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This paper concerns how well objective indicators of speech intelligibility correlate with the low 

percentages of words that are correctly identified when speech is embedded in high levels of noise 

with signal-to-noise ratios (SNRs) down to -50 dB. The indicators under consideration are Short-

Time Objective Intelligibility (STOI), the Normalised Covariance Metric (NCM) and the Coher-

ence Speech Intelligibility Index (CSII). STOI is suitable for noisy or degraded speech, including 

non-linear processed or time-frequency weighted speech. Unlike the NCM, which is based on the 

normalised covariance between the entire original and degraded envelopes, STOI involves the 

correlation of the envelopes of clean and degraded (or processed) speech signals that have been 

divided into overlapping short-time (384 ms) segments. In this paper, speech is degraded by four 

types of additive noise: white noise, a 400 Hz sine wave, white noise with a 400 Hz sine wave 

and white noise with a 400 Hz sine wave and harmonics up to 3200 Hz. Listening tests involving 

normal-hearing human listeners have been carried out for male and female talkers using four 

SNRs per noise type, ranging from -10 dB to as low as -50 dB. The results characterise the rela-

tionship between the objective indicators and the performance-based measure from the subjective 

tests for speech communication in noisy conditions. 
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1. Introduction 

The speech intelligibility performance of a communication channel, such as a room, an electronic 

communication system, or an electroacoustic system, can be quantified using subjective or objective 

means. While listening tests are the most reliable method of quantifying speech intelligibility, this 

method is not always feasible due to the time and expense, particularly if multiple processing schemes 

are to be tested. Hence, objective measures that can predict intelligibility are important. Various ob-

jective methods have been developed, some based on the signal-to-noise ratio (SNR), such as the 

Articulation Index (AI) [1], and the Speech Transmission Index (STI) [2,3], and others based on 

signal correlation or covariance, such as the Short-Time Objective Intelligibility (STOI) [4] metric 

and the Normalised Covariance Metric (NCM) [5]. In general, these objective methods are applied to 

signals with SNRs ≥ -10 dB. The focus in this study is the evaluation of signal intelligibility at very 

low SNRs (down to -50 dB) for normal hearing (NH) listeners.  

Unlike the AI, which is based on the SNRs within frequency bands, the STI is based on the mod-

ulation transfer function (MTF) in those bands. Hence, the STI can be used to predict intelligibility 

scores for signals degraded by both additive noise and reverberation and echoes. However, like the 

AI and the Speech Intelligibility Index (SII), the traditional and indirect STI methods tend to over- or 

under-estimate the intelligibility of signals that have undergone noise reduction or some other non-

linear operation, such as envelope thresholding (e.g. [6]). The application of the STI to non-linear 

operations may require speech, or speech-like, test signals [2]. Several speech-based versions of the 
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STI have been developed subsequently, including the NCM [5,7]. While most speech-based methods 

are unable to predict performance for both conventional acoustic degradation and non-linear pro-

cessing, exceptions include the correlation or coherence-based, NCM, Coherence SII (CSII) [8], and 

STOI [4,9] measures. 

NCM is based on apparent SNRs within frequency bands that are calculated on the basis of the 

squared normalised covariance between the test (or ‘probe’) signal and response signal envelopes [5]. 

Goldsworthy and Greenberg [5] found that of the STI-based parameters they considered, comprising 

magnitude and real cross-power spectrum methods, the envelope regression method and the NCM, 

only the NCM method produced (qualitatively) reasonable results for both conventional acoustic deg-

radation and non-linear processing. With new Band Importance Functions (BIFs) [10], NCM per-

forms well for Ideal Time Frequency Segregation (ITFS) processed speech [4]. However, Taal et al. 

[4,9] showed that even when NCM and CSII are implemented with new BIFs, STOI is more highly 

correlated with intelligibility scores for ITFS-processed speech.  

CSII was proposed as an extension of the SII to predict speech intelligibility for non-linearly pro-

cessed signals [8]. The calculation is based on the normalised cross-spectral density of the clean and 

degraded speech signals. SNR estimates are replaced with frequency band-dependent signal-to-dis-

tortion ratio (SDR) estimates. In later work, CSII was separated into three, separate indices, CSIIHigh, 

CSIIMid and CSIILow, based on the root mean square (RMS) level [11]. The high index is associated 

with segments at or above the overall RMS level of the sentence; the mid index, at or up to 10 dB 

below the same level, and the low index, from 10 to 30 dB below the level. CSIILow and CSIIMid are 

combined linearly and transformed with a simple logistic function to derive a new measure, termed 

I3 [8]. 

Taal et al. [4,9] introduced STOI primarily to assess speech intelligibility before and after ITFS-

processing with a binary mask. A very high correlation between STOI and the intelligibility of noisy 

and ITFS-processed speech was reported (ρ = 0.95) [9]. STOI performed better than more complex 

metrics including SII and CSIIMid, and performed comparably to an advanced version of the NCM 

(termed NCM+), in characterising the intelligibility of noise-suppressed speech [12]. Applying the 

Fourier transform to short segments allows STOI to reflect the non-stationarity of speech and capture 

low-frequency modulations. In this method, the clean signal, x, and the degraded signal, y, are down-

sampled to 10 kHz and divided into 384 ms segments. Short-time discrete Fourier transform (STFT) 

coefficients are grouped into 15 third octave bands with centre frequencies between 150 and 3810 

Hz. Signal y is normalised and clipped at a SDR β = -15 dB. Correlations of x and y in each band and 

frame are averaged. Taal et al. [4] claim that the clipping procedure ensures that ‘sensitivity of the 

[STOI] model towards one T-F unit which is severely degraded is upper bounded. As a consequence, 

further degradation of a speech T-F-unit which is already completely degraded (i.e., “unintelligible”) 

does not lead to a lower intelligibility prediction’ (p. 2127). However, Taal et al. [4] tested STOI with 

β = -∞ without normalising y. For their range of SNRs, β = -15 dB was optimal.  

In this paper, the aim is to determine whether at very low SNRs, STOI is more highly correlated 

with speech intelligibility when clipping is not performed (but when normalisation of the degraded 

signal is performed) than when it is performed. To this end, testing of the STOI-based, NCM, and 

CSII metrics with NH listeners was undertaken to answer the following questions: 

1. At very low SNRs, how well do STOI-based parameters characterise the intelligibility of noisy 

speech? 

2. Is STOI without clipping at -15 dB (STOI_WC) more consistent with intelligibility scores as 

measured by correlation coefficients and prediction errors than traditional STOI, NCM and CSII 

for noisy speech at very low SNRs?  
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2. Method 

2.1 Subjects 

40 untrained listeners were recruited as subjects (20 male and 20 female). Their ages ranged from 

19 to 58 years with a median age of 23 years. All listeners used British English as a first language, 

and had self-reported good spelling ability. Before the experiment, each subject underwent an audio-

metric screening test according to ISO 8253-1 [13] to determine their threshold of hearing between 

125 Hz and 8 kHz. The listeners’ hearing thresholds did not exceed 20 dB HL.  

2.2 Stimuli and signal presentation 

Previous recordings of the IEEE [14] corpus from four talkers at a normal vocal effort were used 

[15]. Signals were down-sampled from 48 kHz (32 bit) to 16 kHz (16 bit), and energy below 50 Hz 

was removed. Due to this down-sampling, the direct form of the STI could not be used in this study.  

A total of 16 conditions were tested: 4 SNRs x 4 maskers. (N.B. Four additional maskers are not 

discussed here.) Four maskers were added to the speech signals, with 1 s of noise at each end of the 

speech signal: Gaussian white noise at -40 dBW (termed WN), a 400 Hz tone at a sound pressure level 

(SPL) of 70 dB (SIN), a combination of white noise and a 400 Hz tone (WSIN), and a combination 

of white noise, the 400 Hz tone and its harmonics up to 3200 Hz (WSINS), where each sine was 

created at a level of 75 dB SPL. The 400 Hz tone was of interest as Stevens et al. noted that sine wave 

maskers are more effective at frequencies between 300 and 500 Hz than at other frequencies [16]. 

For the maskers containing white noise, a pseudo-randomly selected segment of white noise was 

added to the speech signal to obtain the required SNRs [17,18]. Preliminary trials were used to iden-

tify low SNRs for each masker that were likely to give percentages of correctly identified words 

between 0% and 10%. Three additional SNRs at +5, +10, and +15 dB relative to this base SNR were 

used to give percentages > 10%. The SNRs ranged between -10 and -25 dB for WN, -35 to -50 dB 

for SIN, -20 to -35 dB for WSIN, and -25 to -40 dB for WSINS. Each experimental condition was 

tested with two word lists (i.e., 20 sentences). Each listener was exposed to 64 of the word lists. The 

order of the word lists and conditions was randomized across subjects. Each listener heard one talker 

only. 

Diotic presentation of the stimuli used a playback system comprising Beyer Dynamic DT770 Pro 

headphones connected to a PC running MATLAB code with a custom graphical user interface. The 

audio output of the system was calibrated using a Brüel & Kjær type 4100 head-and-torso simulator 

(HATS) with type 4189 microphones in each ear canal. Participants were tested inside an audiometric 

booth with a background noise of 20 dB LAeq. The SPL at the entrance to the ear canal was 20 dB 

LAeq for the HATS wearing the headphones connected to the PC. Subjects chose their preferred lis-

tening level as 65, 70 or 75 dB LAeq. They were asked to identify as many words as possible in each 

sentence and were allowed to correct their spelling. Incorrect spelling was identified and assessed 

(see [15] for details) and words ‘a’ and ‘the’ were excluded from percentages reported here. The test 

took  2 hours, with breaks of up to five minutes taken every  30 minutes.  

2.3 Implementations of metrics 

STOI_WC is compared with STOI, NCM and CSII using three figures of merit: linear Pearson’s 

product-moment (ρ) and Kendall’s tau (τ) correlations between the metrics and intelligibility scores, 

and the standard deviation of the prediction error (σ). In testing, it was noted that STOI and STOI_WC 

varied at the second decimal place with pseudo-randomly selected segments of additive Gaussian 

white noise. Hence, correlations are computed on the basis of objective indices that are averaged over 

sentences within word lists. STOI calculation followed the reference implementation [4]. STOI and 

STOI_WC were calculated for each sentence. Any values below 0 were raised to 0 before averaging 

across sentences within word lists. STOI_WC was calculated as in the case of STOI including nor-

malisation but without clipping at β = -15 dB. STOI-based values were converted to ‘mapped’ values 

via a logistic function to linearize the relationship between STOI or STOI_WC and intelligibility 
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scores and therefore report linear correlation coefficients and determine the distribution of prediction 

errors. The logistic function, 𝑓(𝑑) = 100/(1 + exp(𝑎 ∙ 𝑑 + 𝑏), is used to map a variable d (repre-

senting STOI or STOI_WC) with the free parameters, a (slope) and b (centre) as reported by Taal et 

al. [4,9]. Kendall’s tau is rank-based and therefore independent of the mapping. The prediction error 

was computed as 𝜎 =  𝜎𝑑√1 − 𝜌2 where σd is the standard deviation of the percentage words correct. 

In the literature (e.g., [4]), one logistic mapping is applied across maskers for a single corpus. How-

ever, broadband maskers are used; sinusoidal maskers are not normally considered. Hence, SIN is 

mapped separately. Given that for maskers other than SIN, there is a clustering of intelligibility scores 

< 10% at the two or three lowest SNRs, psychometric functions (involving intelligibility scores by 

SNR) are not evaluated. 

The NCM was calculated according to the ANSI 3.5 fixed-weight implementation [10, 19]. The 

clean and degraded signals were bandpass filtered into 20 frequency bands with centre frequencies 

ranging from 335 to 6910 Hz with eighth-order Butterworth filters. The envelopes were computed by 

means of the Hilbert transform and the signals were down-sampled to 32 Hz. Apparent SNRs were 

calculated in each frequency band on the basis of the normalised covariance of the clean and degraded 

envelopes [10]. Transmission indices were averaged over the weighted bands. Logistic mapping was 

performed after [9]. CSII calculations were performed on the basis of publicly available code [17]. 

Standard ANSI 3.5 [19] weights were used for the 16 frequency bands with centre frequencies ranging 

from 150 to 3400 Hz. Models used to derive I3 followed Kates and Arehart [8]. More information 

concerning the NCM and CSII measures is given in references [5,10]. 

3. Results 

The constants for the logistic function for mapping STOI, STOI_WC and NCM are given in Ta-

ble 1. STOI slopes (a) are relatively steep, and NCM slopes, shallow. Merits ρ and σ are applied to 

the mapped scores. Table 2 reports the performance of metrics for each masker and set of talkers. A 

higher ρ and τ and a lower σ indicate better performance. In general, ρ was higher for SIN than other 

maskers. This is likely to be due to the greater spread of word intelligibility scores for this masker.  

Table 1: Values for the free parameters of the non-linear mappings of STOI, STOI_WC and NCM (IEEE). 

 Masker STOI STOI_WC NCM 

  a b a b a b 

Male talkers WN/WSIN/WSINS -17.69 13.00 -13.05 6.60 -10.02 4.73 

 SIN -37.41 33.00 -22.31 16.85 -8.24 2.76 

Female talkers WN/WSIN/WSINS -12.29 10.07 -16.31 8.40 -9.83 5.20 

 SIN -38.52 33.71 -22.48 17.32 -9.91 2.68 

3.1 STOI and STOI without clipping 

3.1.1 STOI 

For maskers other than SIN, the STOI logistic parameter values are similar to those reported by 

Taal et al. [4] for a male talker and the IEEE sentences of a = -17.49 and b = 9.69. In comparison, 

SIN parameter values indicate a steeper slope and a rightwards shift. As shown in Table 2, for STOI, 

ρ > 0.7 with the exceptions of WN and WSINS for female talkers, while σ < 10 %, with the exception 

of the SIN condition. In Fig. 1, scatterplots show the relationship between STOI and intelligibility 

scores for male and female talkers with fitted lines deriving from logistic models. It is apparent that 

STOI ≥ 0.32, even when signals are unintelligible. For SIN, STOI > 7.5, which indicates over-esti-

mation for sinusoidal maskers. Evidently, STOI does not form clusters associated with individual 

SNRs but is relatively continuous, and limited in range. Mapping the STOI outcomes using the lo-

gistic function and comparing these predicted intelligibility scores with measured intelligibility scores 

(not shown), mapped STOI tends to under-predict intelligibility at the highest SNR for WN and WSIN 
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maskers, and over-predict at -35 and -30 dB SNRs for the WSINS masker. Predictive power is very 

good for the SIN masker; however, in this case, the mapping has been masker-optimised.  

3.1.2 STOI without clipping 

For STOI_WC with maskers other than SIN, a = -13.05 and b = 6.60 for male talkers and a = -

16.31 and b = 8.40 for female talkers (Table 1). Once again, parameter values are larger for SIN than 

the other maskers. STOI_WC ρ > 0.7 for the male talkers and for SIN and WSIN for the female 

talkers, and σ < 10 % with the exception of the SIN condition (Table 2). STOI_WC correlation coef-

ficients tend to be higher and prediction errors lower than those for STOI. Of the four metrics, 

STOI_WC tends to perform best for these maskers at very low SNRs. Indicating significant differ-

ences between coefficients (excluding CSIILow from comparison), 95% confidence intervals (CIs) for 

STOI_WC exceed the upper CI of (1) CSIIHigh for SIN for male talkers, (2) CSIMid and (3) I3 for 

WSINS for male talkers, and (4) STOI for WSINS for female talkers. Unintelligible signals are asso-

ciated with STOI_WC  0 for maskers other than SIN (Fig. 2), i.e., STOI_WC correctly estimates 

very poor signal intelligibility. However, for SIN, where there are zero or very low percentages of 

correct words, STOI_WC > 0.59, which suggests over-estimation. Compared to STOI, clusters with 

STOI_WC occur in four areas that correspond to the four SNRs, indicating better discrimination, and 

mapped STOI_WC is a more accurate predictor of measured intelligibility scores. For male talkers, 

there is only a very slight over-estimation for the highest SNR for WN and for -30 and -35 dB SNR 

for WSINS. 

3.2 NCM and CSII 

Logistic mapping parameter values for the NCM indices are reported in Table 1. Indices range 

between 0 and 0.57 for these maskers and SNRs. Maskers SIN and WSIN are associated with similar 

index maxima, despite markedly different maximal intelligibility scores. In Table 2, figures of merit 

are identified for the mapped NCM and CSII measures. For male talkers, NCM values ρ > 0.8. For 

female talkers and WN and WSINS, values are low at ρ = 0.57 and ρ = 0.62, respectively. NCM 

performs comparably to STOI-based measures, except in the case of WSINS for male talkers, where 

performance exceeds STOI (i.e., CIs do not overlap). With the exception of SIN -40 dB and WSINS 

-25 dB SNRs, there is predominantly an over-estimation of measured intelligibility scores. NCM ρ 

values tend to be higher than those of CSII measures. CSIIHigh is limited to the range 0 to 0.50, CSIIMid, 

0 to 0.37, CSIILow, 0 to 0.28, and I3, 0.10 to 0.66, which indicates under-estimation for SIN, at least 

for metrics other than I3. I3, CSIIMid and CSIIHigh are associated with ρ values that are similar to those 

for STOI. CSIIMid and I3 are associated with slightly higher ρ values than CSIIHigh. CSIILow is associ-

ated with ρ < 0.3 for all maskers other than SIN, suggesting unsuitability for signals with very poor 

intelligibility. 

4. Discussion 

For the SNRs selected, WN acted as an effective masker, while even at SNRs between -25 and -

50 dB, SIN was a relatively ineffective masker (but c.f. [16]). For SIN, STOI and STOI_WC values 

≥ 0.59 occurred even when signals were unintelligible, which suggests that these metrics are sub-

optimal for sinusoidal maskers. This may be due to STOI’s assumption of frequency band independ-

ence. Overall, higher linear correlation coefficients and lower prediction errors occurred with 

STOI_WC compared to STOI, which suggests that when signals are highly degraded, STOI_WC is 

more reliable for intelligibility prediction. Even for unintelligible signals, STOI values ≥ 0.32, while 

they were approximately zero for STOI_WC, i.e., STOI tends to over-predict speech intelligibility 

[20]. Moreover, mapped STOI_WC better predicts intelligibility scores than STOI. This can be at-

tributed to STOI inflating correlations by reducing degraded signal (y) magnitudes to magnitudes 

similar to those of the clean signal (x) where speech energy is weak or absent, whereas STOI_WC 

retains real degraded signal magnitudes. The STOI clipping procedure is intended to ensure that the 

sensitivity of the metric to signal degradation is upper bounded and is typically effective in noise only 
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regions. Taal et al. [9] stated that clipping ensures that intelligibility scores are not under-estimated 

by STOI for noisy signals. However, especially at very low SNRs, where there may be very large 

differences between x and y magnitudes, clipping leads to over-estimation.  

 

Table 2: Correlations between speech intelligibility scores (%) and mapped STOI, STOI_WC and NCM, and 

CSII metrics, where p < 0.01 with the exception of CSIILow where ρ < 0.20. Best performers for ρ and σ fig-

ures of merit are in bold. 

WN Merit STOI STOI_WC NCM CSIIHigh CSIIMid CSIILow I3 

Male talkers ρ 0.78 0.80 0.81 0.73 0.77 0.06 0.80 

 τ 0.64 0.64 0.65 0.65 0.63 0.21 0.63 

 σ 4.49 4.29 4.14 4.85 4.57 7.11 4.32 

Female talkers ρ 0.56 0.65 0.57 0.58 0.59 0.25 0.60 

 τ 0.49 0.54 0.51 0.54 0.54 0.15 0.54 

 σ 3.25 2.99 3.23 3.2 3.16 3.8 3.14 

         

SIN Merit STOI STOI_WC NCM CSIIHigh CSIIMid CSIILow I3 

Male talkers ρ 0.84 0.85 0.82 0.71 0.84 0.76 0.84 

 τ 0.63 0.65 0.65 0.53 0.64 0.58 0.64 

 σ 15.3 14.79 16.02 19.61 15.14 18.02 15.25 

Female talkers ρ 0.9 0.85 0.89 0.82 0.84 0.87 0.85 

 τ 0.71 0.65 0.72 0.62 0.65 0.65 0.66 

 σ 12.36 14.43 12.81 15.94 15.01 13.76 14.66 

         

WSIN Merit STOI STOI_WC NCM CSIIHigh CSIIMid CSIILow I3 

Male talkers ρ 0.82 0.84 0.83 0.79 0.81 0.03 0.78 

 τ 0.72 0.72 0.72 0.65 0.66 0.14 0.66 

 σ 7.78 7.31 7.45 8.21 7.82 13.47 8.4 

Female talkers ρ 0.72 0.84 0.76 0.73 0.79 0.17 0.81 

 τ 0.58 0.67 0.62 0.63 0.65 0.17 0.65 

 σ 4.85 3.75 4.57 4.82 4.28 6.89 4.10 

         

WSINS Merit STOI STOI_WC NCM CSIIHigh CSIIMid CSIILow I3 

Male talkers ρ 0.62 0.78 0.84 0.74 0.59 0.08 0.56 

 τ 0.57 0.64 0.68 0.63 0.51 0.16 0.50 

 σ 8.11 6.46 5.54 6.88 8.32 10.28 8.57 

Female talkers ρ 0.40 0.66 0.62 0.53 0.56 0 0.57 

 τ 0.41 0.58 0.57 0.53 0.50 0.02 0.52 

 σ 5.81 4.77 4.98 5.4 5.26 6.34 5.22 
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Figure 1: Scatterplots of STOI and speech intelligibility scores (%) for male (Left) and female (Right) talk-

ers. Signals degraded by four maskers: (a) WN, (b) SIN, (c) WSIN, (d) WSINS.  

 
 

Figure 2: Scatterplots of STOI_WC and speech intelligibility scores (%) for male (Left) and female (Right) 

talkers. Signals are degraded by four maskers: (a) WN, (b) SIN, (c) WSIN, (d) WSINS.  

NCM is a reasonable estimator of the intelligibility of noisy speech (see [4]). However, only in the 

case of male talkers and the WSINS masker was NCM more highly correlated with intelligibility 

scores than STOI-based metrics. The performance of CSII I3 tended to be poorer than STOI_WC. 

Among the three-level CSII measures, CSIIMid tended to yield the highest correlations. This is con-

sistent with previous findings [10,11]. I3 often, but not always performed better than CSIIMid. 

While STOI-based measures were primarily designed for ITFS-processed speech, and STOI has 

been shown to outperform both NCM and CSII in that context [4], it has been demonstrated that for 

highly degraded noisy signals STOI-based measures tend to perform as well as STI- and SII-based 

measures, NCM and CSII, if not better. Of these measures, STOI_WC tends to be most highly corre-

lated with intelligibility scores for signals highly degraded by noise.  
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5. Conclusions 

In the present study, the performance of STOI without clipping (STOI_WC) was compared with 

STOI, NCM and CSII performance. It was shown that a high correlation (up to ρ = 0.9) can be ob-

tained for signals with additive noise at very low SNRs using STOI-based measures. For speech de-

graded by noise at very low SNRs and low signal intelligibility, STOI without clipping tends to per-

form better than STOI, NCM and CSII for the four maskers considered. 
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