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ABSTRACT* 

Which acoustic characteristics of opera singing impact the 
judgment of perceived performance? To address this 
question, the current study recorded ten female singers 
performing Caro mio ben, which were then evaluated by four 
professional voice instructors, who provided an overall 
impression score on a 100-point scale and six vocal attributes 
rated on a 7-point Likert scale. We extracted three acoustic 
features from each recorded singing: singing power ratio 
(SPR), which represents the ratio of spectral peaks between 
2-4 kHz and 0-2 kHz; harmonics-to-noise ratio (HNR), 
which measures the ratio of harmonic sound energy to noise 
in a voice signal, reflecting vocal quality; and sound pressure 
level (SPL), which is an acoustic measure that represents the 
loudness or intensity of a sound signal. A linear mixed-
effects regression model, with the vocal attribute score as the 
dependent variable, three acoustic characteristics as fixed 
effects, and evaluators as a random effect, revealed that SPR 
was a significant predictor for several of the vocal attributes. 
These findings suggest that SPR, which reflects resonance 
within the 2–4 kHz range influences the judgment of 
performance quality in opera singing.  

Keywords: voice, vocal performance, opera singing, 
evaluation, singing power ratio. 

 

————————— 
 

1. INTRODUCTION 

The musical competition is used extensively to identify talent 
and to determine musicians’ careers. Competition results are 
generally determined by the judges' subjective scoring. 
However, detailed judgment criteria are rarely disclosed, and 
evaluations inevitably reflect judges’ individual preferences 
and experiences. Consequently, it remains unclear which 
specific elements of a singer’s voice contribute the most 
strongly to the overall score. 
Previous research has investigated the subjective attributes 
that contribute to superior singing evaluation. These 
attributes include the singing technique [1], [2], perceived 
potential or talent based on voice [3]–[5], and vocal quality 
[6]. A survey of 1,000 vocal instructors identified vocal 
quality, intonation, and musicality as the most important 
factors [5]. Notably, the study by [7] provides valuable 
insights into which subjective evaluation scale items might 
explain the overall score. In their research, experts repeatedly 
evaluated recorded singing performance, and the consistency 
of evaluations within and between judges was assessed. 
Their findings revealed correlations between the overall 
score and attributes such as vibrato, resonance, timbre, and 
diction. However, this study did not employ statistical 
modeling to investigate which acoustic features contribute to 
vocal evaluation, leaving the underlying determinants of 
such evaluations still unresolved. 
In addition, because judges assign overall scores based on the 
sound of the voice, objective acoustic features must influence 
their evaluations. Quantitative studies of subjective singing 
evaluations began in the 1920s [8]. Since then, researchers 
have investigated acoustic features that characterize high-
quality voices and their correlation with subjective 
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evaluations [7], [9], [10]. One particularly important aspect 
of opera singing is the ability of the voice to resonate 
throughout a large hall without amplification [11], [12]. This 
phenomenon, known as the “singer's formant,” refers to a 
strong peak of vocal energy at approximately 3 kHz that 
enables a singer’s voice to be heard clearly over an orchestra 
[11], [13]. The singer’s formant can be quantified using the 
Singing Power Ratio (SPR), which measures the harmonic 
balance of a voice by comparing the strongest harmonic peak 
in the 2–4 kHz range with that in the 0–2 kHz range [14]. 
Higher SPR values, indicating a smaller difference in power 
between the 2–4 kHz and 0–2 kHz ranges, are associated 
with a bright, ringing tone [14]. Trained singers generally 
exhibit higher SPR values than untrained singers [5]. These 
results suggest that SPR likely plays a critical role in 
determining overall scores in opera singing.  
Other indicators that may influence the overall score include 
the harmonic-to-noise ratio (HNR) and sound pressure level 
(SPL). HNR measures the amount of periodic (harmonic) 
energy in the voice and serves as an indicator of voice clarity 
[15], [16]. A higher HNR signifies a lower noise level, which 
listeners typically perceive as a clearer voice [17]. SPL is 
determined by the amplitude of the vocal signal and is 
directly related to the perceived loudness. Higher SPL values 
increase the presence of voice and tend to enhance the 
performance of other acoustic parameters, including HNR 
[18], [19]. 
Professional singers generally achieve high SPL without 
compromising voice quality [20]. Therefore, in addition to 
SPR, both HNR and SPL may play a significant role in 
determining the overall scores of opera singing. However, it 
remains unclear which acoustic features explain the vocal 
attribute score significantly. 
This study aimed to identify the acoustic features that explain 
judges’ evaluations of opera singing. To achieve this, we 
recorded opera performances, asked judges to assess them, 
and collected ratings for overall impression as well as six 
vocal characteristics: resonance, timbre, vibrato, diction, 
intonation, and expressiveness, based on previous research 
[7]. We then analyzed the acoustic features of the recordings, 
including SPR, HNR, and SPL. Seven linear mixed models 
were constructed to predict each of the evaluation scores—
overall impression, resonance, timbre, vibrato, diction, 
intonation, and expressiveness—based on these acoustic 
features. Through these models, we sought to clarify the 
extent to which objective acoustic parameters contribute to 
judges’ evaluations of opera singing. 
 

2. MATERIALS AND METHODS 

2.1 Participants 

Ten female Japanese singers specializing in classical vocal 
music (mean age ± SD: 25.10 ± 4.41 years old) participated 
in this study. All participants were either currently enrolled 
in a music university, had graduated from a music university, 
or had received equivalent professional training. 
The recordings of the ten singers were evaluated by four 
vocal instructors, all professional singers (4 females; mean 
age ± SD: 47.75 ± 12.26 years). The instructors had between 
10 and 28 years of experience in vocal instruction (mean ± 
SD: 20.00 ± 8.12 years) and professional careers spanning 15 
to 37 years (mean ± SD: 26.25 ± 10.44 years). 
Ethical approval for the study was obtained from the 
Research Ethics Committee of Keio University Shonan 
Fujisawa Campus (Approval Number: 441). All participants 
were thoroughly informed of the experimental procedures 
and written consent was obtained prior to the experiment. 

2.2 Procedure and data acquisition 

The participants completed vocal exercises in a soundproof 
room before singing the assigned musical piece. The 
recorded data were used for acoustic analysis, and a separate 
evaluation session was conducted in which judges assessed 
the performance based on predefined criteria 

2.2.1 Procedure for Singers 

The recordings were conducted in a soundproof room at the 
Keio Institute of Cultural and Linguistic Studies in Tokyo, 
Japan. This room was specifically designed with an elevated 
floor to prevent the transmission of footstep vibrations, and 
silencers were installed in the air conditioning and ventilation 
ducts to eliminate ambient noise. 
The recording setup included a computer (MacBook Retina 
12-inch, 2017, macOS Monterey, Apple Inc., Cupertino, CA, 
USA) connected to an audio interface (M-TRACK 2X2M, 
M-AUDIO, Cumberland, RI, USA) and a microphone 
(AT2035, Audio-Technica, Tokyo, Japan). The microphone, 
which had a frequency response range of 20–20,000 Hz, was 
positioned 20 cm from the singer’s mouth. Audio recordings 
were captured using the Audacity software (ver. 3.4.2) with 
a standardized sampling frequency of 19.2 kHz. 
Before recording, the singers completed a vocal experience 
questionnaire detailing their vocal experience. They were 
then given 10 min of vocal warm-up in the soundproof room 
(AMG35, YAMAHA Corporation, Hamamatsu, Japan) to 
acclimatize to the recording environment. Following the 
warm-up, each singer performed the assigned piece, Caro 
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mio ben, a cappella. The singers used music sheets placed on 
a stand during their performance, rather than singing from 
memory. The performance duration was set to two minutes, 
and each singer performed the piece only once. Caro mio ben, 
composed by Tommaso Giordani in 1859, was selected for 
its accessibility, manageable vocal range, and low technical 
difficulty, making it suitable for singers with varying levels 
of experience. In addition, this piece is commonly used by 
vocal students in Japan. 

2.2.2 Procedure for Judges 

The evaluation sessions were conducted in the same 
soundproof room (AMG35, YAMAHA Corporation, 
Hamamatsu, Japan) used for the recordings. Audio 
recordings were played on a computer (MacBook Retina 12-
inch, 2017, macOS Monterey, Apple Inc., Cupertino, CA, 
USA) connected to headphones (HD280pro, Sennheiser, 
Wedemark, Germany). Before the session, the judges 
adjusted the playback volume to ensure consistent listening 
conditions across all the recordings. 
Before beginning the evaluations, the judges completed a 
questionnaire detailing their vocal experiences and 
professional careers. They then listened to the recordings of 
the 10 singers, presented in a randomized order, and 
evaluated the performances based on two criteria: (1) an 
overall score on a 100-point scale and (2) six vocal 
attributes—vibrato, resonance, timbre, diction, intonation, 
and expressiveness—rated on a 7-point Likert scale (1 = very 
low, 7 = very high). These attributes were selected based on 
the previous research by Wapnick and Ekholm (1997). The 
judges were all professional singers; therefore, we did not 
provide formal definitions of the vocal attributes. However, 
for clarity, the six vocal attributes are described as follows: 
resonance refers to vocal depth and richness, whereas timbre 
represents tonal qualities such as brightness and warmth. 
Vibrato is characterized by its consistency, speed, and depth. 
Diction reflects pronunciation clarity and intelligibility, 
whereas intonation reflects pitch accuracy and stability. 
Expressiveness captures the singer's ability to convey 
emotions, use dynamics, and shape phrases effectively. 

2.3 Analysis 

2.3.1 Acoustic Analysis 

We analyzed the acoustic features of the recorded singing 
performance using three parameters: SPR, HNR, and SPL. 
Praat software (version 6.3.10) was used for this analysis 
[21]. To ensure the accuracy of the acoustic analysis, the 
recorded audio files were preprocessed to isolate the sung 

portions of the performances. Non-singing segments such as 
pauses and breaths were excluded. 
The Singing Power Ratio (SPR) was calculated following the 
methodology described by Omori et al. (1996). SPR was 
calculated using the power spectrum (dB) obtained from a 
Fast Fourier Transform (FFT) with a time window of 1024 
points and a bandwidth of 4000 Hz. In the power spectrum 
of each sung, the most prominent harmonic peak was 
identified within the 0–2 kHz range and the 2–4 kHz range. 
The peak within the 0–2 kHz range represents the lower-
frequency harmonic content, while the peak in the 2–4 kHz 
range corresponds to the so-called “singer’s formant” region. 
The SPR was then computed as the logarithmic power ratio 
(in decibels, dB) between these two peaks:  
 

SPR (dB) = 𝑃𝑜𝑤𝑒𝑟!"#$− 𝑃𝑜𝑤𝑒𝑟%&'   (Eq.1) 
 
The Harmonics-to-Noise Ratio (HNR) was calculated using 
the autocorrelation method implemented by Praat. HNR 
quantifies the ratio of the harmonic energy to the noise 
energy in the voice signal. The calculation is based on the 
following formula: 
 

HNR (dB) = PowerHarmonics - PowerNoise (Eq.2) 
 

where PowerHarmonics represents the power of the harmonic 
component, and PowerNoise represents the power of the noise 
component. The analysis was conducted using a frame-based 
window and the average HNR was calculated across the 
entire performance. 
 
The Sound Pressure Level (SPL) was computed using Praat 
(version 6.3.10; [21]), based on the digital waveform of the 
recorded singing voices. SPL was calculated in decibels (dB) 
using the following formula: 
 

𝑆𝑃𝐿(dB) = 20𝑙𝑜𝑔() 1
*
*!
2 (Eq.3) 

 
where P is the root mean square (RMS) pressure of the signal 
and P0 is the reference pressure, set to 20 𝜇𝑃𝑎 in air. 
Since no calibration with an external SPL meter was 
performed prior to data collection, the SPL values used in 
this study represent relative rather than absolute intensity 
levels. All recordings were made under consistent recording 
conditions (e.g., fixed microphone gain and distance) across 
participants, allowing for valid comparisons of relative 
loudness between performances. While absolute SPL values 
are not available, the relative SPL values serve as a 
meaningful acoustic indicator for within-study comparisons. 
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2.3.2 Statistics 

To analyze the effects of acoustic features on vocal 
evaluations, seven linear mixed-effects models were 
constructed. The analysis was conducted using R software 
(version 4.4.2) with the lme4 and lmerTest packages [22], 
[23], which facilitated linear mixed-effects modeling with p-
value estimation. 
The models examined the contribution of three acoustic 
features—SPR, HNR, and SPL—to seven vocal evaluation 
scores: overall impression, resonance, timbre, vibrato, 
diction, intonation, and expressiveness. In the model, 
acoustic features were treated as fixed effects, and judge 
variabilities were included as a random effect. The model 
formula is as follows: 
 

𝑉𝑜𝑐𝑎𝑙	𝐸𝑣𝑎𝑙𝑢𝑎𝑡𝑖𝑜𝑛𝑠	𝑓𝑜𝑟	𝐽𝑢𝑑𝑔𝑒𝑠	~	
𝑆𝑃𝑅	 + 	𝐻𝑁𝑅	 + 	𝑆𝑃𝐿	 +	(1|	𝐽𝑢𝑑𝑔𝑒	𝐼𝐷)	(Eq.4)	
 

To assess multicollinearity among the acoustic predictors, 
the variance inflation factor (VIF) was calculated using the 
car package [24]. The significance level α was set at 0.05 for 
all analyses. 
 

3. RESULTS 

3.1 Effects of Acoustic Features on Overall Score 

The results of the linear mixed-effects model (Eq.4) 
assessing the influence of acoustic features on overall scores 
are summarized in Table 1. Among the three acoustic 
features, SPR had a significant effect on the overall 
impression scores (β = 1.86, p = 0.034; Figure 2A). In 
contrast, HNR (β = 0.95, p = 0.580; Figure 2B) and SPL (β 
= 0.88, p = 0.445; Figure 2C) did not exhibit statistically 
significant effects. All VIF values were below 10, indicating 
no concerns regarding multicollinearity. 
Both R2m and R2C were 0.183 (95% CI: 0.062–0.479 for R2 
and 0.044–0.420 for R2C). The small difference between 
R2m and R2 suggests that variability among judges 
contributes minimally to the model’s explanatory power. 
 
Table 1. Estimation of Linear Mixed-Effects Models 
Fitted to Overall Score (Fixed Effects: Acoustic 
Features). Asterisk (*) shows statistical significance. 

 

 
Figure 2. Scatter plots of acoustic features versus 
adjusted overall scores. 

3.2 Effects of Acoustic Features on Six Vocal Attributes 

To examine the effects of acoustic features on vocal 
evaluations, seven linear mixed-effects models were 
constructed with SPR, HNR, and SPL as fixed effects and 
random intercepts for each judge (Vocal Evaluation ~ SPR + 
HNR + SPL + (1 | Judge ID)).  
For the Resonance score (Table 2), SPR was found to be a 
significant predictor (β = 0.18, p = 0.003), indicating that 
higher SPR values were associated with higher resonance 
evaluations. HNR and SPL were not significant predictors (p 
= 0.765 and p = 0.365, respectively). In the model predicting 
Vibrato scores (Table 3), SPR was also a significant predictor 
(β = 0.12, p = 0.043), suggesting that higher SPR values 
corresponded to higher vibrato ratings. Neither HNR nor 
SPL reached significance (p > 0.3 for both). For Timbre 
evaluations (Table 4), SPR again significantly predicted 
scores (β = 0.18, p = 0.004). HNR (β = 0.22, p = 0.071) and 
SPL (β = 0.15, p = 0.070) showed marginal trends toward 
significance, suggesting potential relevance with a larger 
sample size. In the Diction model (Table 5), SPR was a 
significant predictor (β = 0.24, p = 0.002), while HNR and 
SPL were not significant (p = 0.365 and p = 0.930, 
respectively). No significant predictors were observed in the 
models for Intonation (Table 6) or Expressiveness (Table 7), 
with all p-values exceeding. 

Variable β SE df t-value p-value VIF 
SPR 1.86 0.84 36.00 2.21 0.034* 1.84 
HNR 0.95 1.69 36.00 0.56 0.580 2.91 
SPL 0.88 1.14 36.00 0.77 0.445 2.01 
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Overall, SPR consistently showed significant positive 
associations with multiple vocal evaluation scores, 
particularly resonance, vibrato, timbre, and diction, while 
HNR and SPL did not demonstrate significant effects across 
any of the models. 
 
Table 2. Estimation of Linear Mixed-Effects Models 
Fitted to Resonance Score (Fixed Effects: Acoustic 
Features). Asterisk (*) shows statistical significance. 

 
Table 3. Estimation of Linear Mixed-Effects Models 
Fitted to Vibrato Score (Fixed Effects: Acoustic 
Features). Asterisk (*) shows statistical significance. 

 
 
Table 4. Estimation of Linear Mixed-Effects Models 
Fitted to Timbre Score (Fixed Effects: Acoustic 
Features). Asterisk (*) shows statistical significance. 

 
Table 5. Estimation of Linear Mixed-Effects Models 
Fitted to Diction Score (Fixed Effects: Acoustic 
Features). Asterisk (*) shows statistical significance. 

 

Table 6. Estimation of Linear Mixed-Effects Models 
Fitted to Intonation Score (Fixed Effects: Acoustic 
Features). Asterisk (*) shows statistical significance. 

 
Table 7. Estimation of Linear Mixed-Effects Models 
Fitted to Expressiveness Score (Fixed Effects: 
Acoustic Features). Asterisk (*) shows statistical 
significance. 

4.  DISCUSSION 

This study investigated how specific acoustic features—
Singing Power Ratio (SPR), Harmonic-to-Noise Ratio 
(HNR), and Sound Pressure Level (SPL)—influence judges’ 
evaluations of opera singing. By analyzing recordings of 
trained vocalists performing the classical Italian song Caro 
mio ben, and by modeling both overall impression scores and 
six specific vocal attributes using linear mixed-effects 
models, we aimed to uncover which objective acoustic 
parameters most strongly contribute to the subjective 
evaluation of operatic performance. 

4.1 Influence of SPR on Overall Score, Resonance, 
Vibrato, Timbre, and Diction  

A central characteristic of opera singing is the “singer’s 
formant” cluster, often reflected by a strong spectral peak 
between approximately 2–4 kHz [11], [13]. SPR, which 
compares the power in the 2–4 kHz range to the power in the 
0–2 kHz range [14], is believed to be integral to the perceived 
“ring” or “resonance” in trained opera voices. Higher SPR 
values, indicating a more prominent high frequency “singer’s 
formant,” can help the voice project over an orchestra 
without amplification, which in turn may be perceived by 
listeners (including trained judges) as improved resonance, 
clarity, and overall vocal quality [5]. 

Variable β SE df t-value p-value 

SPR 0.18 0.06 36.00 3.14 0.003* 

HNR 0.04 0.12 36.00 0.30 0.765 

SPL 0.07 0.08 36.00 0.92 0.365 

Variable β SE df t-value p-value 

SPR 0.12 0.06 36.00 2.10 0.043* 

HNR -0.12 0.12 36.00 -1.03 0.312 

SPL -0.07 0.08 36.00 -0.90 0.371 

Variable β SE df t-value p-value 

SPR 0.18 0.06 33.00 3.12 0.004* 

HNR 0.22 0.12 33.00 1.87 0.071 

SPL 0.15 0.08 33.00 1.87 0.070 

Variable β SE df t-value p-value 

SPR 0.24 0.07 33.00 3.30 0.002* 

HNR 0.13 0.14 33.00 0.92 0.365 

SPL -0.01 0.10 33.00 -0.09 0.930 

Variable β SE df t-value p-value 

SPR 0.09 0.06 33.00 1.63 0.113 

HNR -0.06 0.11 33.00 -0.55 0.586 

SPL -0.08 0.07 33.00 -1.12 0.271 

Variable β SE df t-value p-value 

SPR 0.07 0.07 36.00 1.16 0.256 

HNR -0.05 0.13 36.00 -0.34 0.738 

SPL 0.08 0.09 36.00 0.94 0.353 
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4.1.1 Resonance 

The strong association between SPR and resonance is 
consistent with prior work emphasizing the role of the 
singer’s formant in generating the impression of a resonant, 
projecting sound [25]. A higher SPR directly supports the 
voice’s ability to ring in a large concert hall, leading to higher 
perceived resonance scores. 

4.1.2 Vibrato 

While vibrato is often characterized by oscillations in 
fundamental frequency, the fact that SPR significantly 
predicted vibrato scores may reflect how a well-defined 
singer’s formant can enhance the perceived steadiness and 
richness of vibrato. Listeners may hear a more prominent 
vibrato “color” when the overtones in the 2–4 kHz range are 
strong, as these partials can contribute to the perception of 
vibrato depth and warmth. 

4.1.3 Timbre 

Timbre is closely tied to the spectral energy distribution of 
the voice. A higher SPR suggests a bright, ringing quality 
typically associated with an operatic timbre [14]. It is thus 
unsurprising that SPR was a consistent predictor of perceived 
timbre, as altering the balance of energy in the higher 
formant region changes the color or “ring” of the voice. 

4.1.4 Diction 

Although SPR significantly predicted diction scores, this 
association may represent a spurious correlation, as SPR 
does not directly capture articulatory precision or phoneme 
clarity. It is possible that voices exhibiting a stronger singer’s 
formant were perceived as more intelligible overall, thereby 
receiving higher diction ratings, even though SPR is not a 
direct acoustic measure of diction. 

4.2 Limitations of SPR in Predicting Intonation and 
Expressiveness 

4.2.1 Intonation 

Intonation depends primarily on pitch accuracy and control, 
which is not directly captured by SPR. The singer’s formant 
relates to how the harmonic structure above the fundamental 
is amplified, rather than how stably the fundamental is 
produced at the correct frequency. Singers who excel at pitch 
accuracy may do so regardless of how their voice resonates 
in the 2–4 kHz range. Thus, variability in intonation scores 
may be driven more by fundamental frequency control rather 
than spectral energy distribution. 

4.2.2 Expressiveness 

Expressiveness in opera singing can involve dynamic 
contrast, emotional interpretation, phrasing, and stylistic 
nuances beyond purely spectral or amplitude-based 
measures. For instance, singers might manipulate tempo 
rubato, vary vibrato rate or extent, and use subtle dynamic 
shifts for emotional effect—none of which are directly 
captured by SPR, HNR, or SPL. Consequently, the judges’ 
expressiveness ratings may reflect interpretive and artistic 
choices rather than the presence of a strong singer’s formant. 
 

4.3 Limited Predictive Power of HNR and SPL in Opera 
Singing Evaluation 

4.3.1 HNR 

This parameter measures the ratio of periodic (harmonic) 
energy to non-periodic (noise) energy in the voice signal [15]. 
HNR is often linked to perceived clarity or breathiness. 
However, in highly trained opera singers, HNR values may 
be sufficiently high and relatively uniform across performers, 
yielding little variation for statistical detection. Additionally, 
the judge’s perception of “clarity” might overlap more with 
resonance or timbre, both of which appear better captured by 
SPR.  

4.3.2 SPL 

While SPL reflects vocal loudness and is crucial for 
projection, it may not be the deciding factor once a singer 
consistently achieves a certain threshold of loudness. Most 
trained opera singers can produce adequate volume, 
potentially minimizing SPL-related differences. Moreover, 
the singer’s formant often plays a larger role than sheer 
loudness in enabling the voice to be heard over an orchestra 
[11]. Therefore, although SPL might help a voice carry, it 
may not contribute as decisively to specific vocal evaluations 
once all singers exceed a baseline loudness.  

4.4 Limitations and Future Directions 

While the present study provides valuable insights into the 
relationship between acoustic features and vocal evaluations 
in opera singing, several limitations should be acknowledged. 
First, the number of participants, both singers and judges, 
was relatively small. A limited sample size can reduce 
statistical power and may constrain the generalizability of the 
findings. Future studies should aim to recruit a larger and 
more diverse group of vocalists and evaluators, including 
singers of different voice types, experience levels, and 
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stylistic backgrounds, to explore whether the observed 
relationships hold across broader populations. 
Second, all performances were recorded in a soundproof 
room and evaluated through recorded playback rather than in 
a live performance setting. While such controlled 
environments ensure consistency in acoustic measurement, 
they may not fully capture the complexities of live opera 
singing, including spatial acoustics, visual cues, and real-
time audience interaction, all of which can influence both 
vocal production and evaluative judgment. Moreover, 
playback through headphones or speakers may alter the 
perceived balance of frequencies—particularly in the higher 
range, where SPR is most relevant—potentially affecting 
how judges perceive vocal attributes like resonance or 
projection. 
Taken together, these methodological constraints highlight 
the need for future research that combines controlled acoustic 
analysis with ecologically valid performance conditions. 
Studies incorporating live performance evaluations, larger 
and more diverse samples, and additional acoustic and 
perceptual parameters will further clarify the 
multidimensional nature of operatic vocal assessment. 
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