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INTRODUCTION

In recent years, sound annoyance produced by low-frequency noise has generated increased at-
tention (e.g. [1] [2] [3]). The major sources of low-frequency noise inside buildings are modern
energy efficient heating, refrigeration, and air-conditioning systems. These noises, collectively
known as HVAC spectra, are often the cause of increased interior room complaints [4] [5]. Despite
the widespread recognition of this problem, little agreement exists about how to assess and quanti-
fy the perceived annoyance. To this end, we report the results of an ongoing ASHRAE sponsored
psychoacoustical investigation and analysis of the perceived annoyance of HVAC noise. Based on
the accumulated evidence that loudness is the primary component of sound annoyance [6] [7] [8]
[9], both loudness and annoyance measures were obtained for all test stimuli. This experimen-
tal protocol provided baseline loudness data, enabling the annoyance-to-loudness relation to be
accurately determined.

DESCRIPTION OF EXPERIMENTS

Stimuli, listening conditions, and subjects. The stimuli were 12 noise spectra similar in overall
shape, level, and spectral content to a broad sample of more than 70 HVAC noises recorded in an
earlier study [2]. The spectra extended over a range of SPLs from 72.8 to 92 dB. Owing to the
low-frequency emphasis of the noises, the range of A-weighted levels was much lower extending
from 40.6 to 61.4 dB. Figure 1 provides the 1/3-octave-band levels of four spectra typical of the
noise samples. Note that for all spectra the maximum sound energy is located well below 300 Hz.
However in some samples, for example, spectra 11 and 12, the decrease in level with frequency is
relatively smooth, whereas in others, as in spectra 1 and 9, the noises contain dominant tonal peaks
located below 100 Hz.

Listening was through two loudspeakers in a sound-isolated test room [10]. The stimuli were
presented one at a time for 10 s with an interburst interval of 7 s. A total of 16 listeners with normal
hearing took part in the experiments. The listeners sat in one of three seats at a desk. At each seat
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location,the acousticstimuluswasnominally the same gnablingup to threelistenersto be tested
atthesametime.

Method. Judgment®f loudnessandanng/ancewereobtainedby the methodof absolutemagni-
tudeestimationAME). This methodhasbeenusedsuccessfullyn previousstudieso differentiate
andassesshe overall loudnessandannganceof noise-tonecomplexes(e.g. [7] [8]). According
to the methodof AME, no referencestandards designated An internalstandarccommonto all
groupsof listenersis implied. Listenersare simply asked to assigna positve number including
decimalsandfractions,to the loudnesgor anng/ance)of the stimuli sothatthe subjectve magni-
tudeof thetwo continua,loudnessandnumber appearequal. The rationalefor usingthis version
of magnitudeestimations describecklsavhere[11].
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Figurel: lllustrative spectrunshapes

During a given session eachlistenerjudgedthe loudness(or anng/ance)of the 12 sample
noisesthreetimesin a quasi-randonorderthat differed for eachof the threeruns[10]. All the
judgmentsveremadeaftereachof the noisestimuli wereturnedoff. Thejudgmentsvereindivid-
ually recordedandthenstoredin acomputer

As in studies[7] and[8] cited above, the latter two judgmentsproducedby eachindividual
listenerwere geometricallyaveraged. The individual geometricaveragesvere thenusedfor the
determinatiorof groupgeometricmeans.Final averagingwasachievzed without normalizationof
the obtainednumbers.This proceduregpermittedboth the absoluteandrelative perceved magni-
tudesto bedeterminecandanalyzed.

RESULTS AND DISCUSSION

Figure 2 shows the groupgeometricmeansobtainedby 11 listenersfor loudnessandanngy-
ance. The hatchedbarson the left side of eachpair arefor loudnessthoseon the right sideare
for anngzance.Theverticallinesaretwice the SEaroundthe meandata.In generalJoudnessand
anngancearecloselycoupled. Thatis, anincreasdan loudnesdendsalsoto be accompaniedy
anincreasdan anngance. For example,a comparisorbetweenhe loudnessandanngancedata
for spectral and6 indicateshatanincreasean loudnessalsoresultsin anincreasan anngance.
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Figure2: Groupmeanloudnessandanngancejudgmentdor 12 spectra

The closerelationbetweenoudnessandannganceimpliesthatto a large extentanngance,
likeloudnessreflectsthewayin which soundsareprocessetty theauditorysystem f true,thena
psychoacoustically-basedodelof loudnesslik e the oneproposedy Zwickerin ISO532B[12],
oughtto predictthe measuredoudnessmagnitudes.Also, it oughtto provide baselindoudness
valuesfor determiningheanngance-to-loudnes®lation. A testof theseassumptionss provided
in Fig. 3.
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Figure3: Relationbetweermeasure@ndpredictedoudnessralues

Figure 3 shaws thatthe correlationbetweernhe grouploudness-estimatiodataandthe loud-
nesspredictionsin Sonesaccordingto Zwicker’s model[12] is quite good(rxy= 0.95;r2=0.90).
Moreover, withoutnormalizatiorof theraw datatheactualnumericalvaluesthelistenersassigned
to the loudnessof the differentspectraandthe predictedSonevalueslie within the samerange.
By comparisonFig. 4 shows thatthe correlationbetweenthe loudness-estimatiodataandthe
A-weighting, which is moretypically usedto assesshe loudnessof noise(e.g. [1] [9] [13]), is
poorer(rxy = 0.86;r2= 0.74). The analysisof the anngance-to-loudnesstios (A/L) makesthe
limitations of the A-weightingevenmoreevident.

INTERNOISE 99 3 Ft. Lauderdale, Florida USA



Wheread-ig. 2 shavsthat,in generalJoudnessandanngancetendto varytogetheiin tandem,
loudnessaandanngancedo notalwayshave the samemagnitude An examinationof the A/L ratios
revealsthe extentto which anngyancemay differ from loudnesdor eachof the 12 spectra.Mean
values(filled circles)of the A/L ratiosandthe associategtandarderror barsare plottedin Fig.
5 for the group of 11 listeners. For eight spectrathe ratios of A/L areaboutl.0 indicatingthat
for thesestimuli anngyancecan be well accountedor by our knowledgeof loudness.However
for four spectral, 4, 6, and9, the A/L ratiosareall significantlygreaterthan1.0, rangingfrom
about2.0to morethan7.0. Moreover, asshovn by the unfilled circles and squaresthe larger
ratiosarerepeatablever time. In all instancesthe spectrathat evoke A/L ratiosexceedingl.0
are characterizedy low-frequeng tones. Furtherdataanalysisindicatesthat loudnesslevels
calculatedfor eachspectrajn accordwith Zwicker's model[12], provide a betteraccountof the
A/L relationthanthe A-weightedlevels. Theseresultsarepresentedn Figs.6 and7.
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Figure4: RelationbetweermeasuredoudnessanddB(A) values
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Figure5: Annoyance-to-loudnesstio obtainedfor eachof 12 spectra

Figure 6 is a plot of the A/L ratio asa function of the dB(A) values. Theresultsin Fig. 6
hint that,for thefour stimuli containingstrongtonalcomponentsthe A/L ratiois inverselyrelated
to level. However, the correlationbetweerthe A/L ratio anddB(A) is too low to be meaningful.
Spectra4 and 9 (squaresand diamonds)producenearly the sameA-weightedlevels [45 vs 46
dB(A)], but they evoke very differentA/L ratios[3.1vs 7.2]. In contrastasshown in Fig. 7, the
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sameanalysisbasedn ISO 532B[12] morecloselypredictstheinverserelationbetweenA/L and
soundlevel. Here,the squareanddiamondsare clearly differentiated spectrum, which elicits
anA/L ratioof 7.2,is 9 phonslowerthanspectrund. Moreover, consistentvith asummaryreport
[1], Figs. 6 and7 shav thatthe A-weightedlevels markedly underestimatéhe loudnesdevels
for all stimuli. Becausdoudnesds derivablefrom loudnesdevel, this resultalsomeanghatthe
dB(A) valuesunderestimatéhe measuredoudnesgiatain Fig. 3.
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Figure6: Relationbetweeranng/ance-to-loudnesstio anddB(A)
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Figure7: Relationbetweeranng/ance-to-loudnesstio andloudnesdevel

The finding that anngyanceexceeddoudnessmoreat low thanat moderatdoudnesdevels,
impliesthatloudnesds not the sole controlling perceptuahttribute for the increasedanngance.
For low-frequeng noisescontainingdominanttonal peaksanotherperceptuahttribute mustalso
playarole. Independengvidenceto supportthis notioncomedrom arecentstudyof theperceved
roughnes®f low-frequeng puretones[14]. Measuredoy AME at a constanioudnesdevel of
35 phons percevedroughnes®f low-frequeng tonesvariesinverselywith frequeng reachinga
maximumatafrequeng of 25 Hz, thesamerequeng thatevokesthemaximumA/L ratioin Figs.
6 and7. Figure8 compareshesetwo diversesetsof data. Thehigh correlationbetweerroughness
andtheA/L ratio (re: avalueof 1.0at25Hz) stronglysuggestsin accordwith earlierfindings[8],
thatanincreasan roughnessnducesanincreasen anngancerelative to loudness.As aresult,
eventhoughtheloudnessnaydecreas¢he A/L ratio increases.
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Figure8: Relationbetweerrelatve roughnessndrelative A/L ratio

CONCLUSIONS

Taken togethey loudnessand anngyancemeasure®f low-frequengy HVAC noiseprovide a
psychoacousticdtamanvork for understandinghe obsenedeffects. A comparisorbetweermea-
suredand calculatedoudnessvaluesshaws that Zwicker’s modelin 1ISO 532B more accurately
describegerceved loudnesghanthe A-weighting. Not only doesISO 532B betterpredictthe
overall loudnessof the variousspectra,it also more closely predictsthe A/L relation. Stimuli
with nearlythe samelow A-weightedlevels canevoke very differentA/L ratios. Thisis nottrue
however for ISO 532B. In additionto loudnessperceved roughnessontritbutesto the increased
annganceproducedoy low-frequeng noisescharacterizethy spectrapeaksbelov 100Hz.
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