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Abstract

We examine the relationship between phonological word sim-
ilarity judgments from listeners and acoustic measures of sim-
ilarity. Native speakers of English or French with varying de-
grees of proficiency in the other language listened to pairs of
words, one in French and the other in English. The words were
highly phonologically similar but did not overlap in meaning.
Participants judged how similar the items sounded. Each item
pair was acoustically analyzed with six different acoustic dis-
tance metrics. The results demonstrate a weak correlation be-
tween the similarity judgments and five of the six acoustic dis-
tance measures. Within the experiment, we found an order of
presentation effect: when the first word of a pair was in a par-
ticipant’s L1, the pair was rated more similar than if the first
word was in the L2. This effect diminished in magnitude with
increasing L2 proficiency. We discuss the implications of our
results in light of theories of speech representation and process-
ing.

Index Terms: phonology, representation, bilingualism, percep-
tual similarity, acoustic distance

1. Introduction

Many spoken languages share sounds which are very similar,
and may even be transcribed the same way in a phonetic alpha-
bet. Typically these sounds have some small differences, and
it has been claimed that “there are no two languages in which
the implementation of analogous phonemes is exactly the same”
[1, p285]. For example, French and English both have an /i/
phoneme, but this sound is usually shorter in duration and more
peripheral in the vowel space in French than it is in English.

Despite these differences, it is uncontroversial to refer to
these two vowels as ‘the same sound’. Native speakers of both
languages will report that these phonemes ‘sound the same’,
and indeed this observation is confirmed in patterns of loan-
word adaptation and perceptual assimilation [2]. In determin-
ing which sounds are ‘the same’ or ‘different’, listeners appear
to be sensitive to a variety of factors, including phonetic detail,
orthography, and a host of psycho-phonological considerations
[3,4,5].

Attempts have been made to characterize phonological dis-
tance through purely acoustic means [6, 7, 8, 9]. These studies
have faced normalization difficulties, both in the temporal and
spectral dimensions, but advances in speech processing algo-
rithms have led to a gradual increase in their reliability.

An alternative approach, relatively under-utilized in the lit-
erature thus far, is to directly ask listeners how similar particular
sounds or words are. This method is by its nature more resource
intensive than an acoustic comparison but establishes a “ground
truth” for perceptual similarity. The goal of the current study is

to determine to what extent acoustic measures of similarity can
account for listeners’ metalinguistic judgments of similarity.

Our motivation here is twofold: there is both theoretical
and methodological importance in demonstrating that acoustic
measures of similarity are equivalent to human similarity judg-
ments. In terms of theory, this finding would have clear im-
plications for our understanding of the mental representation of
speech sounds [10]. In terms of methodology, it would simplify
data collection in that we could rely less on human participants
and instead make inferences from acoustics alone. Establishing
complete equivalence is beyond the scope of the present inves-
tigation and we instead seek to establish correlation rather than
equivalence.

2. Methods
2.1. Participants

Sixty-one native English speakers living in the US (24 male,
32 female, 5 other gender), age 18-50 years (mean: 33), and
twenty native French speakers living in France (15 male, 5 fe-
male), age 2049 years (mean: 31) were recruited via Prolific
and tested online.

Thirty of the American participants had learned at least
some French, and all of the French participants had learned
some English, according to questionnaire data. All participants
self-rated their skills in the other language in terms of oral ex-
pression, oral comprehension, written expression, and written
comprehension. The composite values for these ratings, scaled
from 1 to 10, are shown in Table 1.'

Table 1: Means and standard deviations of self-rated L2 lan-
guage proficiency scores (composite)

Language background  Self-rated proficiency

Mean SD N
English L1 French L2 5.68 2.63 30
English L1, no French 1.37 0.76 31
French L1 English L2 8.09 1.54 20

2.2. Stimuli

All 110 stimulus pairs from [11] were selected, with function
words removed. The resulting pairs consisted of one English

'We opted to combine the oral and written skill scores as they were
very similar within each group of participants (English L1 French L2
Moyral = 5.43, Myriwen = 5.96,72 = .845; English L1 No French
Mo = 1.56, Myrien = 1.18,72 = .278; French L1 English L2
Mol = 7.72, Myritten = 8.45, 12 = .684).
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Figure 1: Mean similarity rating for each stimulus pair. A higher score means a greater perceived similarity. Lines depict standard

error. French non-words are preceded by an asterisk.

and one French item which share a high degree of phonolog-
ical similarity with no semantic overlap.” Ninety-nine pairs
involved real words in both English and French (e.g. English
posh, French poche *pocket’; English niece, French Nice); the
remaining 11 pairs involved an English real word and a French
non-word (e.g. English cope, French *coppe). Stimulus items
were pronounced by a male native speaker of American English
and a female native speaker of French.

2.3. Procedure

The experiment was run in Labvanced [12]. Participants were
told that they would hear pairs of more or less similar sound-
ing words, one pronounced by an English and one by a French
speaker. They were instructed to pay no attention to the mean-
ing of the words but focus on the sounds only, as they would
have to indicate how similar the words in each pair sounded.
Item pairs were presented with an ISI of 500ms, and partici-
pants indicated their responses on a visual analogue scale by
dragging the cursor on a bar whose endpoints were marked “not
very similar” and “extremely similar”.® The scale returned val-
ues from O (least similar) to 10000 (most similar). After giving
their response, they pressed a button to proceed to the next trial,
which started 1000 ms later.

The item pairs were presented in two blocks of 55 that
differed in language order (i.e. French-English vs. English—
French). The ordering of these blocks was counterbalanced be-
tween participants. Within each block, items were presented in

2One exception to this restriction was discovered after data collec-
tion: French fan is an English loanword and means ‘fan’ or ‘enthusiast’,
and thus has a partial semantic overlap with English fan. Removing this
item does not alter the results reported here.

3 All stimulus pairs are at least somewhat similar. For this reason, the
lowest endpoint of the scale was “not very similar”, as using “extremely
dissimilar” would likely lead to responses that do not use the entire
range of the scale.

arandom order. Each participant heard each item pair only once
in only one order.

2.4. Acoustic analysis

Acoustic similarity of each stimulus pair was calculated us-
ing six methods. Five of these methods were based on cosine
similarity. We used Shennong [13] to extract feature vectors
and compute cosine similarity between words. Features were
extracted with the built-in “Spectrogram”, “Filterbank™ (mel-
filterbank), “MFCC” (Mel-Frequency Cepstral Coefficients),
“PLP” (Perceptual Linear Predictive analysis of speech), and
“Bottleneck”™ algorithms. For the sixth method, we calculated
acoustic absement, following [14], over euclidean similarities
on aligned MFCCs. This method has been proposed to corre-
spond well to mental representations of speech [15, 16].

2.5. Statistical analysis

Six linear mixed-effects regression models were constructed,
one for each measure of acoustic similarity (z-scored). The
models had participants’ rating of each stimulus pair as the de-
pendent variable. Other variables in the model were the lis-
tener’s L1 (either French or English), order of presentation of
the pair (L1-L2 or L2-L1), the listener’s L2 proficiency (on a
scale of 1-10), and an interaction term between order and profi-
ciency. Random intercepts of participant and stimulus pair were
included. The model structure was therefore as follows:

acoustic_distance + listener_L1+
presentation_order + listener_L2_proficiency+
presentation_order : listener_L2_proficiency+
(1]item_pair) + (1|participant)

rating ~

3. Results

Figure 1 depicts the mean ratings for each stimulus pair. As can
be seen, there is substantial variability in the ratings, with some
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Figure 2: Grand mean similarity ratings as a function of stim-

ulus presentation order. Lighter points show individual partici-
pant means.
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Figure 3: Similarity ratings as a function of listener L2 profi-
ciency, split by stimulus presentation order. Means and stan-
dard errors are depicted with a linear trend overlaid. Note that
the apparent order effect is diminished among the more profi-
cient L2 users.

stimulus pairs being highly-rated and others less so. There is no
apparent trend for non-words versus lexical words, although the
small number of French non-words in the data does not allow
us to assess a potential effect of lexicality.

We now summarize the results of the six models. All
models showed the same significant effect of stimulus order
(B = —1379,t = —16.88, p < .0001 in all models). If
the first word in a pair was in a listener’s L1, the pair received
higher similarity judgments than if the first word was in a lis-
tener’s L2. Figure 2 shows raw similarity ratings as a func-
tion of stimulus presentation order; the difference in similarity
rating between the conditions is apparent. Moreover, this ef-
fect was modulated by listener’s self-rated L2 proficiency, such
that participants with higher proficiency showed a smaller or-
der effect than participants with lower proficiency (8 = 110,
t = 7.66, p < .0001 in all models). This interaction is visu-
alized in Figure 3. Note that ‘L2’ here refers to French for the
English listeners, and English for the French listeners.

Table 2 shows the main effects of the different acoustic
measures of similarity in each model. As can be seen, all mea-
sures except the Spectrogram method showed a significant neg-
ative correlation with perceived similarity ratings.

Figure 4 depicts perceived similarity as a function of acous-
tic similarity. The lack of a correlation with the ‘spectrogram’

Table 2: Main effects of the different acoustic similarity algo-
rithms in the six different regression models.

Similarity measure 154 t P

Cosine similarity

Spectrogram —55.76  —0.356  0.723
Filterbank —453.07 —2.962 0.004
MECC —310.22 —2.022 0.046
PLP —340.17 —2.227 0.028
Bottleneck —359.60 —2.361 0.020

Absement —367.92 —2.418 0.017

method can be seen in the top left panel. While the linear
mixed effects models (Table 2) confirm that statistically signif-
icant correlations exist for the other methods, this graph shows
that the relationships are not particularly strong. In other words,
the participants must be relying on other factors in addition to
acoustics when they make their similarity judgments.

4. Discussion
4.1. Acoustic measures of distance

All except one of the acoustic measures of distance demon-
strated a significant negative correlation with the human sim-
ilarity judgments. Absement, suggested as a potential candidate
for mental representations [14], had the second-largest coeffi-
cient after the Filterbank method. The poorest acoustic measure
of similarity was the spectrogram method, consistent with prior
findings [13].

4.2. Order effects

The order effect was unexpected. Any explanations we can offer
are necessarily post-hoc and subject to further validation and
testing. Nevertheless, we provide some speculation here.

The interaction between presentation order and proficiency,
as depicted in Figure 3, is perhaps the most straightforward
to interpret, given the reasonable assumption that higher-
proficiency participants have more native-like phonolexical pro-
cessing of L2 words than lower-proficiency participants. This
assumption indeed entails that compared to lower-proficiency
participants, higher-proficiency participants have a smaller dif-
ference between their L1 and L2 processing. This smaller dif-
ference then leads to a smaller order effect.

Turning now to the main effect of order, we first wish to
ascertain whether this is a true processing effect or an artifact
of particular items. Post-hoc analysis revealed that the mean
size of this effect for each item pair is normally distributed
(W = .980,p = .095), and that there are no apparent patterns
in the type of words that have larger or smaller order effects. For
example, we observe pairs with /et/ codas in the first, third, and
fourth quartile of order effects, suggesting a random rather than
principled distribution. However, the mean order effect of each
item pair is very weakly correlated with the pair’s mean simi-
larity rating (3 = —0.089,t = —2.210, p = .029, 7% = .043),
such that item pairs judged more similar had smaller order ef-
fects. At this stage it is unclear what to make of this pattern,
but we can conclude that the order effect is not constrained to
particular item pairs.

Regarding the processing mechanisms that underlie similar-
ity judgments, it is well-established that L1 phonolexical rep-
resentations are represented with greater fineness and fidelity
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Figure 4: Similarity ratings as a function of acoustic similarity, by similarity algorithm. A linear trend is overlaid.

than L2 phonolexical representations [17, 18]. Listeners, upon
encountering speech in their L1, are able to encode this speech
more effectively and efficiently than they can speech in their
L2. This fact motivates two possible explanatory mechanisms
for the observed order effect.

One possible mechanism concerns the calculation of dis-
tance between two representations. We assume here that the
stimulus items are encoded as a multidimensional distribution
of features, and that the L2 item necessarily has greater variance
than the L1 item. After the listener perceives and encodes the
first item, the second item is presented and encoded in turn. In
order to judge the similarity of the items, the listener compares
the first item to the second [19]. One operationalization of this
comparison process could be the mean Mahalanobis distance
from the first item’s points to the second item. Other methods,
such as Kullback-Leibler divergence, will achieve conceptually
similar results. If the first item is a finely-encoded L1 represen-
tation, then it will align fairly well to a coarsely-encoded L2 rep-
resentation that is presented subsequently, leading to a high sim-
ilarity rating. By contrast, if the first item is a coarsely-encoded
L2 representation, then it will map poorly on to a finely-encoded
L1 representation that follows, leading to a low similarity rating.
In other words, the fineness or coarseness of the representation
of the second word is like a dartboard: you are more likely to
hit the dartboard if it is bigger.

The second possible mechanism treats the first item as a
‘prime’ or ‘attractor’. Again on the understanding that L.1 items
are encoded more efficiently and effectively than L2 items,
these enhanced representations will serve as more effective
primes [20]. This explanation predicts faster reaction times in
the L1-L2 presentation order than in the L2-L1 order. While
reaction times were not captured with the current experiment,
this prediction would be straightforward to confirm or disprove
in future work.

4.3. One potential task effect

We wish to note here a potential task effect that arose due to
the experimental design. All French stimuli can be plausibly
interpretable as an English word pronounced with a French ac-
cent. For example, French fiche can be perceived as a French-
accented production of English fish. However, the converse is

not true—not all English stimuli can be perceived as French
words pronounced with an English accent. This is due to the
presence of a small number of pairs where the French stimu-
lus is either a nonword (e.g. *coppe) or a low-frequency word
(e.g. paissent ‘(they) graze’) that may be hard to recognize as
an existing word when presented in isolation. This makes a
particular task-specific strategy available to the English L1 lis-
teners that is not available to the French L1 listeners—simply
perceiving as if everything is English and then assessing how
well the wordforms sound like each other. However, there’s no
clear prediction for how this strategy would manifest itself as a
pattern of results. Indeed, the lack of any meaningful effects of
participant L1 within the regression models suggests either that
participants did not make use of this strategy, or that the strategy
had no meaningful consequences for participants’ responses.

5. Conclusion

In this paper we examined relationships between six acoustic
measures of similarity and human judgments of phonological
word similarity. Five out of the six acoustic measures showed
a significant negative correlation with human judgments—in
other words, the more acoustically similar a pair of items is,
the less similar it was judged to be by human listeners. Despite
these correlations, substantial variation in responses was not ex-
plainable by acoustics alone, confirming theoretical claims that
phonological similarity is influenced by non-acoustic factors
[3]. We cannot, therefore, rely solely on acoustics to determine
phonological similarity. We also observed an unexpected order
of presentation effect; we speculate that this effect may be due
to a priming mechanism, but this explanation requires empiri-
cal confirmation. Because our experimental task involved two
languages, these results are also of interest to studies of interlin-
gual perceptual assimilation. Future work should examine the
role of abstract phonological factors in determining similarity.
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