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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,theacousticstimuluswasnominally thesame,enablingup to threelistenersto betested
at thesametime.
Method. Judgmentsof loudnessandannoyancewereobtainedby themethodof absolutemagni-
tudeestimation(AME). Thismethodhasbeenusedsuccessfullyin previousstudiesto differentiate
andassesstheoverall loudnessandannoyanceof noise-tonecomplexes(e.g. [7] [8]). According
to themethodof AME, no referencestandardis designated.An internalstandardcommonto all
groupsof listenersis implied. Listenersaresimply asked to assigna positive number, including
decimalsandfractions,to theloudness(or annoyance)of thestimuli sothatthesubjectivemagni-
tudeof thetwo continua,loudnessandnumber, appearequal.Therationalefor usingthis version
of magnitudeestimationis describedelsewhere[11].

Figure1: Illustrativespectrumshapes

During a given session,eachlistenerjudgedthe loudness(or annoyance)of the 12 sample
noisesthreetimesin a quasi-randomorderthat differedfor eachof the threeruns[10]. All the
judgmentsweremadeaftereachof thenoisestimuli wereturnedoff. Thejudgmentswereindivid-
ually recordedandthenstoredin acomputer.

As in studies[7] and[8] cited above, the latter two judgmentsproducedby eachindividual
listenerweregeometricallyaveraged.The individual geometricaverageswerethenusedfor the
determinationof groupgeometricmeans.Final averagingwasachievedwithout normalizationof
theobtainednumbers.This procedurepermittedboth theabsoluteandrelative perceivedmagni-
tudesto bedeterminedandanalyzed.

RESULTS AND DISCUSSION

Figure2 shows the groupgeometricmeansobtainedby 11 listenersfor loudnessandannoy-
ance.The hatchedbarson the left sideof eachpair arefor loudness;thoseon the right sideare
for annoyance.Theverticallinesaretwice theSEaroundthemeandata.In general,loudnessand
annoyancearecloselycoupled.That is, an increasein loudnesstendsalsoto beaccompaniedby
an increasein annoyance.For example,a comparisonbetweenthe loudnessandannoyancedata
for spectra1 and6 indicatesthatanincreasein loudnessalsoresultsin anincreasein annoyance.
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Figure2: Groupmeanloudnessandannoyancejudgmentsfor 12 spectra

Thecloserelationbetweenloudnessandannoyanceimplies that to a largeextentannoyance,
likeloudness,reflectsthewayin whichsoundsareprocessedby theauditorysystem.If true,thena
psychoacoustically-basedmodelof loudness,like theoneproposedby Zwicker in ISO532B[12],
oughtto predictthe measuredloudnessmagnitudes.Also, it oughtto provide baselineloudness
valuesfor determiningtheannoyance-to-loudnessrelation.A testof theseassumptionsis provided
in Fig. 3.

Figure3: Relationbetweenmeasuredandpredictedloudnessvalues

Figure3 shows that thecorrelationbetweenthegrouploudness-estimationdataandthe loud-
nesspredictionsin Sonesaccordingto Zwicker’s model[12] is quitegood(rxy= 0.95;r2= 0.90).
Moreover, withoutnormalizationof theraw data,theactualnumericalvaluesthelistenersassigned
to the loudnessof the differentspectraandthe predictedSonevalueslie within the samerange.
By comparison,Fig. 4 shows that the correlationbetweenthe loudness-estimationdataandthe
A-weighting, which is moretypically usedto assessthe loudnessof noise(e.g. [1] [9] [13]), is
poorer(rxy = 0.86; r2= 0.74). Theanalysisof theannoyance-to-loudnessratios(A/L) makesthe
limitationsof theA-weightingevenmoreevident.
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WhereasFig. 2 showsthat,in general,loudnessandannoyancetendto varytogetherin tandem,
loudnessandannoyancedonotalwayshavethesamemagnitude.An examinationof theA/L ratios
revealstheextentto which annoyancemaydiffer from loudnessfor eachof the12 spectra.Mean
values(filled circles)of the A/L ratiosandthe associatedstandarderror barsareplotted in Fig.
5 for the groupof 11 listeners. For eight spectrathe ratiosof A/L areabout1.0 indicatingthat
for thesestimuli annoyancecanbe well accountedfor by our knowledgeof loudness.However
for four spectra,1, 4, 6, and9, theA/L ratiosareall significantlygreaterthan1.0, rangingfrom
about2.0 to more than7.0. Moreover, asshown by the unfilled circlesandsquares,the larger
ratiosarerepeatableover time. In all instances,the spectrathat evoke A/L ratiosexceeding1.0
are characterizedby low-frequency tones. Furtherdataanalysisindicatesthat loudnesslevels
calculatedfor eachspectra,in accordwith Zwicker’s model[12], provide a betteraccountof the
A/L relationthantheA-weightedlevels.Theseresultsarepresentedin Figs.6 and7.

Figure4: RelationbetweenmeasuredloudnessanddB(A) values

Figure5: Annoyance-to-loudnessratio obtainedfor eachof 12 spectra

Figure6 is a plot of the A/L ratio asa function of the dB(A) values. The resultsin Fig. 6
hint that,for thefour stimuli containingstrongtonalcomponents,theA/L ratio is inverselyrelated
to level. However, thecorrelationbetweentheA/L ratio anddB(A) is too low to bemeaningful.
Spectra4 and9 (squaresanddiamonds)producenearly the sameA-weightedlevels [45 vs 46
dB(A)], but they evoke very differentA/L ratios[3.1 vs 7.2]. In contrast,asshown in Fig. 7, the
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sameanalysisbasedon ISO532B[12] morecloselypredictstheinverserelationbetweenA/L and
soundlevel. Here,thesquaresanddiamondsareclearlydifferentiated;spectrum9, which elicits
anA/L ratioof 7.2,is 9 phonslower thanspectrum4. Moreover, consistentwith asummaryreport
[1], Figs. 6 and7 show that the A-weightedlevels markedly underestimatethe loudnesslevels
for all stimuli. Becauseloudnessis derivablefrom loudnesslevel, this resultalsomeansthat the
dB(A) valuesunderestimatethemeasuredloudnessdatain Fig. 3.

Figure6: Relationbetweenannoyance-to-loudnessratio anddB(A)

Figure7: Relationbetweenannoyance-to-loudnessratioandloudnesslevel

The finding that annoyanceexceedsloudness,moreat low thanat moderateloudnesslevels,
implies that loudnessis not thesolecontrollingperceptualattribute for the increasedannoyance.
For low-frequency noisescontainingdominanttonalpeaksanotherperceptualattributemustalso
playarole. Independentevidenceto supportthisnotioncomesfrom arecentstudyof theperceived
roughnessof low-frequency puretones[14]. Measuredby AME at a constantloudnesslevel of
35 phons,perceivedroughnessof low-frequency tonesvariesinverselywith frequency reachinga
maximumatafrequency of 25Hz, thesamefrequency thatevokesthemaximumA/L ratio in Figs.
6 and7. Figure8 comparesthesetwo diversesetsof data.Thehighcorrelationbetweenroughness
andtheA/L ratio(re: avalueof 1.0at25Hz) stronglysuggests,in accordwith earlierfindings[8],
thatan increasein roughnessinducesan increasein annoyancerelative to loudness.As a result,
eventhoughtheloudnessmaydecreasetheA/L ratio increases.
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Figure8: Relationbetweenrelative roughnessandrelativeA/L ratio

CONCLUSIONS

Taken together, loudnessandannoyancemeasuresof low-frequency HVAC noiseprovide a
psychoacousticalframework for understandingtheobservedeffects.A comparisonbetweenmea-
suredandcalculatedloudnessvaluesshows that Zwicker’s model in ISO 532B moreaccurately
describesperceived loudnessthanthe A-weighting. Not only doesISO 532B betterpredict the
overall loudnessof the variousspectra,it also more closely predictsthe A/L relation. Stimuli
with nearlythesamelow A-weightedlevelscanevoke very differentA/L ratios. This is not true
however for ISO 532B.In additionto loudness,perceivedroughnesscontributesto the increased
annoyanceproducedby low-frequency noisescharacterizedby spectralpeaksbelow 100Hz.
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