy than the balance of the test wave-

22



forms, yet stlll below the levels found for the standard "non-sewtooth"
reference. Hence, the increased loudness evident with thils 64 ms.
test wave (about l.4 dB) 18 most likely due to other factors, such

ag a perceptual summing of the loudness of each of the three 1ndi-
viduel pogitlve pressure excurslons characterligtic of thls type
slgnature. The apparent decrease in loudness evident with the re-
duction in peak spacing of the other 5 waveforms 1g probebly due in
part to thig potential summing (integratlon) effect and in part to

a decrease 1n spectral energy in the 100 - 500 Hz range, as Ilndlcated
in the energy analysis. Indeed, the spectra of the Type 1 wave with
2 ms. interpeak spacing appears similar to a "plain" 1/2 N-wave with
& rise time of 10 ms., suggestling the posslbllity that creating bow
waves with 2 ms. breaks having pressure increases of 1 ms. or so
creates essentlally the same subjective effect as might be expected
with a rise time increase on the order of 7 ms. or so in & non-
peaked wave. As the lnterpeak duretion is decreased beyond 2 ms.

the loudness should increase as the bow wave pressure front approaches
a smooth (short rise time) Increase. Technical limitations inherent
In the simulation system 1imlt the present capabllity to create waves
wilth interpeak spacling less than 2 ms., hence, the relationshlp ex-
pressed 1n the preceeding sentence is hypothetical only. Evaluation
of this apparent loudness effect should be appralsed 1n light of the
magnitude of the numericel difference (4 dB +) obtalned in the tests.
Previous experimentation conducted at Lockheed has indicated the
abllity of human subjects to detect changes 1n impact type transients
to be on the order of 1-1/2 dB. Considering this variable in con-
Junction with the actual overpressure change associated with this

L 4B reductlon (in the case of a 2 ms. spaced wave) leaves one wilth
questions as to the practical significance of this finding. The
identiflcation of this relatlonshlip does suggest an instance however,
when changlng the shape of the generatling ailrcraft could very possibly

affect perceﬁtion of the sonic boom.
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TABLE 4
SERIES I-EXPERIMENTAL RESULTS N-WAVE COMPARISONS
STANDARD REFERENCE SIGNATURE: N-WAVE, 350 MS DURATION, 3.0 MS RISE TIME

e

LEVEL CHANGE (dB+) REQUIRED FOR JUDGED EQUATITY
AB Order (STD. 1lst) BA Order (STD. 2nd)

JUDGMENT |DUR. OF| 1 ms R.T. 3 ms R.T. 10 ms R.T. 1 ms RTe |3 ms R.T. 10 ms R.T.
CRITERION |COMPAR. | ILevel S.D. | Level 8.D. | Level S.D. Level S.D. |Level S.D. |Level S.D.
Loudness {100 ms.| -4.79 11.69 {+0.41 {0.99 |+10.05 {2.48 [-2.56 {1.04k [+1.29 {1.21 [+11.11 }o.T74 |
Annoyance {100 ms. | -4.05 {1.30 [ +0.30 {1.09 |+ 7.09 |1.99 |-2.75 |1.75 |+0.74 |1.20 |+ 8.52 ]2.33 STD
Loudness |350 ms.| -L.94 [1.28 | -0.69 [0.61 |+ 8.21 |2.30 |-3.20 {1.61 - - +10.34 [1.67 {LEVEL
Annoyance {350 ms.| -4.09 {1.05 | -0.64 {0.87 [+ 5.99 |0.70 |-3.40 [1.06 - - + 7.45 |2.05 0.8 PSF
Loudness {500 ms.| =5.09 {1.k41 | -0.78 {O.7L [+ 8.00 [1.91 {-3.70 [1l.42 {+0.00 {0.70 [+LlO.hbk [1.96
Annoyal’lce SOO IIlS- ")-l-088 1.33 "0081. 0-57 + 5080 2.19 "Ll'.lo 1-07 "0068 0078 + 6.82 ln77

"| Loudness {100 ms.| =4.65 |1.20 {-0.02 {0.90 {+ 8.95 {2.11 {~-3.00 {1.30 {+0.78 |1l.12 |+10.30 {2.h1 ’
Annoyance}100 ms.| -3.68 {1.00 }+0.55 {0.61 |+ 7.19 |2.06 |~3.20 }1.06 {+0.48 }1.18 |+ 7.78 |2.75
Loudness {350 ms.| -b.7h {1.16 | -0.12 10.51 + 7.92 [2.03 {-3.49 {1.50 - - + 9,36 [1.61 | STD.
Annoyance|350 ms.| =4.40 [1.12 | ~0.08 |O.44 |+ 5.89 {1.35 |-3.78 0.82 | =~ - + T.65 |1.60 ILEZEL

1 ) ll PSF

Loudness |500 ms.| -4.79 |0.72 | 0.49 [ 0.60 {+ 7.99 {5.56 {-k.ok |1.22 | =0.35 {0.63 |+ 8.93 |5.29 |
Annoyance|500 ms.| -4.36 | 1.3% { ~0.38 {0.63 |+ 5.43 {2.01 [-3.20 [0.97 |{-0.38 ]0.69 [+ 6.50 |{1.75
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TABLE 4 (Cont.)

SERIES I-EXPERIMENTAL RESULTS N-WAVE COMPARISONS
STANDARD REFERENCE SIGNATURE: N-WAVE, 350 MS DURATION, 3.0 MS RISE TIME

LEVEL CHANGE (dB+) REQUIRED FOR JUDGED EQUALITY

AB Order (STD. 1st) BA Order (STD. 2nd)
JUDGMENT {DUR. OF { 1 ms R.T. 3 ms R.T. 10 ms R.T. 1 ms RTe |3 ms R.T. 10 ms R.T.
CRITERION|COMPAR. Level S.D. Level S.D. Level S.D. Level S.D. |Level S.D. Level S.D.
Loudness |100 ms. | ~4.35 | 1.03 {40.29 [1.03 |+ 7.75 |1.48 | -3.37 }|1.01 |+0.M4 [0.72 |+ 8.29 | 1.20 '

STD.

Annoyance |100 ms. | ~3.40 | 1.14 |+0.21 [0.67 |+ 6.10 [2.20 | -2.56 [1.20 |+0.19 [0.70 |+ T7.00 | 1.60 LEVEL
Loudness {350 ms. | =4.83 | 0.7L |+0.17 |0.36 |+ 7.65 |0.77 {-4.00 {0.91 - - + 8.46 [ 0.94 | 2.4 PSF
Annoyance |350 ms. | =3.77 | 0.60 | -0.13 [0.42 |+ 5.81 |1.35 | -3.06 [1.08 - - + 6,76 | 1.26
Loudness |500 ms. | =4,54 [0.86 | -0.15 |0.49 |+ 7.29 |0.18 | -4.00 |1.50 |-0.27 |0.70 |+ 8.15 | 1.65
Annoyance|500 ms. | -3.87 | 1.45 | =0.23 [0.53 |+ 5.31 |2.22 | -3.37 |1.28 [-0.12 [0.L47 |+ 6.17 |2.01
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SERIES II EXPERIMENTAL RESULTS

TABLE 5

(1/2 N-WAVES WITH SHORT DURATION
SPIKES ON BOW WAVE)

STANDARD REFERENCE SIGNATURE: Idealized 1/2 N-wave

COMPARISON
SIGNATURE

3.3 PSF SPIXE

2.2 PSF SPIXE

1.6 PSF 1/2 N-WAVE
(Control Comparison)

180 ms Duration
1.6 PSF

LEVEL CHANGE REQUIRED
FOR SUBJECTIVE EQUALITY

AB ORDER BA OFRDER

-8.15 dB -7.24 aB
STD.DEV: 1.25 STD.DEV: 0.75

-k, 79 aB -3.90 4B
STD.DEV: 1.01 STD.DEV: 0.72

-0.56 dB
STD.DEV: 0.69
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TABLE 6

SERIES IIT EXPERIMENTAL RESULTS

"SAWTOOTH" 1/2 N-WAVES WITH DIFFERENT INTERPEAX DURATIONS

STANDARD REFERENCE SIGNATURE: 1/2 N-Wave
150 ms Duration
1.6 PSF

Level Required For Subjective
Equality (dB) & Standard Deviation

Level S.D. Level S.D.

+3.9 1.18 +1.56 1.45

gﬁﬁi?ﬁgﬁK L 1+3.39} 1.27 +3.91 1.33
(ms) 8 +2.86| 1.05 +3.79 2.32
16 |+2.20| 1.11 +3.49 1.33

TYPE 1 32 |+0.41 | 1.0k +1.38 1.6L
6k |-1.9 1.27 -0.85 1.2k4

LB Arrtr BA

Signatura Type 1

Level Requlred For Subjectlve
Equality (dB) & Standard Deviation
Level S.D. Level S.D.
-0.16 0.43 -0.26 | 0.75
-0.36 0.59 -0.10 | 0.56
-0.39 | 0.60 -0.40 | 0.86
-0.2L 0.59 +0.00 | 1.05
-0.17 0.77 +0.26 | 1.03
-0.21 0.61 +0.76 | 1.16

Test _P\
Signature Type 2

+3
N>

Order Effect (STD. vs STD) = -0.20
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Figure 13 Spectral Energy Characteristics of Idealized 100 ms.Duration N-Wave @ Rise Time = 1 ms.
as Used in Series I Tests.
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Figure 14t  Spectral Energy Characteristics of Idealized 350 ms. Duration N-Wave @ Rise Time = 1 ms.
as Used in Serieg I Tests.
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Figure 15 Spectral Energy Characteristics of Idealized 350 ms. Duration N-Wave @ Rise Time = 3 ms.
as Used in Series I Tests.
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Figure 16 Spectral Energy Characteristics of Idealized 350 ms. Duration N-Weve @ Rise Time = 10 ms.
as Used in Series I Tests.
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Spectral Energy Characteristics of Idealized 500 ms. Duration N-Wave @ Rise Time = 1 ms.
as Used in Series I Tests.
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Figure 18 Spectral Energy Characterigtics of Idealized 150 ms. Duration 1/2 N-Wave @ Rise Time =
1 ms. a3 Used in Series III Tests.
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Figure 19 Spectral Energy Characteristics of Idealized 150 ms. 1/2 N-"Sawtooth" Wave @ Rige Time
of 1 ms. With Interpeak Duration of 2 ms. as Used in the Series III Tests. {Type 1)
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Figure 20 Spectral Energy Characteristics of Idealized 150 ms. 1/2 N-"Sawtooth" Wave @ Rlse Time
of 1 ms. With Interpesk Duration of L ms. as Used in Series III Tests. (Type 1)
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Figure 21  Spectral Energy Characteristics of Ideslized 150 ms. 1/2 N-"Sawtooth" Wave @ Rise Time
of 1 ms. With Interpeek Duration of 8 ms. as Used in Series III Tests. (Type 1)
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Figure 22  Spectral Energy Characteristics of Idealized 150 ms. Duration 1/2 N-"Sawtooth" Wave @
Rise Time = 1 ms. With Interpeak Duration of 16 ms. as Used in Series III Tests. {Type 1)
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Figure 23 Spectral Energy Characteristics of Idealized 150 ms. Duration 1/2 N-"Sawtooth" Wave @
Rige Time = 1 ms. With Interpeek Duration = 32 ms. 8s Used in Series IIL Tests (Type 1)
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Rise Time of 1 ms. With Interpeak Duration of 64 ms. as Used in Series ITI Tests. (Type 1)
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Figure 25 Spectral Energy Characteristics of Idealized 150 ms. Duration 1/2 N-"Sawtooth" Wave @
Rige Time of 1 ms. With Interpeak Duration = 2 ms. as Used in Series III Tests. (Type 2)
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Figure 26  Spectral Energy Characteristics of Idealized 150 ms. Duration 1/2 N-"Sawthooth" Wave @
Rise Time = 1 ms. With Interpeak Duration = 4 ms. as Used in Series III Tests. (Type 2)
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Figure 27 Spectral Energy Characteristics of Idealized 150 ms. Duration 1/2 N-"Sawtooth" Wave @
Rige Time = 1 us. With Interpeak Duration = 8 ms. as Used in Series III Tests. (Type 2)
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"Spike" Modification as Used in Series II Tests.




Concluglons:

On the basis of the experiments performed as described, the following

sre offered as concluslons:

1.

24

3e

b,

Se

Te

The duration of the test slgnatures did not affect loudness or

annoyance judgmentse.

As the rise time of & test slgnature Increases, the loudness

and annoyance decrease.

With the exceptlion of comparigons using waves having 10 ms. rise
times, there 1s no difference in judgments made with & loudness

criterion and those using annoyance as a basls for comparlson.
Similar relative results for judged loudness and annoyance
smong the varlous waveforms were obtalned with the standard

signeture set at any one of three levels, 0.8, l.6 and 2.4 psf.

The addition of a "spike" bow wave modification to an idealilzed

1/2 N-wave results in Increased subjective loudness.

As the Interpeak spacing of Type 1 waveforms 1s decreaged from

64 mgec to 2 msec loudness decreages.

No apparent loudness effect 18 noted when the Interpeak spacing
of Type 2 waveforms is variled.
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APPENDIX 1.
Instructions to the subjects:
1) LOUDNESS Judgments:

Thls 1s a test serles desligned to determine how you hear certaln
kinds of sonic boom type sounds. You will hear pairs of booms, and
your task 1s to answer verbally, after the second boom of each palr,
whether that second boom was louder, equal to, or softer than the
first. Answer as soon as possible after hearing the second boom.
The boom pairs wlll be repeated a number of times and you are to
continue making loudness Jjudgments until given the command "stop".
Try your best to make your Jjudgments only in terms of how loud the
second boom gounds relative to the flrst. We will have a few

practlice trials before starting testing. Any questions?
2) ANNOYANCE Judgments:

This is a test series designed to determine how much certain kinds

of sonic boom sounds annoy you. You will hear pairs of booms, and
your task is to answer verbally, after the second boom of each pair,
whether that second boom was more, equally, or less annoylng than the
first. Answer as soon as possible after hearing the second boom.

The boom pairs will be repeated & number of times and you are to
continue meking annoyance judgments until given the command "stop'.
Try your best to make your judgments only in terms of how much the
second boom annoys you, relative to the firgt. We will have a few

practice trials before starting testing. Any questions?
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