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1. Introduction 

This report describes a subset of techniques developed to describe the role of 
semantic information in understanding the auditory environment. Auditory 
situation awareness is important in the dismounted Soldier operational 
environment, which is a complex and dynamic soundscape that can change at a 
moment’s notice. These changes could be simple distractors or hold some 
operational relevance. To make a determination of relevance on the fly, Soldiers 
must localize and identify the source of the sound-producing event. This cannot be 
achieved using acoustic information alone, but rather requires the integration of 
bottom-up (acoustic) and top-down (semantic, e.g., context and experience) 
information.  

Acoustic information, defined as the physical stimulus features, can be objectively 
quantified relatively easily; however, quantifying semantic content and 
determining the stability and thus applicability of that information across multiple 
individuals has been more difficult. To address this gap in the available literature, 
we have conducted several studies to establish the semantic value of everyday 
sounds for improving performance on auditory situation-awareness tasks. This 
report represents just one of those characterization efforts (Dickerson et al. 2015a, 
2016; McArdle et al. 2017; Dickerson et al. 2018) that document the other 
techniques that have been applied to this stimulus set. By pairing these types of 
subjective stimulus evaluations with objective measures of performance, we can 
quantify changes in auditory situation awareness that cannot be accounted for by 
acoustic measures alone.  

2. Background 

Environmental sounds are defined here as signals produced by humans, animals, 
and objects that make up the auditory ambiance of the everyday environment. 
Everyday listening, conceptualized by Truax (1996) is not focused listening but 
rather distracted listening, and unless a sound source suddenly changes or becomes 
relevant to the listener’s current task, it is likely to go unnoticed. Sounds enter and 
exit awareness and are only considered thoughtfully if the listener has a reason to 
shift attentional resources to a particular aspect of the ongoing environmental scene. 
Salience and context (as well as other semantic attributes) provide information to 
the listener that can support situation awareness. Understanding the meaning of a 
particular sound heard during everyday listening is not a discrete event because of 
the complexity of the soundscape and the changing task demands of the listener. 
Sound is perceived in a rich semantic and temporal context. For example, a 
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rhythmic crunching sound followed by a dull thump might indicate that someone 
has kicked a soccer ball, but if the temporal order was reversed, the listener may 
come to a different conclusion, perhaps inferring that an item had been dropped or 
broken. Thus, in the dynamic flow of sound-producing events, a particular signal’s 
temporal relationship to other recently heard sounds may be critical for correctly 
identifying the sound source and its meaning in context. One way that this 
phenomenon manifests is change deafness, an inability to detect relevant changes 
in environmental sound scenes. Gregg and Samuel (2009) found a significant role 
of semantic similarity in producing change deafness, with participants exhibiting 
more errors when a sound was swapped with a semantically related distractor than 
when the distractor was acoustically similar but semantically unrelated.  

Studies using temporal scrambling manipulations highlight the importance of 
acoustic information in signal recognition, particularly the importance of sound 
onset information. However, these types of studies examine sounds in isolation and 
do not address how the temporal ordering of sounds in a multi-sound context (as is 
the case in the everyday environment) affects perceptual performance. Pairwise 
comparison studies are one potential methodology for examining how temporal 
order influences the perceived link between two environmental sounds. Typically, 
pairwise rating studies present two signals for consideration (A, B), separated by a 
brief interstimulus interval, the listener is then asked to rate the two signals along a 
single dimension. The most common example of auditory pairwise ratings studies 
involve rating items for similarity (Klatzky et al. 2000; Bonebright 2001; Terasawa 
et al. 2005; Gygi et al. 2007; Lemaitre et al. 2007, 2010; Aldrichet et al. 2009; 
Misdariis et al. 2010; Gaston and Letowski 2012; Dickerson et al. 2015b). In 
pairwise ratings studies, every sound is paired with itself and every other signal in 
the set. This enables researchers to evaluate how the dimension of interest varies 
across all of the items in the set. For example, Gygi et al. (2007) examined pairwise 
similarity for a set of 50 sounds. They asked participants to rate similarity but did 
not specifically define similarity (i.e., differentiate between acoustic vs. semantic 
similarity) for the participants. The multi-dimensional scaling (MDS) space 
generated from these ratings demonstrated that in the absence of instructions to 
focus on either acoustic or semantic dimensions of the stimuli, participants group 
sounds together based on a combination of acoustic and semantic features.  

To obtain this result, which has inspired substantial research in the realm of 
environmental sound perception, Gygi et al. collected 10,000 trials per participant 
and averaged across the diagonal of the similarity ratings matrix to obtain 
symmetrical similarity ratings. Subsequent studies with similar goals have collected 
only comparisons for a single order in an effort to reduce experiment duration (e.g., 
Klatzky et al. 2000; Lemaitre et al. 2007; Parizet and Koehl 2012) or have not 
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specifically discussed this part of the procedure. Thus, these studies have generally 
assumed equivalency between stimulus presentation orders. This assumed 
equivalency potentially masks asymmetries in the similarity judgments that could 
be informative in addressing the question posed at the opening of this report: Do 
temporal order effects influence perceptual performance in multi-sound contexts? 
An asymmetry in pairwise ratings is very much like a traditional order effect. Order 
effects have been observed across a variety of different stimulus judgment domains; 
for example, color (Nosofsky 1991), line perception (Garner and Haun 1978) and 
analogical reasoning, where transfer is more successful when content is presented 
A, B instead of B, A (e.g., Tversky 1977; Gentner 1980, 1983, 1989; Bowdle and 
Gentner 1997).  

The present study uses a pairwise similarity ratings task to probe for ratings 
asymmetries in a set of 25 environmental sounds to attempt to uncover potential 
patterns of related items in a seemingly disparate set of items. The benefit of this 
approach is that, much like the everyday environment, there are not always clear,  
a priori defined stimuli or conceptual links among stimuli. By looking at similarity 
and asymmetry, we can 1) observe the categorical structure of the sound set—
related sounds should group together, and 2) examine if the concepts produced by 
the similarity grouping are meaningful in a way that is affected by temporal order, 
which will be apparent by the magnitude of the asymmetry for a pair of items.  

3. Experiment 1 

The goal of Experiment 1 was to present the full set of all possible pairwise 
comparison to participants in order to obtain all AB and BA ratings for a set of 25 
common environmental sounds. These data were used to determine the presence 
and magnitude of asymmetries in the ratings. To compute asymmetries, we used 
the procedures described in Holman’s (1979) additive similarity and bias model. In 
this model, asymmetries are quantified as bias, where an observer is more likely to 
rate one directional pairing as more similar (e.g., order AB) than when that pairing 
is presented in the reverse order (order BA). The measure of bias is obtained by 
subtracting AB and BA similarity ratings; a positive value indicates that the two 
stimuli are rated as more similar when presented in order AB, whereas a negative 
value indicates that the items are rated as more similar when presented in the 
reverse order. Importantly, and in contrast to prior work, we propose that the bias 
values can be interpreted in two ways: 1) as the raw bias values (both positive and 
negative), reflecting the directional magnitude of the bias toward one order over 
the other for each pair of stimuli, or 2) the absolute value of the bias measure, which 
would reflect the absolute magnitude of the overall asymmetry between ratings 
involving those two stimuli. Accordingly, the directional magnitude should be used 
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to test directional hypotheses regarding order effects, while the absolute magnitude 
should be used when testing hypotheses designed to compare asymmetries among 
groups of stimuli. In this experiment, we expected that participants would produce 
asymmetrical similarity ratings across the stimuli; mathematically, this would 
manifest such that the bias directional magnitudes would be nonzero (consistent 
with Siedenburg et al. 2016), and the absolute magnitudes would be greater than 0. 
This experiment tested the hypothesis that order effects do in fact produce 
asymmetrical similarity ratings for environmental sounds, and an affirmative result 
would indicate the necessity of explaining these effects.  

3.1 Method 

3.1.1 Participants 

Twenty-six participants were recruited from the Binghamton University 
undergraduate student population. Students enrolled in introductory psychology 
courses are given the option of volunteering in research studies to satisfy a course 
requirement. In every case, participants provided informed consent prior to 
completing the experimental tasks. Participants were each given a hearing 
screening during which they were seated in a sound-attenuated booth. The 
screening was performed using a Grason-Stadler Inc. Arrow portable audiometer 
and Telephonics TDH-50 headphones. Normal hearing is defined in this study as 
pure-tone air-conduction hearing thresholds better than 20-dB hearing level for 
octave audiometric frequencies from 250 to 8000 Hz (250, 500, 1000, 2000, 4000, 
8000 Hz), inclusively (ANSI S3.6 2010), and as an absence of a self-reported 
history of otologic pathology (i.e., diagnosed hearing loss). All participants had 
normal hearing.  

3.1.2 Stimuli and Apparatus 

The stimulus set used consisted of 25 sounds from sources that generally represent 
those found in an urban environment, such as vehicles, animals, and machinery 
(Table 1). The majority of the sounds were downloaded from the website 
freesound.org, an online user-supported sound library. All sounds were truncated 
to 1000 ms with 5-ms linear on and offset ramps. Root-mean-square amplitude was 
used to normalize the sound amplitudes. All of the sound editing was done using 
Adobe Audition v.6. Each trial consisted of one pair of these sounds. Stimulus pairs 
were generated using all possible pairs of sounds presented in both orders (i.e., AB 
and BA) and with themselves (i.e., AA) to test participants’ attention and motivation 
to the task (these pairs should be rated as similar as possible). The full stimulus set 
consisted of 252 = 625 comparisons. The stimuli were presented using custom 
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software created and presented to participants in Psychology Software Inc. E-Prime 
2.0 on a standard PC. All sounds were presented over Beyerdynamics T70 
circumaural reference headphones at a comfortable listening level corresponding to 
70 dB(C). 

Table 1 Stimulus list and verbal descriptions of each auditory stimulus 

No. Stimulus name Stimulus description 

1 Tank1 Tank in motion, with both the engine and tread sounds audible 

2 Shopvac1 Shop vacuum powering up and running  

3 Shopvac2 Shop vacuum running continuously  

4 Truck1 Truck engine idling; idling noise characterized by a distinct rattle  

5 Truck2 Truck in motion, moving away from the listener  

6 Truck3 Truck engine idling; a very smooth idle with an intermittent squeak  

7 Plane1 High-pitched scorching sound of a jet engine passing by  

8 Plane2 Droning sound of a jet at high altitude  

9 Plane3 Low hum of a propeller plane traveling away from the listener  

10 Motorcycle2 Ramping buzz of a sport motorcycle approaching the listener  

11 Helicopter1 Ramping engine and propeller noise of an approaching helicopter  

12 Helicopter2 Consistent engine and propeller noise of a hovering helicopter  

13 Jackhammer1 Metallic chatter of a jackhammer against concrete  

14 Bus1 Bus idling, accompanied by the high-pitched squeal of air brakes  

15 Bus2 Bus moving away from the listener, accompanied by an intermittent 
squeak  

16 Bike1 Rattling sound of a bike’s wheel turning  

17 Bike2 Rattling sound of a bike’s wheels and pedals turning  

18 Cell1 Cellular phone ring tone that sounds similar to a xylophone  

19 Bell1 A hand bell being swung back and forth twice  

20 Bell2 A very small bell jingling  

21 Crickets1  Continuous chirping on a background of night insect noise  

22 Crickets2  A pair of soft chirps on a background of night insect noise  

23 Dog1  A small dog barking  

24 Dog3  A small dog shaking off  

25 Walking2  Two loud footsteps of someone wearing shoes  
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3.2 Procedure 

In each trial of the experimental task, participants listened to the two sounds of the 
stimulus pair presented sequentially, separated by a 750-ms interstimulus interval, 
then rated their similarity on a scale (Fig. 1) of 1 (as similar as possible) to 7 (as 
different as possible using a keyboard). This rating scheme is used specifically 
because the subsequent analyses require a measure of distance, but the term 
similarity is retained to reduce confusion. If the participant had not responded after 
5 s, the software automatically advanced to the next trial. All 625 trials took roughly 
1 h to complete.   

 

Fig. 1 Likert scale used for rating each stimulus pair. Participants were instructed to use 
the entire range, rating each stimulus from 1 = most similar, to 7 = most dissimilar.  

4. Results and Discussion 

The use of MDS to explicitly examine asymmetries in pairwise comparisons is 
fairly novel. Due to this novelty and the authors’ goal to document the methods 
used in this study to encourage replication, a detailed description and justification 
of the analysis methodology is provided in this section. As described, this 
experiment requires calculating asymmetries (i.e., bias values) between pairwise 
similarity ratings for all possible stimulus pairs. To accomplish this, we first 
transformed the data to submit the raw similarity ratings to MDS analysis. MDS 
algorithms require distance values that satisfy the assumption of minimality (i.e., 
the distance between an item and itself should be zero; nonmetric MDS algorithms 
are robust to violations of triangle inequality, however). The following steps 
describe the quantitative approach taken to data transformation in detail.  

First, similarity ratings for all possible AB and BA stimulus pairings were averaged 
across participants to populate each cell of an n * n similarity matrix, where n is the 
number of stimuli and cell ij receives the mean similarity rating between stimuli A 
and B, whereas cell ji contains the mean similarity rating for those two stimuli 
presented in the opposite order. These values are transformed to distances by 
subtracting the 1 from their ratings (yielding values of 0 when the items are 
perceived as the same, and 6 when they are perceived as maximally different), then 
applying a max scale (i.e., dividing by 6) to produce values between 0 and 1.  
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Second, to compute the asymmetries, we applied Holman’s (1979) additive 
similarity and bias model, whereby that similarity matrix can be decomposed into 
a symmetrical similarity matrix plus a bias matrix reflecting those asymmetries. We 
operationally defined asymmetry as Asymmetryij = Sij –Sji, where S indicates the 
similarity judgment for a particular participant on a particular stimulus. These 
asymmetry values are then used to populate the skew-symmetrical bias matrix. 
Perfect symmetry produces a value of 0, while the metric is sensitive to 
directionality. This particular operationalization of asymmetry is common in the 
literature (Nosofsky 1991; Johannesson 1997; Siedenburg et al. 2016). Note that 
the current dataset handles similarity data rather than dissimilarity data; thus, 
similarity will be calculated as 1 – d(ij) so that positive asymmetry values equate 
to a higher perceived similarity when stimuli are presented in the order AB than 
when presented in the order BA. 

5. Similarity Space Construction 

To characterize the underlying similarity relationships among the environmental 
sound stimuli used in this experiment (see Table 1), a 2-D MDS solution was 
constructed (Fig. 2) using Kruskal’s nonmetric MDS algorithm (NMDS, via the 
isoMDS function in the MASS package) (Venables and Ripley 2002). Importantly, 
NMDS averages across the similarity matrix across the diagonal, which is one way 
to account for asymmetries in the similarity ratings. Flexible mixture modeling 
(FMM) (Leisch 2004) was used to cluster the resulting solution. In this case, a 
driver composed of a custom mixture of Gaussians was created to allow the models 
to vary in terms of shape, volume, and orientation. A stepwise procedure allowed 
us to test clustered solutions containing a variable number of Gaussian models  
(k = 2:7), and the best fit was provided by a two-cluster model as determined by the 
Bayesian information criterion (BIC = –5.82), which rewards goodness of fit while 
penalizing model complexity (Fig. 2).  
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Fig. 2 Clustered MDS solution for the stimulus set, color-coded according to cluster 
membership. FMM identified two clusters of stimuli, one containing the mechanical sounds 
(n = 17) and another containing the remainder of the stimuli (nonmechanical sounds: n = 8).  

5.1 Pairwise Similarity Ratings and Similarity Spaces 

In general, participants’ scaled ratings (refer to Section 4 for scaling details) were 
negatively skewed (i.e., toward dissimilar; skewness = –0.97, Mscaled rating = 0.52, 
and SDscaled ating = 0.18) (Fig. 3). This type of skew has been reported previously for 
this sound set (Dickerson et al. 2015) but has also been observed by others for 
similar types of sounds (Gygi et al. 2007; though these authors report a positive 
skew, the Likert scales used in that study and our own are inverted). This likely 
reflects the fact that the majority of the sounds in the set used here could co-occur 
in a single environmental context (i.e., city sounds). Furthermore, this may be a 
general property of stimulus pools containing a broad variety of semantically 
loaded stimuli: What is more similar to the sound of a jackhammer, a bell ringing 
or a dog barking? The histogram in Fig. 3 illustrates this skew but also provides a 
qualitative look at the extent of asymmetry present across the entire sound set. An 
example to orient the reader to Fig. 3 can be found by careful inspection of the 
Bus2-Cricket1 pairing. The stimulus pair Bus2-Crickets1 was rated as more similar 
when the stimulus Crickets1 was presented first (scaled similarity rating = 0.65) 
than when it was presented second (scaled similarity rating = 0.43). 
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Fig. 3 Scaled similarity ratings represented in a color-coded histogram provide a 
qualitative look at the asymmetries present across the entire sound set. White indicates higher 
rated similarity. Columns (first sound) and rows (second sound) are ordered by stimulus 
cluster membership, but ordering within each cluster is arbitrary.  

Using the procedure described in Section 4, a bias matrix was produced using the 
ij and ji ratings of the stimuli. In Fig. 4 the mean (scaled) absolute magnitude of the 
asymmetry values calculated for each stimulus is plotted. These values were tested 
against the null hypothesis that pairwise ratings would be the same, independent of 
the presentation order (i.e., AB = BA), resulting in an absolute magnitude value of 
zero. Bonferroni-corrected one-sample t-tests were conducted on the absolute 
magnitude of the asymmetry values; all comparisons were significantly greater than 
zero (all p < 0.001). Note that absolute magnitudes are shown in place of directional 
magnitudes since averaging negative and positive values in the directional 
magnitudes does not provide a meaningful statistic for characterizing the stimulus 
set.  
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Fig. 4 Asymmetry absolute magnitude values for all stimuli in the set; error bars indicate 
standard error. For all stimuli, these values were significantly greater than zero. 

5.2 Directional Effect Impact on MDS Solutions 

In addition to determining the presence of asymmetry in the stimulus ratings, 
Experiment 1 also addresses the practical question regarding the extent to which 
asymmetries in pairwise similarity ratings will impact the resultant MDS solutions. 
This analysis was conducted to explore the potential impact on data quality of the 
time-saving practice of collecting only half of the pairwise comparisons (i.e., one 
triangle of the distance matrix containing only the ij or ji comparisons). Figure 5 
shows the MDS solutions constructed using the ij and ji unidirectional ratings for 
the present stimulus set. The two MDS solutions are highly intercorrelated (x axis: 
r2 = 0.957, y axis: r2 = 0.783, and m: r2 = 0.868), but there are some notable 
differences from the averaged MDS solution. Clustering over the averaged solution 
segregated the mechanical sounds from the more natural or tonic sounds, just as in 
the averaged solution. While the coarse topology remains largely similar, items are 
located in different locations in each of the solutions, and these differences may 
hold important implications for perceptual modeling. 
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Fig. 5 MDS solutions generated using the AB and BA comparisons, colored according to 
cluster membership. While the two solutions cluster similarly, stimuli are placed differently 
within the solutions, especially for stimuli in the looser (red) cluster. This can have 
implications for modeling based upon the distances among stimuli in the space. 

To summarize, the results of Experiment 1 demonstrate clear order effects in the 
rated similarity for environmental sounds, manifesting as an asymmetry effect in 
the similarity ratings for stimulus pairs. Further, this asymmetry has a clear impact 
on the MDS solution configurations depending on which comparisons (AB vs. BA) 
are used to generate the solution. This suggests that, as a practical matter, 
researchers should consider evaluating stimuli in both directions if pairwise 
similarity ratings are to be used for norming or informing interpretation of 
performance for environment sound items. What Experiment 1 does not reveal, 
however, is if the asymmetrical ratings follow any meaningful or logical pattern. 
The goal of Experiment 2 was to investigate these stimulus pairs for underlying 
structure that might explain the asymmetrical similarity ratings.  

6. Experiment 2 

The goal of Experiment 2 was an attempt to explain the observed asymmetries from 
Experiment 1 by characterizing the AB–BA stimulus order relationships, and to 
explore the potential impact of systematically ordered stimulus pairings on 
resulting MDS solution quality. The framework applied herein originates from 
seminal work in analogical transfer literature, where stimulus order relationships 
are characterized in terms of their systematicity, or the extent to which mutually 
constraining relations can be drawn between the base item (stimulus A) and the 
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target item (stimulus B) (Gentner 1980, 1983). Put another way, a lifetime of 
experience with environmental sounds constrains the listeners’ expectations about 
the “logical”order of items. For example, you expect to hear a buzzing insect 
followed by a flyswatter crack, but not necessarily the other way around. 
Systematicity has been operationalized in the literature differently according to 
stimulus modality and study domain, including stimulus saliency (Tversky 1977), 
prominence (Johannesson 1997), frequency (Nosofsky 1991), informativity 
(Bowdle and Gentner 1997), breadth of knowledge (Pothos and Busemeyer 2011), 
and the extent to which one stimulus provides a natural reference point for the other 
(Rosch 1975).  

Here, we apply a dynamic semantic processing account of auditory processing in 
which semantic representations are constructed online in real time as information 
becomes available (van Petten et al. 1999). The retrieval of a semantic 
representation, based upon incoming sensory information, determines the extent to 
which that stimulus is identifiable to the participant. In turn, this allows the listener 
to compare the target and base items on the basis of their semantic similarity rather 
than merely perceptual similarity. In Experiment 2 we used listener estimates of 
stimulus identifiability as a declarative measure of semantic activation and 
operationalized systematicity as the relative identifiability of each stimulus in the 
pair. Accordingly, we expected that two stimuli would be rated as more similar (i.e., 
produce higher positive directional asymmetry magnitude values) when the more 
identifiable stimulus was presented in the base (B) position, because that order 
would permit more higher-order connections to be drawn between it and the target 
(A) item. 

6.1 Method 

6.1.1 Participants 

The same 26 Binghamton University undergraduate participants who completed 
Experiment 1 also completed Experiment 2.  

6.1.2 Stimuli and Apparatus 

Experiment 2 used the same 25 environmental sounds as Experiment 1, with the 
exception that stimuli were presented alone rather than in a pairwise fashion. An 
experiment program, coded in the Psychology Experiment Building Language 
(PEBL v. 0.14) (Mueller and Piper 2014), presented the participants with the stimuli 
and collected their responses using the same PC and headphones they used in 
Experiment 1.  
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6.2 Procedure 

Each trial began with the presentation of a single environmental sound, presented 
from the full stimulus set in a random order. Participants could then repeat that 
sound as many times as desired. After listening to the environmental sound, 
participants were asked to rate the identifiability of that sound on a seven-point 
Likert scale (see Fig. 6). Participants provided a single rating for each sound over 
25 total trials. Item-wise identifiability was calculated using aggregate statistics of 
these ratings.  

 

Fig. 6 Visual representation of the Likert scale used for rating the identifiability of each 
stimulus. Participants were instructed to use the entire range, rating each stimulus from  
1 = no idea what object made the sound, to 7 = certain what object made the sound. Each trial 
began when participants clicked the Play Sound button, which triggered the appearance of 
the scale buttons. Participants could play each sound as many times as they liked before 
making the rating.  

7. Results and Discussion 

Participants generally rated the stimuli as identifiable (M = 5.23, SD = 0.86). 
Comparing stimulus identifiability by cluster (see Fig. 2), the mechanical sounds 
(black) were rated as slightly more identifiable (M = 5.34, SD = 0.86) than the 
melodic and natural sounds (red) (M = 4.99, SD = 0.84). The stimulus-wise 
identifiability ratings are shown in Fig. 7.  
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Fig. 7 Stimulus-wise identifiability for the environmental sound set. Note that in some cases 
sounds made by semantically similar objects differed radically in terms of identifiability (for 
example, the Truck, Cricket, and Dog).  

To test for systematicity behind the asymmetries in the pairwise similarity ratings 
described in Experiment 1, the data structure associated with the identifiability data 
was constructed as follows. An identifiability relationship matrix was constructed 
with identical dimensions to the asymmetry matrix generated during Experiment 1. 
In this matrix, rows and columns indicate each stimulus in the set, and a particular 
cell corresponds to the relative identifiability of stimuli i and j. If the two were rated 
as equally identifiable, the cell received a zero. If stimulus i was rated as more 
identifiable than j, the cell received a 1, and if it was rated as less identifiable, it 
received a –1. The resulting matrix was a skew-symmetrical matrix (that is, if the 
value in cell ij was 1, the value in cell ji would be –1). This identifiability 
relationship matrix was used to bin the values in the asymmetry matrix, with one 
bin containing the pairings that place the more identifiable item in the target (A) 
position and the other placing the more identifiable item in the base (B) position. 
The resulting asymmetry distributions were compared using a t-test. Consistent 
with our hypothesis, placing the more identifiable item in the base (B) position 
produced higher similarity ratings, as indicated by the positive directional 
asymmetry magnitude values (M = 0.019, SD = 0.599), as opposed to placing it in 
the target (A) position [(M = –0.009, SD = 0.585), t(292.67) = 4.08, p < 0.001, and 
Cohen’s D = 0.047]. This result indicates an effect of identifiability, whereby the 
relative identifiability of the two stimuli produces systematic order effects in the 
rated similarity of those two stimuli.  

We believe that this identifiability effect arises from differences in the extent to 
which higher order connections can be drawn from the base (B) item to the target 
(A) item. Using identifiability as a declarative indicator of semantic activation, the 
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more identifiable item serves as a more natural reference point than the reverse. 
Environmental sounds are different from stimuli typically used in asymmetry 
studies because rather than explicitly indicating a noun or situation, they indicate 
physical interactions among objects in the world. Due to the broad stimulus pool 
used in this study, it is difficult to precisely quantify the similarity between the 
stimuli since they do not often share first order relationships. For example, by what 
criterion is it reasonable to gauge the similarity between a barking dog and a passing 
truck? The physical characteristics of each sound, and the sound sources 
themselves, are very different. However, higher-order causal relationships can 
influence a listener’s perception of similarity: Perhaps the dog is barking as it 
chases the truck. As auditory perception research moves from the laboratory into 
the real world it is important to remember that the tools and methods employed for 
scientific discovery (e.g., pairwise similarity ratings) must be robust to the 
relationships among high-dimensional complex real-world stimuli.  

Finally, a significant motivation for this study was to test whether order effects 
could impact experiments that use pairwise similarity ratings to create MDS 
solutions. We demonstrated with this stimulus set that an MDS solution constructed 
using randomly assigned AB comparisons was highly intercorrelated with one 
constructed using the BA comparisons. Having a measure of systematicity 
permitted us to test the result of introducing systematic order effects into the 
pairwise comparisons as well as the results of these effects on the resultant MDS 
solutions. Two new symmetrical distance matrices were created using the 
identifiability relationship matrix as a guide, one that placed the more identifiable 
item in the target (A) position and another which placed it in the base (B) position. 
These matrices represent worse-case scenarios in which experimenters introduced 
systematic relationships between the A and B variables. The resulting MDS 
solutions (Fig. 8) were less intercorrelated (x axis: r2 = 0.964, y axis: r2 = 0.583,  
and m: r2 = 0.773) than those using the randomly assigned order relationships (m: 
r2 = 0.868), indicating systematic assignment of stimuli to the A and B positions, 
whether intentional or unintentional, can impact the structure of the MDS solutions. 
Therefore, these results show that random assignment appears to be effective in 
reducing the impact of these asymmetries.  
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Fig. 8 MDS solutions generated using the Low-High and High-Low identifiability 
comparisons, colored according to cluster membership. These solutions are less 
intercorrelated than those produced using randomized AB–BA comparisons.   

8. Discussion 

This report presented the results of two experiments conducted to evaluate the 
presence and potential cause of asymmetries in pairwise similarity ratings of  
real-world environmental sounds. First we detected asymmetries in the rated 
similarity of environmental sounds and examined the effect of those asymmetries 
on experiment-relevant characteristics of the data (Experiment 1). Next we 
demonstrated the role that subjective assessments of identifiability played in 
producing those order effects and tested the ability of randomization to mitigate 
these effects (Experiment 2). The findings reported represent, to our knowledge, 
the first evidence of systematic order effects in the rated similarity of environmental 
sounds. The results of these two experiments suggest that presentation order can 
significantly impact participants’ similarity ratings, and that one factor in producing 
this effect is the extent to which each of the items can be processed on the basis of 
their semantic characteristics: category membership and identifiability.  

The practical research question driving this investigation concerned the impact that 
order effects, caused by directional semantic relationships between the stimuli, 
might have on MDS solution quality. These directional effects are a potential 
concern for stimulus selection when using environmental sounds because they 
could influence the results of perceptual studies; but also, efforts to mitigate these 
effects using MDS-based stimulus characterizations would be undermined by 
attempts to reduce the trial burden by running comparisons for items in only a single 
direction (AB vs. BA). In the stimulus set tested in the present study, the impact of 
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directional asymmetries was not particularly large; however, it followed a logical, 
semantically interpretable pattern and thus illustrates how presentation order could 
influence the results of an MDS-based assessment of stimulus similarity. 
Experimenters using this method for stimulus norming, down selection, or other 
decisions related to stimulus selection should consider carefully the risks of running 
only unidirectional comparisons against the cost and effort of doubling the task trial 
load. This may be of particular concern for studies using a widely varied stimulus 
set. For this widely varied environmental sound pool, the MDS solutions produced 
from the AB and BA ordered stimuli were highly intercorrelated and topologically 
very similar. That said, stimuli were located differently between the MDS solutions, 
and this can have implications for stimulus pooling during research studies. Here, 
we discuss the circumstances under which we might expect to see asymmetrical 
ratings, and discuss potential methods for mitigating or eliciting these biases.  

The present study used a widely varied pool of different environmental sounds. 
Hierarchical accounts of stimulus processing such as the one presented by Misdariis 
et al. (2010) suggest that auditory stimuli can be compared (and rated for similarity) 
at multiple levels. Higher levels consist of categorical level processing, which 
would include semantic properties of the stimulus representation elicited by the 
sound. Within categories, stimuli can be evaluated at the continuous level, the level 
at which stimuli in the group are semantically related, but rather differ on physical 
stimulus attributes. Comparing the similarity between a dog bark and a fire alarm, 
for example, is a judgment made at the categorical level. Conversely, rating the 
similarity of the deep bark of a large dog to the high-pitched bark of a small dog is 
a judgment that can be made on a small number of physical attributes of the sounds 
themselves (e.g., spectral characteristics). Studies employing a relatively 
constrained stimulus pool, such as underwater noises (e.g., Howard 1977) or impact 
sounds (Klatzky et al. 2000) may encourage participants to rate the similarity of 
stimuli on the basis of their physical attributes if they belong to the same semantic 
category or are unidentifiable. Conversely, broad sets of environmental sounds such 
as the type used by Gygi et al. (2007) and the present study permit a degree of 
semantic content to contribute to participants’ similarity ratings. The result is the 
aforementioned skew in the ratings toward dissimilar, as well as a potential increase 
in the types of order effects observed here.  
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Recognizing a potential connection between stimulus breadth and asymmetrical 
similarity ratings, is it possible to mitigate these asymmetries when dealing with 
broad stimulus pools? In the present study, the AB and BA presentation orders were 
selected randomly rather than systematically, which corresponds to random 
assignment of the more identifiable stimuli to either the A or B positions, and thus 
random assignment of that stimulus to either the upper or lower portion of the 
similarity matrix. We also used the identifiability relationship matrix to create 
pairings in which the stimulus presentation order was assigned according to 
identifiability. MDS solutions generated from randomized comparisons shared 
10% more variance than those generated with systematic assignment, indicating 
that randomization can provide an effective means of controlling for the influence 
of these order effects. If the goal of the research is simply to map the topology of 
the similarity space, then randomly assigning stimuli to A and B positions and 
collecting only half of the observations (i.e., AB comparisons only) may be 
sufficient. However, for more-sophisticated computational modeling or evaluating 
the psychophysical characteristics of the similarity spaces, collecting both AB and 
BA comparisons may be necessary because of the underlying asymmetries in any 
realistically complex environmental sound set.  

9. Conclusion 

In the research community there are generally two competing approaches to 
inferring invariant knowledge from experiments, one that seeks to control as many 
factors as possible in the hope of reducing the number of potential confounding 
variables, and another that aims to maximize the conditions under which the effect 
is observed (either through a high n, large number of trials, or randomization of 
experiment elements). As researchers increase complexity and realism in their 
experimental materials and tasks, it is untenable to control for all potentially 
confounding variables that could covary with the intended study manipulations. 
Approaches such as those outlined in this report, and the others in this series 
(Dickerson et al. 2015, 2016, 2018; McArdle et al. 2017), advocate the latter 
approach. We argue that the everyday environment is an exceptionally  
high-dimensional space with respect to the number of variables that could influence 
a given behavior. Even for a single environment it would be impossible to 
systematically control and manipulate all factors across all dimensions. 
Alternatively, we propose that testing experiment hypotheses pertaining to  
real-world behavior can be improved by observing the environment and 
documenting stimulus attributes that are stable and meaningful to the observer. That 
is, we can understand real-world behavior by characterizing aspects of the sensory 
environment. In this way, additional interpretive power is provided to assessments 
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of behavior in dynamic, complex, and realistic environments. Further, studies such 
as those outlined in this report create rich datasets that begin the difficult work of 
providing quantifiable semantic features that could be used in future adaptive 
artificial intelligence development. Understanding high-level semantic 
relationships is critical for understanding real-world behavior in humans, and 
provides information regarding the types of representations that permit an 
intelligent agent to function in complex real-world environments.  
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List of Symbols, Abbreviations, and Acronyms 

2-D  two dimensional 

BIC  Bayesian information criterion 

FMM  flexible mixture modeling 

MDS  multidimensional scaling 

NMDS  nonmetric multidimensional 

PC  personal computer 

PEBL  Psychology Experiment Building Language 
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