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Human Hearing

Bies, Hansen, and Howard, 2018
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Facts about Human Hearing

• Audible sound spans 10 octaves (20 Hz to 20,000 Hz) which 
corresponds to wavelengths from 1.7 cm to 17 m.

• The displacement of the eardrum at the threshold of hearing 
is 10-9 m or about 10 atomic diameters.

• An aural reflex provides us from loud noises by tightening 
the muscles holding the stapes to protect us from loud 
noises, but it has a reaction time of about 0.5 msec.

• The ear canal forms a quarter wavelength tube with a first 
resonance around 2700 Hz.

Long, 2014
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Loudness Level (phons)

Bies, Hansen, and Howard, 2018
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https://community.sw.siemens.com/s/article/sound-quality-metrics-loudness-and-sones

A-Weighting Adjustment
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A- and C- Weighting

Long, 2014
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Example
Octave Band Center

Frequency (Hz)
dB Level ΔAn dBA Level

125 90 -16.1 73.9

250 96 -8.6 87.4

500 92 -3.2 88.8

1000 90 0 90.0

2000 85 1.2 86.2

4000 85 1.0 87.0

8000 81 -1.1 79.7

𝐿 ൌ 10 logଵ 10.ଷଽ  10଼.ସ  10଼.଼଼  10ଽ.  10଼.ଶ  10଼.  10.ଽ ൎ 95 dB A

𝐿 ൌ 10 logଵ ∑ 10 ା ଵ⁄ே
ୀଵ
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Relative Loudness (sones)

Lyon, 2000

Loudness is considered on a linear scale where 2 sones is twice as loud 
as 1 sone.

𝑆 ൌ 2
ିସ
ଵ

𝑆 ~ Sones

𝑃 ~ Phons
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Sound Pressure Level and Sones

Bies, Hansen, and Howard, 2018
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Octave Band Center Frequencies (Hz)

31.5 63 125 250 500 1000 2000 4000 8000

Band Level (dB) 57 58 60 65 75 80 75 70 65

Band Loudness (sones) 0.8 1.3 2.5 4.6 10 17 14 13 11

𝑆௧௧ ൌ 𝑆௫  𝐵  𝑆
ஷ௫

𝑆௧௧ ൌ 17  0.3 0.8  1.3  2.5  4.6  10  14  13  11 ൌ 34.2 sones (loudness)

34.2 sones is approximately 91 phons

Example
𝑆௧௧ ~ Overall Loudness Level (sones)

𝑆 ~ Loudness in Octave Bands (sones)

𝑆௫ ~ Highest Level (sones)

𝐵 ~ 0.3 for Octave, 0.15 for 1/3-Octave
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https://community.sw.siemens.com/s/article/sound-quality-metrics-loudness-and-sones

Example Vacuum Cleaners

Vacuum A Vacuum B

dB 95.9 95.3

dB(A) 95.4 93.2

Sones 86.6 58.1
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Noise Criteria

Bies, Hansen, and Howard, 2018
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Ermann, 2015

Noise Criteria
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Noise Criteria

Interior Noise Design Goals (Long, 2014)
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Room Criteria
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Calculation Notes
1. RC curve determined by mean of spectrum levels at 500, 

1000, and 2000 Hz.
2. QAI (quality assessment index) is the range between 

highest and lowest spectral deviations.

Room Criterion
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Room Criterion

Tonal content that might relate back to a source is considered.

ASHRAE Handbook, 2001
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The Meaning of Sound Quality (Lyon, 2000)

Sound Quality is the perceptual reaction to the sound of a product that 
reflects the listener’s reaction to the acceptability of that sound for that 
product, the more acceptable, the greater the sound quality.

Percept is a mental concept that is formed from a sensory perception.  
It is both objective and subjective.

Acceptability may be interpreted broadly.  It might entail perceived 
power, how well made the product is, how well it seems to be working, 
and its loudness.

21
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Expectations are Important

22

• A study of reaction to freeway noise in Los Angeles found an inverse relation 
between noise level and annoyance. Those close to the freeway expected the 
sound and were benefited by lower home prices. The sound was louder, but 
less bothersome. Those further away felt the noise to be an inappropriate 
intrusion into their nicer neighborhoods. Their sound was weaker, but they were 
more troubled by it (Lyon, 2003b).

• For sounds that are characteristic of a product, loudness is the primary issue 
(Lyon, 2000).

• Sounds that are uncharacteristic of a product, if detectable, are unacceptable.  
In that case, the sound itself may be a defect (Lyon, 2000).
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Dimensions of Sound

Lyon, 2003b

• Strength or Magnitude – metrics include loudness (sones, phons) and 
A-weighted sound level.

• Annoyance Value – metrics include roughness, sharpness, and 
tonality.

• Amenity Value – no metric but associated with the regularity, 
harmonicity, and appropriateness (is the sound pleasing?).

• Information Content – no metric but associated with identification, 
performance and condition of the product (what does the sound tell 
you about the product?).
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Acceptability Vacuum Cleaner

The strongest contributors to the perceptions 
of acceptability and perceived power were the 
motor and airflow sound, and a higher level of 
rotating brush noise could increase perceived 
power without decreasing acceptability. 
(Bowen and Lyon, 2016)

Lyon, 2000



Vibro-Acoustics Consortium

February 25, 2021

Mapping Perception to Design Space

25

Vacuum Cleaner Example

Lyon, 2003a
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Lyon, 2003a
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Acoustic Sensory Profile
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The sounds of the major sound producing components for a vacuum cleaner 
and washer were mixed together at different levels.  Principal component 
analysis was used to create a sensory profile.

Vacuum CleanerWashing Machine
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Acoustic Sensory ProfileDesign Space

Structure
Fan

Airflow
Motor
Brush

Perceptual Space

Well Made
Powerful
Annoying
Effective
Reliable

Acoustic Sensory Profile may or may not be related to metrics 
like loudness, tonality, modulation, sharpness, roughness, etc.
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Sound Quality Metrics

Some perceptual psychologists, among which psycho-acousticians are a 
subset, propose additional metrics that can be used to choose among 
product variations.  In the area of sound, such metrics carry names like 
roughness, sharpness, and fluctuation strength.  They are measured using 
combinations of frequency and temporal filtering, and instrumentation is 
available for computing these metrics.

These metrics undoubtedly shed some light on the correlation between 
features of sound and perception.  But engineers design gear trains, 
motors, and structures, not spectra, so a correlation between component 
sounds and the acceptability of a product (which we have defined as 
sound quality) is of more direct value to the design engineer. (Lyon, 2000)

29
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Listening Panels or Juries (Lyon, 2000)

Jury Study Procedure

1. Select jury members – “expert” juries are preferred because they 
can associate a sound with a mechanism.

2. Train jury members – understanding of the meaning of the 
questions and scaling of responses. Terms like “very large” are 
vague and scaling may need to be considered for each respondent 
to insure uniformity.

3. Develop Stimulus Set – select duration, sequencing, and filtering of 
samples.

4. Conduct the listening tests – binaural listening is preferable. 
Generally use either paired comparison or fixed-interval scaling.

5. Data analysis and interpretation – wide variety of software is 
available.

31
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IT Equipment Geographic Variation

Doherty et al., 2006

Germany Jury China Jury
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IT Equipment Geographic Variation

Doherty et al., 2006
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Beating

Pure Amplitude Modulation

Modulated Signal from Wind Turbine

Random Amplitude Variation

Modulation
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Masking

From Bies, Hansen, and Howard, 2009

800 Hz pure tone Narrow band of noise 90 Hz wide 
centered at 410 Hz
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Metrics Tonality

• Classic Tonality – provides a relative weight of the tonal 
components to the rest of the spectrum on a scale from 0 to 1.  
Delivers one number for entire frequency range. 1.0 is defined 
as a 60 dB sine tone at 1 kHz with no other noise present. 

• Psychoacoustic Tonality – more sophisticated metric which 
incorporates features of human hearing.  Results are delivered 
in frequency bands.  Numbers increase with amplitude.

• Tone to Noise Ratio – compares the tone level to that of the 
masking noise in each band.

• Prominence Ratio – compares the level in a frequency band to 
surrounding bands.

37
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Metrics Modulations or Transients

• Fluctuation Strength – appropriate for modulations up to ~20 
per second. 

• Roughness – appropriate for modulations from ~20 to 300 per 
second.

• Kurtosis – statistic for identifying irregularities in the signal (i.e., 
clicking sounds).

38
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