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ABSTRACT 

Environmental Sound Similarity and Identification Performance 

Anna Rosen 

Prior to completing the experiments, listeners received a quick hearing test. Two experiments 

investigated listeners’ performance related to classification and similarity ratings of 

environmental sounds. In Experiment 1, listeners were presented with a single stimulus to 

identify out of a closed set of 18 stimuli. Classification scores were above chance for all stimuli. 

In Experiment 2, listeners were presented with all possible pairs of stimuli from Experiment 1, 

after which they were prompted to choose a similarity rating using a 7-point Likert rating scale 

where 1 represented “as similar as possible” and 7 represented “as different as possible”. The 

ratings from Experiment 2 were useful in developing a two-dimensional multidimensional 

scaling (MDS) solution. The Euclidean map showed separation between the three broad 

categories of sounds: power tools, household appliances, and vehicles. Sounds from similar 

sources were plotted closer together than sounds from different sources. A short survey was 

given upon completion of the experiments for listeners to report their familiarity with and 

frequency of use related to each stimulus. The survey used a 7-point Likert rating scale where 1 

represented “not familiar” and “never use” and 7 represented “very familiar” and “use daily”. 

The survey results indicated push mower, upright vacuum, and bathroom fan were the most 

familiar sounds; Mosquito, Mustang Piper, and Bell 212 were the least familiar. Bathroom fan, 

upright vacuum, and box fan were the most used while Bell 212, Mosquito, and Jet Ranger were 

the least used. Correlational analyses of familiarly and frequency of use indicated there was a 

significant moderately-strong positive correlation for all stimuli. Frequency of use and 

classification data from Experiment 1 had a significant and moderately positive correlation for 
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bathroom fan, hand vacuum, and sawzall. Familiarity and classification data from Experiment 1 

had a significant and moderately positive correlation for bathroom fan, Bell 212, box fan, 

circular saw, and weed eater. 
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CHAPTER 1 

INTRODUCTION 

To reach the level of sound identification, listeners go through a complex process. 

The process begins with detection, where listeners determine the presence or absence of 

sound. Next, listeners develop perceptions related to detected sounds. Finally, listeners 

categorize what they hear and decide how to group incoming sounds. It is through this 

process that listeners use acoustic (i.e., frequency, intensity, duration) and semantic cues 

(i.e. context, experience, knowledge) that ultimately result in correct or incorrect 

identification of stimuli. Sound identification is possible through perception of 

psychoacoustic characteristics such as pitch, loudness, duration, and timbre. In some 

circumstances, sounds may share the same psychoacoustic characteristics leading 

listeners to interpret sounds as being similar.  

Recent studies suggest that similarity between sound events can be used to predict 

accuracy in perceptual tasks (Dickerson & Gaston, 2014; Dickerson, Gaston, Perelman, 

Mermagen, & Foots, 2015; Gaston & Letowski, 2012; Gygi, Kidd, & Watson, 2007). 

One method of examining similarity is to use pair-wise similarity ratings and then 

analyze those ratings using a multidimensional scaling (MDS) analysis. MDS can then be 

used to create a Euclidean mapping, which is a 2-Dimensional representation of sounds 

grouped based on similarity (i.e., similar sounds close vs. dissimilar sounds further apart). 

Gaston and Letowski (2012) and Dickerson and colleagues (2015) showed that listeners 

made more errors in perceptual tasks when items were plotted closer, as opposed to 

further away from each other, in MDS space. These findings suggest that more 

perceptually similar sounds are harder to differentiate, resulting in a higher number of 
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identification errors. More research examining the relationship between perceptual 

similarity and perceptual performance (e.g. discrimination, identification) may help 

explain why these listener errors occur. 

The goal of this study is to extend recent findings related to perceptual 

performance to a new task with a novel set of environmental stimuli and to then examine 

individual differences in the relationship between perceptual similarity and performance 

in an identification task. Specifically, the aim of this study is to evaluate MDS distances 

between sound events to predict sound identification accuracy and the pattern of listener 

errors. The second purpose of this study is to determine if models based on individual 

similarly spaces would better predict performance than models based on the average 

similarity space.  
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CHAPTER 2 

REVIEW OF LITERATURE 

Past auditory research focused on studying the perception of complex stimuli 

using laboratory-created stimuli, speech, or music (Chan, Ho, & Cheung, 1998; Gygi et 

al., 2007; Holt & Lotto, 2006; Hyde et al., 2009; Jentschke & Koelsch, 2009; Kaan, & 

Swaab, 2002; Lively, Logan, & Pisoni, 1993; Pastore, Flint, Gaston, & Solomon, 2008). 

Fewer studies examined listener perception of environmental sounds (Gygi et al., 2007; 

Gygi, Kidd, and Watson, 2004; Marcell, Borella, Greene, Kerr, & Rogers, 2000; 

Vanderveer, 1980). Specifically, two of those studies presented listeners with more than 

50 different environmental sounds encountered in daily listening, including nonverbal 

human sounds, animals, machinery, weather-related sounds, and sounds created by 

human activities (Gygi et al., 2007; Gygi et al., 2004). Fewer studies examined using 

perceptual similarity to predict classification scores (Dickerson & Gaston, 2014; Gaston 

& Letowski, 2012; Gygi et al., 2007). To date, there is little research that assessed 

listeners’ abilities to correctly discriminate between similar environmental sounds; hence, 

the aim of this study is to add to the current research in this area.  

The following literature review contains background information needed to grasp 

key points about psychoacoustic properties and the necessary steps for listeners to 

achieve accurate sound identification. The effects of perceptual similarity, as well as 

acoustic event characteristics, are described as they relate to identification performance. 

This review also discusses the usefulness of Likert rating scales and multidimensional 

scaling (MDS) analysis to create predictive mappings of listener errors to provide 

necessary information related to the design of this study. 



ENVIRONMENTAL SOUND SIMILARITY & IDENTIFICATION 

 
 

4 

 

Psychoacoustics 

Psychoacoustics is the study of human psychological response to physical stimuli 

(Emanuel & Letowski, 2009). In other words, psychoacoustics is the study of how 

humans perceive sound. Sound characteristics such as pitch, loudness, duration, and 

timbre fall under the area of psychoacoustics. Listeners rely on these characteristics to 

make judgments of auditory similarity (Bonebright, 2001; Gygi et al, 2007). Each of 

these perceptual characteristics has an acoustic correlate that plays an integral part in 

sound perception and is further discussed here.  

Pitch. Pitch is the perceptual correlate of frequency, perceived from low to high 

(ANSI, 1994). Pitch perception is highly dependent on stimulus frequency; however, 

pitch perception also depends on intensity, duration, and spectral complexity.  

Frequency most commonly affects pitch perception; however, listeners can 

perceive a pitch that is acoustically absent from a stimulus. One example of this is the 

missing fundamental, a phenomenon where listeners perceive a pitch that is not 

acoustically represented in the frequency components of the actual sound, but is 

mathematically the greatest common factor in a frequency series (White, 1941). For 

example, if a complex stimulus consisting of 700, 800, and 900 Hz pure tones was 

presented to a listener, the listener would perceive a 100 Hz tone. The 100 Hz tone is the 

fundamental frequency, or greatest common frequency component of the complex 

stimulus in this example. The fundamental frequency, although missing in this example, 

would greatly influence pitch perception.  

Stimulus intensity also impacts pitch perception; however, intensity is dependent 

on frequency and duration. A study by Stevens (1935) evaluated pitch perception of pure 
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tones and found that when frequencies below 1000 Hz were increased in intensity, pitch 

perception effectively decreased. In the same study, pitch perception remained stable for 

pure tones between 1000 Hz and 2000 Hz, regardless of intensity changes; however, pure 

tones greater than 2000 Hz increased in pitch when intensity was increased (Stevens, 

1935). It was then discovered that pitch perception was unique to the listener, yet 

listeners’ pitch perception differed less than 2% based on frequency (Morgan, Garner, & 

Galambos, 1951). In general, as intensity is increased, listeners perceive pitch to decrease 

for low frequencies and increase for high frequencies (Morgan, Garner, & Galambos, 

1951). In addition to frequency, stimulus duration impacts intensity, resultantly effecting 

pitch perception. When stimulus duration is less than 40 milliseconds (ms) and increased 

in intensity, listeners perceive decreases in pitch, regardless of frequency (Rossing & 

Houtsma, 1986). 

As previously mentioned, stimulus duration also influences pitch perception. 

Pitch can be perceived in short tones; however, the duration required to perceive pitch 

depends on the frequency and intensity of the stimulus. For a stimulus about 4 ms in 

duration, a mid-ranged frequency (i.e., 1000 Hz) can be perceived to have pitch; whereas, 

a low frequency (i.e., 250 Hz) requires a longer duration of approximately 11 ms for pitch 

perception (Doughty & Garner, 1948). It was also reported that low frequencies with high 

intensities were perceived to decrease in pitch when stimulus duration was decreased; in 

contrast, high frequencies with low intensities were perceived to slightly increase in pitch 

when stimulus duration was decreased (Doughty & Garner, 1948). 

Spectral complexity also influences perception of pitch. Pitch of complex stimuli, 

particularly frequencies of 350 Hz to 700 Hz, is usually perceived as slightly higher than 
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pitch of simple stimuli with the same fundamental frequency (Lichte, 1941; Platt & 

Racine, 1985). Listeners use spectral cues, such as harmonics (integer multiples of the 

fundamental frequency) and partial overtones (harmonics other than the fundamental 

frequency), to develop pitch perception (Platt & Racine, 1985).  

Research has shown that listeners’ ability to discriminate pitch differences can be 

measured by presenting two tones that differ slightly in frequency, in immediate 

succession (Houtsma, 1995). The extent of change needed for a listener to detect a 

difference between two stimuli is known as the difference limen (DL), just noticeable 

difference (JND), or difference threshold (Guilford, 1954). The difference limen changes 

as a function of frequency and duration. For a pure tone in the mid to high frequencies, 

the DL can range from 0.1 to 1%; whereas, the DL is larger for frequencies below 500 Hz. 

Pitch discrimination becomes poorer as stimulus duration is decreased; therefore, the DL 

for pitch increases as stimulus duration is decreased (Turnbull, 1944). For example, an 

800 Hz stimulus lasting 350 ms has a DL of 0.002, but the DL increases to 0.098 when 

the duration of the same stimulus is decreased to 12 ms. 

Loudness. Loudness is the perceptual correlate of intensity, where listeners judge 

acoustic stimuli on a scale from soft to loud (ISO, 2006). This judgment is typically 

based on the intensity, or amplitude of the sound wave, but also depends on several other 

acoustic variables, such as stimulus duration, frequency, presentation mode, waveform 

shape, and spectral bandwidth (Röhl & Uppenkamp, 2012; Zahorik & Wightman, 2001).  

Loudness most often is perceived from stimulus intensity or waveform amplitude 

cues. Intensity can increase with increased number of sound sources, as well as with 

decreased distance. When two random noise sources with identical intensity levels are in 
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phase, the resultant intensity is 6 dB greater than each individual noise source. Listeners 

perceive the increase in intensity as an increase in loudness. Intensity of a stimulus is also 

related to the distance between the source and the listener. The intensity of direct sound 

decreases by approximately 6 dB every time the distance from the sound source is 

doubled in a free field; this is known as the Inverse Square Law (Scharine, Cave & 

Letowski, 2009). This law supports the statement that loudness perception increases with 

decreased distance. 

Stimuli of short duration can be judged for loudness; however, a minimum 

duration of approximately 200 ms is required for a listener to perceive a change in 

loudness (Munson, 1947). The change in duration needed to perceive a change in 

loudness is specific to stimulus frequency and intensity (Ekman, Berglund, & Berglund, 

1966). Stimuli with durations of 150 ms have small DLs until the duration exceeds 200 to 

300 ms, in which case the DL is no longer dependent on stimulus duration (Zwicker & 

Fastl, 1999).  

Stimulus frequency influences loudness perception, as indicated by equal 

loudness contours. The reference at each contour is a 1000 Hz tone at a specified SPL 

level. The contours represent the change in SPL needed to judge a tone of different 

frequency as the same loudness as the 1000 Hz reference. Of note is how the loudness 

contours change with increasing amplitude, specifically, the flattening of the contour in 

the low frequency region. The human ear is most sensitive to sounds between 3000 and 

4000 Hz (Ballachanda, 1997). A sound within this frequency range is perceived as louder 

than a 1000 Hz stimulus of the same intensity. The ear is less sensitive to frequencies at 

the low and high ends of the frequency spectrum. For example, a 300 Hz stimulus would 
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need to be delivered at a higher intensity to be perceived as equally loud as the 1000 Hz 

reference stimulus.  

Additionally, loudness is dependent on stimulus presentation mode. Monaural 

stimulus presentations have different loudness perceptions than binaural presentations. 

Binaural stimulus presentations are perceived as louder than monaural presentations 

when the same intensity is presented to listeners. This increase in loudness perception, 

also known as binaural summation or binaural advantage, means that binaural 

presentations require lower stimulus intensity levels than monaural presentations to be 

perceived as equally loud (Reynolds & Stevens, 1960).  

Loudness perception is influenced by waveform shape, which is primarily 

impacted by spectral bandwidth. Bandwidth (width of frequency region acoustically 

stimulated) encompasses the center frequency (frequency in the middle of the bandwidth 

of interest) and the surrounding frequencies above and below it. Spectral bandwidth 

varies across stimuli type, resulting in different loudness perceptions for narrowband, 

broadband, and speech stimuli. A higher intensity is needed for narrowband stimuli to be 

perceived as equally loud as broadband stimuli (Brand & Hohmann, 2001). Speech 

stimuli are perceived as louder than the narrowband stimuli at moderate intensity levels 

(e.g., 50 dB HL); however, loudness differences are less perceptible at very soft and very 

loud levels (Cox, Alexander, Taylor, & Gray, 1997). Increasing the bandwidth beyond 

the critical band (range of frequencies affected by acoustic stimulation, ultimately 

summed together by the auditory nervous system) effectively increases perceived 

loudness (Zwicker, Flottorp, & Stevens, 1957).  
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Duration. Duration is the perceived length of time of an acoustic stimulus. 

Listeners often perceive durations to be shorter or longer than the physical event 

(Eagleman, 2008). When stimulus duration is short, listeners tend to overestimate 

perceived duration; however, the degree of overestimation is inversely related to the 

physical stimuli duration, meaning the shorter the physical stimuli duration, the longer 

listeners perceive duration to be (Woodrow, 1951).  When stimulus duration is between 

200 ms and several seconds, perceived duration is fairly accurate (Scharine et al., 2009). 

When stimulus duration is longer than several seconds, listeners perceive duration based 

on their emotional state, expectations, and listening task (Angrilli, Cherubini, Pavese, & 

Mantredini, 1997; Droit-Volet, Brunot, & Niedenthal, 2004). Research has shown 

listeners perceive pleasant or familiar stimuli to have shorter durations compared to 

unpleasant or unfamiliar stimuli (Warm, Greenberg, & Dube, 1964; Warm & McCray, 

1969).  

Stimulus duration is also affected by stimulus intensity and frequency. Stimuli 

with high intensities are perceived to have longer durations (Goldstone et al., 1978). It 

has also been reported that stimuli of high frequency are perceptible at shorter durations 

than lower frequency stimuli (Watson & Gengel, 1969). 

Timbre. Timbre has been classically difficult to define in terms of physical 

attributes (Patil, Pressnitzer, Shamma, & Elhilali, 2012). Timbre is the psychological 

sensation by which a listener can judge that two sounds are dissimilar when the sounds 

have the same duration, loudness, and pitch (ANSI, 1994). Timbre is determined using 

both spectral and temporal characteristics. Listeners use dynamic characteristics of sound 
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including, but not limited to envelope shape and sound quality to aid in sound recognition 

(Gygi et al, 2007; Siedenburg, Jones-Mollerup, & McAdams, 2016). 

Intensity changes over time form the temporal envelope of sound (Scharine et al., 

2009). Temporal envelope can be subdivided into three main segments: the onset, steady 

state, and offset portions. Research has also shown that stimuli with up-ramp (rising) 

intensity changes are perceived to change more in loudness than stimuli with down-ramp 

(falling) intensity changes (Neuhoff, 2001). The onset of a stimulus is important for 

listeners’ perception of timbre; listeners can perceive attack sharpness (how quickly the 

amplitude increases) at the onset of a sound (Lotto & Holt, 2011). Vowel production is an 

example of attack sharpness that produces timbre differences. When the vowel /u/ is 

produced (e.g., shoot), the oral cavity has an elongated shape and the bilabial articulators 

are constricted compared to when /ɑ/ is produced (e.g., father), the oral cavity is much 

wider and the bilabial articulators are not constricted. As the shape of the vocal tract 

changes to form different vowels, the amplitude of the harmonics varies. In the case of /u/ 

versus /ɑ/, /u/ has more attack sharpness as a result of greater constriction in production. 

Sound quality is determined by listeners’ emotional judgment of the stimulus and 

degree of listener satisfaction (Scherer & Oshinsky, 1977). Perceptual labels of sound 

quality include roughness, breathiness, degree of pleasantness, and naturalness. Music 

provides great examples of differences in sound quality; one guitarist and one flutist both 

play middle C, yet they sound completely different. Guitars are considered string 

instruments, while flutes are considered wind instruments; the different methods of sound 

production and the different resonances within the instrument cavities contribute to 

different perceived sound quality that can be perceived by listeners (Lotto & Holt, 2011).  
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Perception 

After an acoustic stimulus is detected, it is then perceived. Auditory perception is 

the ability to identify, interpret, and attach meaning to sound (Scharine et al., 2009). For 

listeners to perceive auditory events, they must attend to stimuli, store the perception in 

memory, use context clues, develop expectations, and use relevant knowledge about 

incoming stimuli (Letowski & Letowski, 2012; Lotto & Holt, 2011). This section will 

describe how auditory perception is influenced by attention, memory, context, 

expectations and previous knowledge.  

Auditory attention is required for listeners to detect changes in auditory stimuli 

when the behavioral task requires an explicit response. Additionally, attention is required 

for listeners to focus on target stimuli in an environment with competing stimuli (Shinn-

Cunningham, 2008). If opposing stimuli are determined to be noise, the listener may need 

to attend to the target stimuli more than in situations where there are no opposing stimuli 

(Carlyon, Cusack, Foxton, & Robertson, 2001). Increased attention can also help listeners 

identify initially ambiguous stimuli (Shinn-Cunningham, 2008). 

Auditory memory plays an important role in auditory perception, particularly the 

use of top-down processing (processing influenced by cognition and experience). Top-

down processing allows listeners to fill in missing or ambiguous stimuli, allowing them 

to respond quicker (Schultz, Dayan, & Montague, l997; Summerfield & Egner, 2009). 

Numerous examples of memory and top-down processing can be found related to speech 

perception. One example of top down processing and speech perception is a fisherman 

who hears a word starting with “sh”. It can be any word beginning with that combination 

of sounds (i.e., shop, shoe, ship, etc.), but for a fisherman, it is more likely that the word 
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is ship based on the context. The fisherman in this example would interpret the auditory 

stimulus using cognition and experience to fill in the missing parts of speech. 

Listeners use context clues to aid in sound perception. Context can affect how 

individual sounds occurring in sequence are perceptually grouped. For example, when 

stimuli are presented in a logical series, listeners attribute the sounds to a single source 

(Winkler et al., 2003). Perceptual grouping then impacts listeners’ expectations and vice 

versa (Gygi et al, 2007; Holt & Lotto, 2006). Listener expectations of auditory events and 

previous knowledge also influence auditory perception. A leading stimulus (stimulus that 

comes first) can affect the interpretation of all subsequent stimuli as listener expectations 

develop (Gygi et al, 2004; Snyder, Carter, Lee, Hannon, & Alain, 2008; Tsunada & 

Cohen, 2014). Music and language provide examples of listener expectation and 

knowledge. Research indicates prior exposure to unfamiliar music can add to listeners’ 

knowledge and influence expectations (Bey & McAdams, 2002). Likewise, in written and 

oral language, listeners use syntactic rules to develop expectations for upcoming words 

based on context (Kaan & Swaab, 2002; McNamara, 2005; West & Stanovich, 1982). 

Discrimination 

Auditory discrimination is a method for measuring perception. Auditory 

discrimination is the ability to determine whether two acoustic stimuli are the same or 

different (Keith, 1988). Listeners use certain traits to discriminate between multiple 

stimuli; these traits can include consistency, harmonics, beginning and ending together, 

and sounding continuous unless otherwise disrupted (Gygi et al., 2007; Lotto & Holt, 

2011).  
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Sometimes listeners fail to detect changes in auditory stimuli; this is known as the 

phenomenon of change deafness (Mitroff, Simons, & Levin, 2004). Like change 

blindness, change deafness is tested by presenting two auditory scenes (multiple auditory 

stimuli simultaneously) separated by a brief pause known as an interstimulus interval 

(ISI). The second scene can either be the same or different and participants are asked to 

determine if there was a change. Studies have created changes in the second auditory 

scene by replacing one sound with a new one or by removing a sound completely 

(Eramudugolla, Irvine, McAnally, Martin, & Mattingley, 2005; Gregg & Samuel, 2009). 

Gregg and Samuel (2009) reported that listeners noticed a change more often when the 

sound removed signaled a different acoustic or sematic category. It was then suggested 

by Dickerson and Gaston (2014), that change deafness errors were influenced by 

perceptual category and the similarity between the changed sound and background 

stimuli; Dickerson and colleagues (2015) later confirmed this relationship.  

Perceptual Similarity. There are several techniques to determine listeners’ 

discrimination capabilities, but this review will focus on Likert rating scales and MDS 

analysis. Likert rating scales provide a range of responses that can be used to describe 

sound similarity. For example, on a scale of 1 to 7, sounds described using a rating of 1 

may represent the “most similar” versus a rating of 7 would be the “least similar”. This 

type of scale can be used in conjunction with certain analysis techniques, such as MDS, 

to further evaluate listeners’ discrimination abilities. MDS allows raw data to be analyzed 

and developed into perceptual dimensions of space. The data are plotted as points in 

space, where the distance between points represents the level of similarity. MDS analysis 

can be used for large data sets, hence their use to better understand the complex 
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relationship between perceptual similarity and perceptual performance (Dickerson & 

Gaston, 2014). Recent research had listeners judge similarity of paired environmental 

stimuli using a Likert scale (Dickerson et al., 2015; Gygi, Kidd, and Watson, 2007). In 

both studies, the MDS analyses were used to analyze perceptual similarity data where 

listeners groups sounds based on both acoustic and semantic properties. Gaston and 

Letowski (2012) used MDS analysis to develop a Euclidean mapping of listeners’ 

perception similarities of small arms.  In Euclidean mapping, sounds perceived by 

listeners to be most similar appear grouped together, whereas sounds that are found to be 

dissimilar are separated spatially on the map. For example, in Gaston and Letowski’s 

(2012) study, handgun shots were grouped together, but separated from rifle shots.  

Localization 

Sound localization is the ability to determine direction of a sound source (Bellis, 

1996). When complex sounds are directly in front of the listener and at ear level, it has 

been reported that listeners can detect as small as a 1° to 2° change along the horizontal 

plane (Ford, 1942; Gardner, 1968). To achieve this precision of sound localization, 

listeners use two types of binaural cues to determine the direction of a sound along a 

horizontal plane: interaural time difference and interaural intensity difference (Letowski 

& Letowski, 2012; Lotto & Holt, 2011).  

Interaural time difference refers to the difference in arrival time of the stimulus 

between ears. The interaural time difference is the result of two different phases (specific 

points in the cycle of a waveform measured by degree angle) of the same sound arriving 

at each ear (Lotto & Holt, 2011). When a sound source is equidistance to both ears, the 

sound will be perceived as coming from either directly in front or directly behind; 
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however, when the source is closer to one ear than the other, the arrival time and phases 

will cue a horizontal location (Emanuel & Letowski, 2009). This binaural difference cue 

is more profound for frequencies below 1500 Hz (Rayleigh, 1907). 

Similarly, interaural intensity difference also aids in localization by providing the 

difference in sound intensity between both ears. Listeners experience what is known as 

the head shadow effect, which is an intensity-related phenomenon where listeners 

experience reduced loudness at the ear furthest from the source. This phenomenon is 

typically seen with frequencies above 1000 Hz (Emanuel & Letowski, 2009). Higher 

frequencies have smaller wavelengths; therefore, have a greater reduction in energy, or 

perceived loudness, as it crosses the head.  

Sound localization becomes more difficult when the source is directly in front, 

behind, above, or below the listener because there are no interaural timing or intensity 

differences to compare for these source locations (Gardner & Gardner, 1973; Lotto & 

Holt, 2011). The ears, head, and shoulders help with monaural localization in the vertical 

plane through what is called the baffle effect. The baffle effect is an increase in sound 

pressure in front of an object due to reflected energy (Letowski & Letowski, 2012). 

Depending on the stimulus frequency, certain frequencies get enhanced, while others get 

attenuated. The pinnae enhance 3 to 4 kHz while the head and the shoulders enhance 2 to 

3 kHz (Gardner, 1973; Roffler & Butler, 1978). 

Most sound localization testing is performed in anechoic chambers where there 

are virtually no echoes, but this does not mimic most everyday listening situations. 

Typically, listening environments have reverberation where listeners hear indirect 

reflections of sound in addition to the original acoustic signal (Ihlefeld & Shinn-
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Cunningham, 2011). Reverberation primarily affects the ear furthest from the source and 

low frequency information, resulting in interaural timing differences between ears 

(Shinn-Cunningham, Kopco, & Martin, 2005). Listeners perceive the source to be further 

away in reverberant conditions because they receive a distorted signal that is out of phase 

with the original acoustic signal; reverberations also aid listeners in binaural localization 

(Gardner & Gardner, 1973; Ihlefeld & Shinn-Cunningham, 2011; Kock, 1950).  

Moreover, the distance between a listener and a sound source effects sound 

localization. In an open field, as the distance between the listener and the source 

decreases to within 0.5 to 1.0 meter of the listener’s head, interaural intensity differences 

increase. While interaural intensity differences are dependent on the distance, interaural 

timing differences are independent of distance (Letowski & Letowski, 2012). Listeners 

perceive changes in distance of moving sources using the Doppler effect; as a sound 

source moves closer to listeners, the auditory stimulus intensity increases and is 

perceived as increasing in pitch versus decreasing in intensity and lowering in pitch as the 

source moves further away (Letowski & Letowski, 2012). Listeners make judgments 

about stimulus location using these cues.  

Categorization  

Acoustic categorization is the ultimate goal of listeners; it is the ability to classify 

and identify sounds (Tsunada & Cohen, 2014). Categorization is not the same as 

similarity judgments, used in discrimination tasks, although they are related concepts that 

can influence each other (Goldstone, 1994). Categorization is influenced by goals, 

theories, and within-category variability (Barsalou, 1991; Fried & Holyoak, 1984; 

Murphy & Medin, 1985).  



ENVIRONMENTAL SOUND SIMILARITY & IDENTIFICATION 

 
 

17 

 

Categorization tasks can take many forms, one being sorting. Several sorting tasks 

have been used to study how listeners categorize acoustic stimuli. Vandeveer (1980) 

reported that listeners sorted sounds based on temporal cues rather than spectral cues. 

Bonebright (2001) found that listeners used amplitude, frequency, and duration cues to 

make perceptual judgments. Another study suggested that listeners sorted sounds based 

on object type and context more than by event type and sound quality (Marcell, Borella, 

Greene, Kerr, & Rogers, 2000). This indicated that semantic information was highly 

important in environmental sound perception. Similarly, the results collected by Gygi and 

colleagues (2007) showed that listeners tended to sort stimuli based on source type. Each 

study gave listeners different directions and produced diverse results suggesting that 

sorting tasks are influenced by multiple factors.  

Categorization can also be performed through identification tasks. Numerous 

researchers have studied listeners’ identification abilities by varying the stimulus in some 

way. For example, some studies evaluated listeners’ identification abilities of naturally 

occurring sounds such as footsteps or gait using posture and walker gender as variables 

(Li, Logan, & Pastore, 1991; Pastore, Flint, Gaston, & Solomon, 2008). Others evaluated 

identification of specific stimuli such as traffic noises (Cermak & Cornillon, 1976), 

broken versus bounced objects (Warren & Verbrugge, 1984), and weapons signatures 

(Fluitt, Gaston, Karna, & Letowski, 2010; Gaston & Letowski, 2012). The stimuli used in 

these studies had a variety of acoustic source properties, which allowed listeners to 

develop unique sound groupings. 

Despite listeners’ abilities to identify sound sources, listeners can make 

significant judgment errors. Recent research has tried to determine why these errors occur 
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and if listener error can be predicted based on individual sound similarity (Dickerson & 

Gaston, 2014; Dickerson et al., 2015; Gaston & Letowski, 2012; Gygi et al., 2007). 

Euclidean mappings developed from MDS analysis can be used to better understand how 

listeners categorize sounds. By analyzing what types of sounds are grouped together, it 

can help reveal what auditory and semantic cues listeners might use for environmental 

sound identification, and in turn, then be used predict listener error. 

Present Study 

This study was designed to further evaluate the relationship between perceptual 

similarity and classification performance. Environmental sounds that differ from previous 

studies were used primarily; however, some sounds were repeated from previous studies 

for comparison. The experimental study consisted of two parts: a classification task and a 

similarity task. Classification performance was used to evaluate listeners’ abilities to 

classify a range of environmental sounds across three levels from broad categories to 

individual stimuli. Similarity ratings collected for all paired stimuli from the 

classification task were used to develop a Euclidean mapping of the presented sounds. 

Then, the results from Experiment 1 were used to predict identification performance of 

Experiment 2 for both individual and averaged MDS spaces. Following the experimental 

part of the study, a short survey was completed by listeners using a 7-point Likert rating 

scale to collect data on their level of familiarity with each item and their frequency of use 

for each item. This study was approved by the Towson University Institutional Review 

Board (See Appendix A). 

Hypotheses 

1. Experiment 1 performance will be above chance. Chance performance is what 
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would be obtained if participants chose at random given the number of stimuli. Chance 

level was 5.56% for Level 1, 11.11% for Level 2, and 33.33% for Level 3. 

2. Participants will give useful ratings for Experiment 2. 

3. Experiment 2 will predict Experiment 1 performance for both the averaged and 

individual MDS spaces, but the individual distances will predict performance better than 

the averaged distances. 

4. Survey results will show familiarity and frequency of use associated with each 

stimulus will be correlated. Familiarity will be correlated with classification performance, 

as will frequency of use. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ENVIRONMENTAL SOUND SIMILARITY & IDENTIFICATION 

 
 

20 

 

CHAPTER 3 

RESEARCH METHODOLOGY 

Participants 

A total of 40 adults, aged 18 to 30 years, with normal hearing were recruited from 

Towson University using a flyer (See Appendix B). An effort was made to have an equal 

number of female and male participants, but more females (N=23) participated than 

males (N=12). All participants signed a consent form (See Appendix C). Normal hearing 

was defined in this study as pure-tone air conduction hearing thresholds better than 20 dB 

HL for octave audiometric frequencies from 250 to 8000 Hz (i.e., 250, 500, 1000, 2000, 

4000, 8000) and an absence of a self-reported history of otologic pathology (i.e., 

diagnosed hearing loss). Participants who did not meet the hearing criteria were still run, 

since hearing loss within a narrow frequency likely did not impair their ability to 

characterize complex environmental sounds at wider frequency bands, and their hearing 

deficit was annotated in their dataset. All information was kept secure with limited access 

only by experimental staff. 

Equipment 

A Roland R-44 field recorder and G.R.A.S. Sound and Vibration 40AF 

microphone was used to make new stimuli recordings (44.1 kHz, 16-bit) while pre-

recorded stimuli were gathered from an existing database. A Grayson Stradler-61 

audiometer was used with TDH-50 supra-aural headphones to do the hearing test for each 

participant in the study. Testing involved noise levels that complied with ANSI S3.1-

1999 (R2008) standard for earphone/headphone listening. A custom computer program 

was designed by the U.S. Army Research Laboratory (ARL) in PEBL, was used to 
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control the experimental program. Participants completed the experimental study on a 

laptop through Beyerdynamic T-90 stereo headphones coupled to an A-20 headphone 

amplifier. 

Stimuli 

Stimuli were recorded samples of vehicle, mechanical, and instrumental sounds 

consisting of items from multiple sound categories and multiple sub-categories. Some 

sounds were used from an existing library while other sounds were recorded specifically 

for this study. Sound recordings each lasted two-seconds in duration. Table 1 shows the 

stimuli that were used in this study. The stimulus list was arranged so that there were 

three levels of sound categories. Level 3 contained three broad classes of sounds, Level 2 

contained three subcategories from Level 3, and Level 1 contained 18 individual sounds 

with two unique stimuli for each category from Level 2.  

Procedure  

The participants were seated in a sound-attenuating booth where the hearing 

screening was performed using a GSI-61 audiometer and TDH-50 supra-aural 

headphones. Participants completed two experiments on a laptop for this study following 

the hearing screening. The order of the experiments was randomized so that some 

participants began with Experiment 1 while others began with Experiment 2. Following 

the experimental design, listeners completed a short survey of their familiarity and 

frequency of use related to each stimulus (See Appendix D). This survey utilized a 7-point 

Likert rating scale where 1 represented “not familiar” or “never use” and a 7 represented 

“very familiar” or “use daily”. 

  Experiment 1. Participants performed a single-interval identification task to test 
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their ability to classify and identify each of the stimuli. Each sound in the list was 

randomly presented a total of 10 times for a total of 180 trials. Listeners were asked to 

classify the sound across three levels as shown in Figure 1. By selecting a single icon for 

each presentation, the listener effectively classified the stimulus at levels 1, 2, and 3. For 

example, if the sound was a push mower (Level 1), the listener also knew it was a yard 

tool (Level 2), which falls under the umbrella of tools (Level 3).  

Experiment 2. The stimuli from Experiment 1 were presented in a random 

pairwise fashion such that all possible pairs were presented in both directions (i.e., 

stimulus A then stimulus B, as well as stimulus B then stimulus A) for a total of 324 trials. 

The responses were collected to build the perceptual similarity spaces using 

Multidimensional scaling (MDS) analysis. The first sound in each pair was presented and 

then a 750 ms interstimulus interval (ISI) was between that and the presentation of the 

second sound. Following termination of the second sound, participants were prompted to 

rate how similar the two sounds were using a 7-point Likert rating scale where 1 

represented “most similar” and 7 represented “least similar”. Participants were asked to 

try to use the entire rating scale. The response interval had no time limit meaning the 

experimental program did not automatically advance to the next trial if a response was 

not made within a certain time frame; otherwise, the program advanced to the next trial 

immediately following the participant’s response. 

Analyses 

Experiment 1 was analyzed by looking at classification and identification 

accuracy at each of the levels of analysis. Experiment 2 similarity distances were 

analyzed using a non-metric MDS analysis to create a Euclidean map of perceptual 
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distances between sounds. The MDS space in Experiment 2 of perceptual similarity was 

based on average similarity ratings (i.e., AB and BA were averaged). 
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CHAPTER 4 

Results 

Analyses were completed to determine if Experiment 1 (i.e., classification task) 

performance was above chance and if the ratings given in Experiment 2 (i.e., similarity 

task) were useful. Analyses were also performed to better understand if the survey results 

correlated with the classification data. Listeners’ performance on the classification task 

was above chance for all 18 individual stimuli. Additionally, the ratings given in the 

similarity task were used to generate a Euclidean map of the stimuli used in this study. 

The survey results significantly correlated with listeners’ classification performance. 

The data for 5 participants were excluded from data analysis because of missing 

information or errors in the outputs. Data from the remaining 35 participants were used 

for analysis. Listeners consisted of 12 males and 23 females, aged 18 to 29 years old (M 

= 23.31, SD = 2.07) with an average pure tone average (PTA) of 3.45 dB HL (SD = 4.00).  

An independent samples t-test was performed to determine whether task order 

influenced classification performance amongst listeners. There was no significant 

difference in classification performance (p > 0.05) based on task order; therefore, all 

subsequent analyses were conducted using pooled data.  

Results from the classification task showed that listeners correctly identified 

stimuli 47.4% of the time at Level 1, 66.5% at Level 2, and 84.9% at Level 3. The 

breakdown of classification scores is shown in Table 1, as well as Figures 2, 3, and 4. 

Experiment 1 

Level 3 Analysis. Level 3 analyses evaluated listeners’ abilities to classify stimuli 

into three broad categories: power tools, vehicles, and household appliances. A paired-
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samples t-test was conducted to compare the classification performance of the Level 3 

stimuli. There was a significant difference in the performance scores for blenders and 

vacuums (M = -9.86, SD = 21.30), t(34) = -2.74, p = 0.003, for blenders and fans (M = -

28.42, SD = 30.79), t(34) = -5.46, p = 0.0003, and for vacuums and fans (M = -18.57, SD 

= 31.80), t(34 )= -3.46, p = 0.0003. Vehicle sounds had the highest correct classification 

amongst listeners (M = 95.57, SD = 4.41), tools had the second highest classification 

scores (M = 87.00, SD = 6.98) and household appliances had the lowest classification 

scores (M = 72.10, SD = 10.49). The easiest stimuli for listeners to differentiate between 

were vehicles and household appliances (Mdiff = 23.5). It was more difficult for listeners 

to differentiate between tools and household appliances (Mdiff = 14.9); however, the 

hardest stimuli to differentiate between were vehicles and tools (Mdiff = 8.6).   

Level 2 Analysis. Level 2 analyses evaluated listeners’ abilities to classify stimuli 

into nine subcategories from Level 3. A paired-samples t-test was conducted to compare 

the classification performance of the Level 2 stimuli based on the three broad categories 

from Level 3. There was a significant difference in the performance scores for helicopters 

and wheeled vehicles (M = 27.86, SD = 21.32), t(34) = 7.73, p = 0.0003 , for helicopters 

and prop planes (M = 3.86, SD = 9.24), t(34) = 2.47, p = 0.006, for wheeled vehicles and 

prop planes (M = -24.00, SD = 20.54), t(34) = -6.91, p = 0.0003, for drills and yard tools 

(M = -46.86, SD = 17.28), t(34) = -16.04, p = 0.0003, for drills and saws (M = 8.00, SD = 

19.45), t(34) = 2.43, p = 0.007, for yard tools and saws (M = 54.86, SD = 15.41), t(34) = 

21.06, p = 0.0003, for vacuums and blenders (M = 9.86, SD = 21.30), t(34) = 2.74, p = 

0.003, for fans and vacuums (M = 18.57, SD = 31.80), t(34) = 3.45, p = 0.0003, and for 

blenders and fans (M = -28.42, SD = 3.08), t(34) = -5.46, p = 0.0003. Stimuli with the 
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highest correct classification amongst listeners included helicopters (M = 96.14, SD = 

8.23), yard tools (M = 94.71, SD = 8.13), and prop planes (M = 92.29, SD = 9.73). 

Stimuli with the lowest classification scores included saws (M =39.86, SD =14.77), 

blenders (M =40.29, SD = 14.85), and drills (M = 47.86, SD = 16.73). The easiest vehicle 

stimuli for listeners to differentiate between were helicopters and wheeled (Mdiff = 27.9) 

and the hardest were wheeled and prop planes (Mdiff = -24.0), while differentiation 

between helicopters and prop planes were non-significant (p = 0.7). The easiest power 

tool stimuli for listeners to differentiate between were yard tools and saws (Mdiff = 54.9) 

and the hardest were drills and yard tools (Mdiff = -46.9), while differentiation between 

drills and saws were non-significant (p = 0.7). The easiest household appliance stimuli 

for listeners to differentiate between were blenders and fans (Mdiff = -28.43) while 

differentiation between blenders and fans (p = 0.4) and vacuums and fans were non-

significant (p = 0.05). Table 2 shows all significant pairwise comparisons for Level 2. 

Most of the classification errors were still part of the same Level 2. Some 

examples included bathroom fan for box fan, Bell 212 for Jet Ranger, circular saw for 

sawzall, and food processor for stand blender. There were also cases where the sound 

presented compared to listeners’ responses did not fall under the same Level 3 

classification; this was seen with box fan. Listeners confused box fan (which falls under 

household appliances) with Diesel SUV (which falls under vehicles). This same error was 

seen between saws and blenders, drills and blenders, and vacuums and saws. 

Experiment 2 

 Similarity Ratings and MDS. Listeners’ responses from the similarity task 

produced useful ratings for paired stimuli. Listeners chose a similarity rating score for 
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each set of paired stimuli using a 7-point Likert rating scale where 1 represented “as 

similar as possible” and 7 represented “as different as possible”. These ratings were then 

organized using Multidimensional Scaling (MDS) analysis, which was then used to 

generate a Euclidean map of the 18 stimuli presented to listeners during the similarity 

task. MDS generated a 2-dimentional map shown in Figure 5. Stimuli that were in close 

approximation to one another were judged as highly similar on the Likert rating scale by 

listeners during Experiment 2, whereas stimuli plotted further apart were judged as highly 

dissimilar by listeners. 

Survey 

Survey Results. Listeners used a 7-point Likert rating scale to report how 

familiar they were with each item and how frequently they used each item. Ratings at the 

lower end of the scale (i.e., 1) indicated they were not familiar or never used the item 

while ratings at the upper end of the scale (i.e., 7) indicated they were very familiar or 

used the item daily. Responses collected from the survey indicated that listeners were 

most familiar with push mower (M = 6.49, SD = 0.89), upright vacuum (M = 6.31, SD = 

1.13), and bathroom fan (M =6.14, SD =1.26) out of the 18 individual stimuli. The least 

familiar stimuli were Mosquito (M =1.83, SD = 1.15), Mustang Piper (M =2.14, SD = 

1.50), and Bell 212 (M = 2.31, SD = 1.66). Responses also showed that most used stimuli 

were bathroom fan (M = 6.2, SD = 1.32), upright vacuum (M = 5.03, SD = 1.38), and box 

fan (M = 4.0, SD = 1.88). Least used stimuli included Bell 212 (M = 1.26, SD = 1.07), 

Mosquito (M = 1.26, SD = 1.07), and Jet Ranger (M = 1.31, SD = 1.11). Table 3 shows 

the collective results from the survey. 

Correlational Analyses. Correlational analysis showed that frequency of use, as 
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collected from the survey, and performance scores from Experiment 1 were significant 

and moderately positively correlated for bathroom fan (r = 0.445, p < 0.01), hand vacuum 

(r = 0.399, p < 0.05), and sawzall (r = 0.446, p < 0.01). Table 4 shows all correlations and 

corresponding p values for frequency of use and performance scores. Familiarity with the 

stimulus, also collected from the survey, and performance scores from Experiment 1 were 

significant and moderately positively correlated for bathroom fan (r = 0.645, p < 0.001), 

Bell 212 (r = 0.358, p < 0.05), box fan (r = 0.516, p < 0.01), circular saw (r = 0.343, p < 

0.05), sawzall (r = 0.488, p <0.01), and weed eater (r = 0.492, p < 0.01). Correlations and 

corresponding p values for familiarity of sound and performance scores are in Table 5. 

Analysis also revealed that familiarity with the stimulus and frequency of use were 

significant and moderately to strongly positively correlated for all stimuli as shown in 

Table 6. A correlation for the aggregate survey data revealed there was a strong positive 

relationship between familiarity and frequency of use (r = 0.808, p < 0.001). 
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CHAPTER 5 

Discussion 

Experiment 1 

The results collected from the classification task showed listeners correctly 

identified stimuli above chance. Listeners correctly identified the presented stimulus 

nearly 48% of the time. When considering listeners choice of 18 different stimuli, they 

had a 5.56% chance of guessing correctly for each presentation. The instructions for this 

experiment are shown in Figure 6 while the exact page that listeners used to select their 

responses are shown in Figure 1 as mentioned previously.  

There are complex relationships between frequency, intensity, and duration, 

which may have contributed to listeners’ performance (Rossing & Houtsma, 1986; 

Stevens, 1935); however, determining which acoustic feature(s) influenced performance 

is complicated because each acoustic variable is somewhat influenced by the others. For 

example, frequency depends on intensity, duration, and spectral complexity. Intensity can 

depend on duration, frequency, presentation mode, waveform shape, and spectral 

bandwidth (Röhl & Uppenkamp, 2012; Zahorik & Wightman, 2001). Frequency, 

waveform shape, and spectral bandwidth could not be controlled, but intensity, duration, 

and presentation mode were controlled during stimuli recordings.  

Categorizing acoustic stimuli is also influenced by psychoacoustics, goals, 

theories, and within-category variability (Barsalou, 1991; Fried &Holyoak, 1984; 

Murphy &Medin, 1985). Timbre is the psychological sensation by which listeners can 

judge two sounds as dissimilar when they have the same duration, loudness, and pitch 

(ANSI, 1994). Timbre is influenced by envelope shape and sound quality, which can aid 
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in sound recognition (Gygi et al, 2007; Siedenburg, Jones-Mollerup, & McAdams, 2016). 

Listeners may have used intensity and spectral changes related to the envelope shape to 

make classifications and discriminations during the study (Scharine et al., 2009). This 

study controlled the within category variability to some degree, but it was not possible to 

fully control listeners’ goals and theories related to the task or the study. Within category 

variability was effected by what stimuli were recorded and included in the study. It is 

important to note that additional stimuli such as drill press, miter saw, hedge trimmer, 

stand blender, and vent hood were considered, but were not used in the study due to 

recording difficulties or ease of access. The resultant stimuli presented in this study were 

novel and covered a range of sounds, some of which could be encountered in everyday 

life situations.  

In general, the classification errors made by listeners indicated that they chose 

items that belonged to the same Level 3 (i.e., belonging to one of three broad categories 

of sounds) or Level 2 (i.e., subcategories of Level 3) most of the time. For example, 

bathroom fan was often confused with box fan, hand vacuum, and upright vacuum. In 

this example, the incorrect responses belonged to either the same Level 2 (i.e., fan) or 

Level 3 (i.e., household appliance). Some confusions were made where the item 

presented and the response belonged to different Level 3 categories. An example of this 

was when box fan was presented listeners thought it was a Diesel SUV; these two sounds 

belonged to two different Level 3 categories (i.e., household appliance vs. vehicle). 

Experiment 2 

Listeners rated or grouped paired stimuli without specific instructions in the 

similarity task. Listeners used the 7-point Likert rating to describe the relationship 
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between two stimuli, including a stimulus paired with itself. Figure 7 is the exact page 

that listeners used to select their responses for this task. The listeners determined ratings 

based on acoustic, semantic features, a combination, or by other methods as no explicit 

instructions on how to rate the stimuli were given. There is also the possibility that 

listeners changed their rating method during the similarity task. In hindsight, it may have 

been advantageous to ask listeners how they chose similarity ratings upon completion of 

the experimental study. 

As mentioned previously, timbre refers to listeners’ abilities to judge that two 

sounds are dissimilar when the sounds have the same duration, loudness, and pitch (ANSI, 

1994). The onset of a stimulus could have aided in timbre perception (Lotto & Holt, 

2011). Listeners could have perceived attack sharpness (i.e., how quickly the amplitude 

increased) at the onset of a sound (Lotto & Holt, 2011). For example, the onset of the 

lawn mower compared to the bathroom fan might have aided listeners in determining the 

two stimuli were different. Listener expectation and previous knowledge also likely 

effected performance on this rating task. Expectation has been shown to impact 

perceptual grouping (Gygi et al, 2007; Holt & Lotto, 2006). Listeners expectations were 

controlled by providing the same instructions to each participant via the instruction page, 

but previous knowledge could not be controlled. The presentation of the paired stimuli 

could have effected ratings if not considered when designing the procedure for this study. 

For example, a leading stimulus could have affected the interpretation of subsequent 

stimuli as listener expectations developed (Gygi et al, 2004; Snyder, Carter, Lee, Hannon, 

& Alain, 2008; Tsunada & Cohen, 2014), but this was eliminated as a contributing factor 

by presenting stimuli in both orders (e.g., drill 1 then drill 2, drill 2 then drill 1). 
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The similarity rating task measured listeners’ perception abilities by looking at 

their ability to discriminate between the paired stimuli. Auditory discrimination is the 

ability to determine whether two acoustic stimuli are the same or different (Keith, 1988). 

This study presented two stimuli separated by a brief ISI of 750 ms. In some cases, the 

two stimuli were in fact different, but in other cases the stimuli were identical.  Past 

research showed listeners noticed a change when it involved a difference in acoustic or 

semantic groups (Dickerson et al., 2015; Gregg & Samuel, 2009; Gygi, Kidd, & Watson, 

2007). Other work suggested listeners’ discrimination skills and ultimately perceptual 

groupings were effected by object or source type and context more than by event type 

and sound quality (Gygi et al., 2007; Marcell, Borella, Greene, Kerr, & Rogers, 2000). 

The results of this study indicated listeners grouped stimuli based on source type, which 

was seen as separation between the vehicles, household appliances, and tools in the 

Euclidean map.  

The Likert rating scale results also showed how listeners sorted stimuli. 

Vandeveer (1980) reported that listeners sorted sounds based on temporal cues rather 

than spectral cues. Bonebright (2001) found that listeners used amplitude, frequency, and 

duration cues to make perceptual judgments. The focus of this study did not evaluate the 

temporal or spectral components of the stimuli yet listeners’ responses suggested they 

were influenced by these acoustic cues. Listeners may have used acoustic cues such as 

frequency to determine stimulus category. Table 7 shows that listeners made mistakes 

during the similarity task when they gave paired stimuli a rating of 1, meaning “as similar 

as possible”, when the stimuli were not identical. Majority of these confusions were made 

for paired stimuli that belonged to different Level 2 categorizes; therefore, listener 
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judgments were likely based on more than object source. Listener errors could have been 

the result of frequency or temporal commonalities. For example, blenders and vacuums 

both create suctioning sounds that could be close in pitch, which would lead to listener 

error. Further analyses would need to be done to confirm this speculation. 

Multidimensional Scaling 

Multidimensional scaling allowed the raw similarity data to be analyzed and 

developed into perceptual dimensions of space. MDS analyses suggested that listeners 

judged the stimuli to be grouped according to two dimensions. Figure 5 was used to make 

inferences about the relationship between stimuli. Stimuli plotted closer together were 

judged as more similar; therefore, presumably harder to differentiate than stimuli plotted 

further apart. For example, hand vacuum and upright vacuum were in close 

approximation on the Euclidean map, meaning listeners rated these two stimuli as being 

closely related. The average similarity rating for this set of paired stimuli was 2.63 on the 

7-point Likert rating scale where a rating of 1 indicated the sounds were “as similar as 

possible” and 7 indicated they were as dissimilar as possible. Another example of this 

was seen with the helicopters, which were in close approximation to each other on the 

map and were given an average similarity rating of 2.69. Interestingly, listeners were 

familiar with fans (average rating of 5.74), but were unfamiliar with helicopters (average 

rating of 2.31). This may be due to familiarity with these items through other sources 

such as movies or television. 

Past work has shown that when there was a high level of similarity between 

closely plotted stimuli, these perceptually similar stimuli were harder to differentiate 
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leading to more classification error (Gaston & Letowski, 2012). The results of this study 

appear to support this speculation; there was an increase in listener error when stimuli 

were rated as similar and closely approximated on the Euclidean map. For example, 

listeners frequently confused bathroom fan and box fan when presented together in 

Experiment 2. The incorrect responses from the classification task showed listeners 

thought the fans were vacuums and wheeled vehicles. Listeners also confused one 

helicopter with the other helicopter (i.e. Bell 212 for Jet Ranger and vice versa). 

Studies have tried to determine why listener errors occur and if errors can be 

predicted by looking at similarity data (Dickerson & Gaston, 2014; Dickerson et al., 2015; 

Gaston & Letowski, 2012; Gygi et al., 2007). Euclidean maps were utilized to graph the 

results from MDS to better understand how listeners categorize stimuli. The stimuli were 

then assessed to see if what commonalities and differences exist between the stimuli 

plotted close together compared to far apart. Close stimuli shared auditory and/or 

semantic cues that separated them from stimuli plotted further away. It can be concluded 

that listeners in this study grouped stimuli based on both acoustic and semantic features. 

Survey 

The survey results suggested the least familiar stimuli belonged to the helicopter 

and prop plane groups while the most familiar stimuli fell under general household 

appliances. These responses had some overlap with those collected for frequency of use. 

Most used items were those amongst the household appliances and least used were 

helicopters and prop planes. These collective results compared with the results from the 

classification task were interesting. Considering helicopters and planes were the least 
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familiar and least used, it might be predicted that these stimuli would have lower 

classification scores, but the results were in fact the opposite. In fact, the classification 

scores were highest for vehicle sounds as a group. This finding may be explained by the 

unique acoustic features associated with the vehicle stimuli. 

General Considerations and Future Directions 

This study presented listeners with 18 different stimuli belonging to three 

different categories (i.e., household appliances, vehicles, and tools). Two previous studies 

used a larger set of stimuli, more than 50 sounds, that belonged to different categories 

than those used in this study (e.g., nonverbal human sounds, animals, machinery, 

weather-related sounds, and sounds created by human activities) (Gygi et al., 2007; Gygi 

et al., 2004). Considering the wide variety of stimuli that are potentially encountered in 

life, this study provided a small picture of classification performance and sound similarity 

data. It would be worthwhile to repeat this study using the same stimuli, as well as 

additional stimuli to get a broader picture of listeners’ classification abilities related to 

environmental sounds. 

There are a few variables that could have effected both classification performance 

and similarity ratings such as memory, attention, and previous knowledge (Letowski & 

Letowski, 2012; Lotto & Holt, 2011). Auditory memory, specifically top-down 

processing, and memory storage could have affected listener performance. Top-down 

processing could have helped listeners to identify ambiguous stimuli, which would have 

allowed them to respond quicker (Schultz, Dayan, & Montague, l997; Summerfield & 

Egner, 2009). Listeners would have had to store the perceived stimuli in memory to make 
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judgments for identification and discrimination tasks. Attention was also an influential 

factor when considering listeners’ performance. Increased attention has been shown to 

help listeners identify initially ambiguous stimuli (Shinn-Cunningham, 2008), but 

attention was not formally measured as a part of this study. Listener expectations and 

previous knowledge also influenced auditory perception. For example, a leading stimulus 

can affect the interpretation of all subsequent stimuli as listener expectations develop 

(Gygi et al, 2004; Snyder, Carter, Lee, Hannon, & Alain, 2008; Tsunada & Cohen, 2014).  

Memory, attention, and previous knowledge could not be controlled for in this 

study; therefore, they could not be ruled out as contributory to the results. Implementing 

questionnaires to assess listeners’ memory and attention capabilities may provide 

valuable information for future work. Considering the population used in this study (i.e., 

adults between 18 and 30 years old) it can be presumed that memory was not degraded, 

therefore, the results were not affected by this variable. However, the same cannot be 

assumed about attention. Attention may have influenced the results such that poorer 

attention lead to poorer classification performance and increased listener errors. Previous 

knowledge can be partially controlled for by using the survey results. If there were high 

reports of familiarity and frequency of use it would suggest higher levels of previous 

knowledge. 

Familiarity and frequency of use were not controlled for, but they were evaluated 

for their contributions to the results of this study. Listeners reported their familiarity with 

each stimulus and their frequency of use in the survey given at the end of the 

experimental part of the study. They used a 7-point Likert rating scale to report if they 



ENVIRONMENTAL SOUND SIMILARITY & IDENTIFICATION 

 
 

37 

 

were 1, “not familiar”, 7, “very familiar”, as well as 1, “never” and 7, “use daily”. These 

responses were used to determine what contributions they had on listeners’ performance 

on the classification task. The results of this study indicated there was a significant 

correlation between familiarity and classification performance for bathroom fan, box fan, 

hand vacuum, push mower, stand blender, upright vacuum, Diesel SUV, food processor, 

and Harley. These stimuli had ratings that corresponded with some level of familiarity 

(above 3.5). Additionally, there was a significant correlation between frequency of use 

and classification performance for bathroom fan, box fan, and upright vacuum. These 

stimuli were rated as frequently used (above 3.5). Overall, listeners were good at 

classifying some sounds they never used (e.g., helicopters, prop planes), but had a hard 

time classifying other sounds they used all the time (e.g., vacuums). This could be due to 

spectral and temporal differences versus commonalities between the sounds used in this 

study. Spectral and temporal analysis could add valuable information related to this 

speculation if the study were to be repeated in the future. A correlation of the aggregate 

survey data revealed there was a strong positive relationship between familiarity and 

frequency of use (r = 0.808, p < 0.001), which was as expected. Offering an open answer 

portion in the survey could add valuable information to better understand why listeners 

were familiar or frequently using items, which could then be used to better understand the 

classification performance.  
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Table 1 

    
 

     
 

Classification Data from Experiment 1       

Level 3 
Percent 

Correct 
Level 2 

Percent 

Correct 
Level 1 

Percent 

Correct 

Power Tool 87.0 

Drill 47.9 
Driver 44.9 

Impact Drill 23.7 

Saw 39.9 
Circular Saw 26.9 

Sawzall 39.7 

Yard 94.7 
Push Mower 87.1 

Weed Eater 64.9 

Household 

Appliance 
72.1 

Blender 40.3 
Stand Blender 24.9 

Food Processor 17.7 

Vacuum 50.1 
Upright Vacuum 38.0 

Hand Vacuum 36.3 

Fan 68.7 
Box Fan 41.7 

Bathroom Fan 74.9 

Vehicle 95.6 

Prop Plane 92.3 
Mustang Piper 63.7 

Mosquito 27.4 

Helicopter 96.1 
Bell 212 62.0 

Jet Ranger 64.6 

Wheeled 68.3 
Harley 52.0 

Diesel SUV 62.0 

Note. The results from Experiment 1 are shown next to each item for Levels 1, 

2, and 3. The percentages represent correct classifications from all listeners (N=35). 

For example, listeners correctly identified tools 50.1% of the time, specifically  

drills 36.9% of the time, and a unique driver 45% of the time. 
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Table 2 

    

     Significant Pairwise Comparisons for Level 2 Stimuli   

Mean Comparison Mean Diff. Lower Upper Sig. 

Blender/Fan -5.686 -9.31 -2.061 0.001 

Blender/Helicopter -11.171 -13.068 -9.275 0.001 

Blender/Power Tool -10.886 -12.696 -9.076 0.001 

Blender/Prop Plane -10.4 -12.379 -8.421 0.001 

Blender/Wheeled -5.6 -8.712 -2.488 0.001 

Drill/Fan -4.171 -7.45 -0.893 0.003 

Drill/Helicopter -9.657 -11.54 -7.775 0.001 

Drill/Power Tool -9.371 -11.406 -7.337 0.001 

Drill/Prop Plane -8.886 -10.718 -7.053 0.001 

Drill/Wheeled -4.086 -6.604 -1.567 0.001 

Fan/Helicopter -5.486 -8.562 -2.41 0.001 

Fan/Power Tool -5.2 -8.104 -2.296 0.001 

Fan/Prop Plane -4.714 -7.791 -1.638 0.001 

Fan/Saw 5.771 2.501 9.042 0.001 

Helicopter/Saw 11.257 9.609 12.905 0.001 

Helicopter/Vacuum 9.2 6.569 11.831 0.001 

Helicopter/Wheeled 5.571 3.061 8.082 0.001 

Power Tool/Saw 10.971 9.158 12.785 0.001 

Power Tool/Vacuum 8.914 6.44 11.388 0.001 

Power Tool/Wheeled 5.286 2.687 7.885 0.001 

Prop Plane/Saw 10.486 8.537 12.434 0.001 

Prop Plane/Vacuum 8.429 5.984 10.873 0.001 

Prop Plane/Wheeled 4.8 2.383 7.217 0.001 

Saw/Wheeled -5.686 -8.404 -2.967 0.001 

Vacuum/Wheeled -3.629 -7.113 -0.144 0.034 

Note. Significant pairwise comparisons are shown from Experiment 1 

Level 2 data. Mean difference (Mean diff.), lower and upper 

boundaries for 95% confidence interval, and significance level (Sig.) 

are shown for each stimulus pair. 
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Table 3 

  

   Survey Results for Individual Stimuli 

Stimulus Frequency Familiarity 

Bathroom Fan 6.2 6.14 

Bell 212 1.26 2.31 

Box Fan 4 5.34 

Circular Saw 1.69 3.49 

Diesel SUV 2.14 4.6 

Driver 2.03 3.37 

Food Processor 2.57 4.4 

Hand Vacuum 3.23 5.54 

Harley 1.66 4.69 

Impact Drill 1.74 2.71 

Jet Ranger 1.31 2.31 

Mosquito 1.26 1.83 

Mustang Piper 1.34 2.14 

Push Mower 3.11 6.49 

Sawzall 1.66 2.6 

Stand Blender 3.71 5.37 

Upright Vacuum 5.03 6.31 

Weed Eater 2.63 5.91 

Note. Listeners completed a survey following  

the experimental part of the study. A 7-point 

Likert rating scale was used to evaluate how 

often listeners used each stimulus with a score 

of 1 represented "never use" and 7 represented 

"daily".  Listeners also used the scale to report 

how familiar they were with each stimulus 

where 1 represented "not familiar" and 7 

represented "very familiar". Average ratings 

were used for each stimulus. 
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Table 4 

  

   Correlation of Frequency and Classification of Stimuli 

Stimulus r p 

Bathroom Fan 0.445 0.007 

Bell 212 0.247 0.153 

Box Fan -0.013 0.942 

Circular Saw 0.115 0.512 

Diesel SUV -0.271 0.116 

Driver 0.265 0.124 

Food Processor 0.281 0.102 

Hand Vacuum 0.399 0.018 

Harley 0.166 0.341 

Impact Drill 0.23 0.184 

Jet Ranger 0.133 0.446 

Mosquito -0.08 0.648 

Mustang Piper -0.088 0.614 

Push Mower -0.284 0.098 

Sawzall 0.446 0.007 

Stand Blender -0.176 0.312 

Upright Vacuum 0.032 0.853 

Weed Eater 0.192 0.27 

Note. Listeners reported their frequency of use for each  

stimulus using a Likert rating scale of 1 to 7, where 1  

represented "never use" and 7 was "daily". Survey  

responses were analyzed with the classification data  

from Experiment 1. Values in bold font were significant.  
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Table 5 

  

   Correlation of Familiarity and Classification of Stimuli 

Stimulus r p 

Bathroom Fan 0.645 0.001 

Bell 212 0.358 0.035 

Box Fan 0.516 0.002 

Circular Saw 0.343 0.044 

Diesel SUV 0.017 0.923 

Driver 0.256 0.138 

Food Processor 0.23 0.185 

Hand Vacuum 0.203 0.243 

Harley 0.288 0.093 

Impact Drill 0.072 0.683 

Jet Ranger 0.119 0.497 

Mosquito -0.138 0.431 

Mustang Piper -0.028 0.873 

Push Mower -0.012 0.945 

Sawzall 0.488 0.003 

Stand Blender -0.17 0.329 

Upright Vacuum 0.183 0.294 

Weed Eater 0.492 0.003 

Note. Listeners reported their familiarity with each  

stimulus using a Likert rating scale of 1 to 7, where 1  

represented "not familiar" and 7 was "very familiar". 

Survey responses were analyzed with the classification  

data from Experiment 1. Values in bold font were 

significant.  
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Table 6 

  

   Correlation of Familiarity and Frequency of Stimuli 

Stimulus r p 

Bathroom Fan 0.703 0.001 

Bell 212 0.568 0.001 

Box Fan 0.462 0.005 

Circular Saw 0.382 0.024 

Diesel SUV 0.431 0.01 

Driver 0.735 0.001 

Food Processor 0.567 0.001 

Hand Vacuum 0.624 0.001 

Harley 0.363 0.032 

Impact Drill 0.805 0.001 

Jet Ranger 0.404 0.016 

Mosquito 0.445 0.007 

Mustang Piper 0.609 0.001 

Push Mower 0.436 0.009 

Sawzall 0.589 0.001 

Stand Blender 0.509 0.002 

Upright Vacuum 0.577 0.001 

Weed Eater 0.525 0.001 

Note. Listeners reported their familiarity with each stimulus 

using a Likert rating scale of 1 to 7, where 1 was "not 

familiar" and 7 was "very familiar". Listeners also reported 

their frequency of use of each item using a Likert rating 

scale of 1 to 7, where 1 represented "never use" and 7 was 

"daily". Values in bold font were significant. 
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Table 7 

     

      Confusion Matrix for Incorrect Rating of 1 on Experiment 2     

Paired Stimuli Frequency Both Orders Level 2 Level 3 Similarity 

bathroom fan/box fan 9 YES YES YES 2.23, 2.74 

food processor/stand blender 9 YES YES YES 2.34, 2.51 

food processor/driver 7 YES NO NO 2.91, 2.51 

Jet ranger/bell 212 5 YES YES YES 2.86, 2.51 

driver/stand blender 4 YES NO NO 2.77, 3.14 

bathroom fan/driver 3 YES NO NO 5.00, 4.91 

circular saw/food processor 3 YES NO NO 2.54, 2.91 

hand vacuum/food processor 3 YES NO YES 2.86, 2.80 

impact drill/sawzall 3 YES NO YES 3.23, 3.40 

upright vacuum/circular saw 3 YES NO NO 2.69, 2.77 

upright vacuum/hand vacuum 3 YES YES YES 2.60, 2.66 

circular saw/driver 2 NO NO YES 3.46 

circular saw/stand blender 2 NO NO NO 2.77 

driver/box fan 2 YES NO NO 4.86, 4.46 

driver/impact drill 2 YES YES YES 4.49, 3.51 

hand vacuum/circular saw 2 YES NO NO 2.91, 2.51 

mosquito/bathroom fan 2 NO NO NO 3.71 

mustang piper/mosquito 2 YES YES YES 3.20, 3.34 

bathroom fan/circular saw 1 NO NO NO 4.51 

bathroom fan/diesel SUV 1 NO NO NO 3.97 

bathroom fan/upright vacuum 1 NO NO YES 3.26 

box fan/food processor 1 NO NO YES 3.4 

circular saw/mustang piper 1 NO NO NO 5.8 

circular saw/weed eater 1 NO NO YES 5 

diesel SUV/bell 212 1 NO NO YES 4.97 

driver/sawzall 1 NO NO YES 4.14 

driver/upright vacuum 1 NO NO NO 3.34 

food processor/impact drill 1 NO NO NO 4.89 

hand vacuum/box fan 1 NO NO YES 3.6 

hand vacuum/diesel SUV 1 NO NO NO 4.77 

harley/box fan 1 NO NO NO 3.37 

harley/diesel SUV 1 NO YES YES 3.83 

jet ranger/diesel SUV 1 NO NO YES 4.4 

jet ranger/mosquito 1 NO NO YES 3.97 

mosquito/hand vacuum 1 NO NO NO 4.89 
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mustang piper/diesel SUV 1 NO NO YES 4.06 

push mower/weed eater 1 NO YES YES 2.86 

sawzall/food processor 1 NO NO NO 3.57 

stand blender/jet ranger 1 NO NO NO 5.57 

upright vacuum/box fan 1 NO NO YES 3.63 

upright vacuum/stand blender 1 NO NO YES 2.69 

weed eater/box fan 1 NO NO NO 3.66 

weed eater/stand blender 1 NO NO NO 2.91 

hand vacuum/bathroom fan 1 NO NO YES 3.89 

Note. Listeners provided similarity ratings for paired stimuli during Experiment 2. Listeners 

used a 7-point Likert rating scale, where 1 represented "similar" and 7 represented  

“dissimilar”. This confusion matrix includes all paired stimuli given a rating of 1 that were 

not identical stimuli. For example, if presented with bathroom fan/bathroom fan, the correct 

rating would be 1 because the stimuli were identical. This table also includes the frequency  

of the error per stimuli pair, if the error was seen in both presentation orders  

 (e.g. bathroom fan/box fan vs. box fan/bathroom fan), if the stimuli belonged to the same  

Level 2 and 3, and the average similarity rating for those stimuli. 
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Stimulus Selection Screen for Experiment 1 

 

Figure 1. This is the screen that listeners used to provide their responses for all stimuli 

presentations in Experiment 1. Listeners were instructed to click a single icon that they 

felt represented the presented stimulus. After clicking an icon, the program automatically 

advanced to the next presentation. 
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Figure 2. The results from Experiment 1 are shown for Level 1 stimuli. Each bar 

represents the average percent of correct identifications of each stimulus for all listeners. 

Error bars are included to show the standard error of the mean for each stimulus.  
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Figure 3. The results from Experiment 1 are shown for Level 2 stimuli categories. Each 

bar represents the average percent of correct identifications of each stimulus for all 

listeners. Error bars are included to show the standard error of the mean for each stimulus. 
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Figure 4. The results from Experiment 1 are shown for Level 3 stimuli categories. Each 

bar represents the average percent of correct identifications of each stimulus for all 

listeners. Error bars are included to show the standard error of the mean for each stimulus. 
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Euclidean Map Generated from MDS for Experiment 2 

 

Figure 5. Multidimensional scaling analysis of the results from Experiment 2 were used 

to generate this 2-D Euclidean map. Stimuli that are close together (e.g., bathroom fan 

and box fan) were given rating scores that represented high degree of similarity compared 

to stimuli with greater distance between them were considered highly dissimilar (e.g., Jet 

Ranger and circular saw). 
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Instruction Screen for Experiment 1 

 

Figure 6. This is the instruction screen that listeners saw before beginning Experiment 1. 
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Instruction Screen for Experiment 2 

 

Figure 7. This is the instruction screen for Experiment 2, which included the Likert rating 

scale that listeners used to record their responses. A response of 1 represented items were 

completely similar or identical and a response of 7 represented items were highly 

dissimilar. After listeners chose a similarity rating, the program automatically advanced 

to the next set of paired stimuli. 
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