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Abstract. Comparing the frequency spectrum distributions calculated from several successive
frames, the change of the frequency spectrum of speech frames between successive frames is
larger than that of the ship-radiated noise. The aim of this work is to propose a novel speech
detection algorithm in strong ship-radiated noise. As inaccurate sentence boundaries are a major
cause in automatic speech recognition in strong noise background. Hence, based on that
characteristic, a new feature repeating pattern of frequency spectrum trend (RPFST) was
calculated based on spectrum entropy. Firstly, the speech is detected roughly with the precision of
1 s by calculating the feature RPFST. Then, the detection precision is up to 20 ms, the length of
frames, by method of frame shifting. Finally, benchmarked on a large measured data set, the
detection accuracy (92 %) is achieved. The experimental results show the feasibility of the
algorithm to all kinds of speech and ship-radiated noise.
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1. Introduction

With the increasing of the economic benefit of the sea, it has been more and more common
and frequent to work on a ship, and so conversation and communication are naturally essential.
However, the ship-radiated noise is always so strong that it seriously affects the conversation,
even it covers the voice completely. Thus, it is necessary to investigate some methods to enhance
the speech signal and suppress background ship-radiated noise. But firstly, the speech signal
should be detected exactly from the complex ship-radiated noise background.

So many different features defined in the time domain or in frequency domain have been
proposed. Such as root mean square energy, zero-crossing [1], perceptual features like timbre and
rhythm [3], and dynamism features, etc. And in many other methods, spectral entropy [4],
time-frequency analysis [5] and histogram equalization-based features [6] are also used to improve
the audio feature extraction and detection techniques. Ozerov et al. developed an accompanying
model based on a probabilistic latent component analysis and fixed the model to learn the vocal
parts. Also, they trained Bayesian models to adapt the accompaniment model using mel-frequency
cepstrum coefficients and Gaussian mixture models [7]. However, the models’ learning techniques
require a sufficient amount of non-vocal segments and prior segmentation.

Cooper and Foote focus on the similarity matrix, a two-dimensional matrix which measures
the dissimilarity between any two instances of the audio [8]. A Toeplitz de-noising method was
proposed using the maximum eigenvalue for the voice activity detection at low SNR scenarios [9].
The similarity matrix can be built from different features, the spectrogram, or other features, as
long as similar sounds yield similarity in the feature space. It also can be used in such tasks as
audio segmentation, music summarization and beat estimation, and our similarity analysis. A
variational mode decomposition based method has been proposed for the instantaneous detection
of voiced/non-voiced regions in the speech signals [10]. An evaluation of three different
approaches speech detection was discussed on consumer-produced audio [11].

Environmental noise is often chosen as a research subject because of the variety of
environments [15-20]. The features mentioned above encounters the following problems: (1) The
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characteristics of a ship-radiated noise is related to the category and navigation states of a ship,
but there are a great variety of ships with different navigation states, which result in changeable
values of the same characteristics; (2) The ship-radiated noise is sometimes so strong that the
speech signal is covered completely, which is the failure reason of those features defined in the
time domain. And on the other hand, the characteristics of speech are also changeable with the
different ages and gender of the speakers.

In summary, it has remained a challenge to settle those problems above. One possible solution
may be to propose a novel speech detection algorithm in strong ship-radiated noise. In the current
work, we aimed to propose a method to improve the detection precision in ship-radiated noise and
verify the validity to carry out an empirical experiments and performance evaluation of the
proposed algorithms.

2. Material and methods
2.1. Characteristic description of signals

Although there are a great variety of ships and many different navigation states, which result
in changeable values of the same characteristics, there exits the fact that ship-radiated noise mainly
consists of noises radiated from the running of the mechanical equipment, such as propeller
rotation, dynamo etc. Furthermore, for a ship, its shape, propeller rotation, running of all
equipment and so on are of the key factors that affect the characteristics of its noise. So if the
running state of the key factors changes, the characteristics of a ship-radiated noise will change
relevantly, but if the running states of all the key factors keep unchanged or change little, its
characteristic will maintain stable. Actually, for the actual situation, all parts or that key factor of
a ship always changes very little within a very short interval such as 1s or a shorter interval. So, if
the characteristics of a ship-radiated noise is analysed in a very short interval by methods of
frequency spectrum trend, it can be concluded that the spectrum trends from successive frames
are approximately accordance, just like what is shown in Fig. 1, and that is what we called RPFST.
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Fig. 1. Spectrum trends of ship-radiated noise, Fig. 2. Spectrum trends of speech from successive
and the distributions of the two curves frames and the distributions of the two curves
are just similarity are quite different

Here, the two spectrum trends are calculated using the same method as that in ship-radiated
noise analysis, but their trend curves are explicitly discordance (Fig.2). For speech signal,
phonemes are the minimum pronunciation unit and each of them has their unique and distinct
pronunciation, forming their distinct frequency spectrum. Several phonemes constitute words to
express speech meanings. So even in a short interval which is just equal to the interval mentioned
in ship-radiated noise analysis, the two spectrum trends from successive frames are quite different
from each other because of the different phonemes in each frame. And then it can be concluded
that the feature RPFST of the speech signal is quite different from that of ship-radiated noise and
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it can be exploited to be used in the speech detection algorithm.

To further verify the difference RPFST between speech and radiated noise, the similarity
matrix built from the frequency spectrum trend just like that in Foot [8] is used, and the result is
shown in Fig. 3 and Fig. 4. Here, the grey value is in the range of 0 to 64 to show the similarity
more clearly and the higher grey values imply the greater similarity of spectrum trends. The grey
values of the whole figure of a ship-radiated noise is mostly higher than that of speech signal
which implies the different RPFST.
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Fig. 3. Similarity matrix of frequency spectrum of noise and speech

2.2. Speech detection algorithm

The entropy H(x) of a discrete random variable x, where x takes values x; with probabilities
Pi, 1s defined as:

H(x) = —Ex[log,p(x)] = —Z(pilogzpi). (1)

where Y, p, = 1.

Entropy is a measure of the uncertainty in a given distribution [5]. In current work, the better
RPFEST of the ship-radiated noise means that the uncertainty in the spectrum trends of each two
successive frames in a short interval. Thus, the discrepancy of the entropy value is not bigger. But
the uncertainty is quite different from the lack of RPFST, effecting in an unstable value of entropy.
Hence, entropy is a good method to calculate the feature RPFST.

2.2.1. Feature extraction

Given a mixed 1-s signal segment x, the magnitude spectrogram F(w) is derived by applying
the FFT to each 20 ms frame in the segment. Some fitting method is applied to each column of
F(w) to calculate the trend spectrogram f(w) in order to reduce the impact of the simultaneous
mutation. Then the entropy of each row of the power spectrogram f2(w) (element-wise square of)
is calculated using Eq. (1). The entropy vector En will be obtained. f2(w) is used to enlarge the
RPFST difference. The RPFST of x respected by Vgprsr is obtained as follows:

_ fiw)
m-1
En(i) = - Z (pijlogzpy ), 3)
Jj=0
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n n 2
1 1
Vrprst = EZ Enz(i) - [ZZ En(i)] , 4
i=0 i=0

fori =1,2,...,n (frequency) where n = N/2 — 1 and for j = 1, 2,..., m where m is the number
of frames in the given segment.

En can express the different RPFST, but it gives different values for segments (Fig. 4). So we
use Vpprsr instead to express RPFST. Vpprgr is sufficiently different between speech and radiated
noise segments, and with appropriate thresholds the speech signal can be detected correctly with
the precision of 1 s (Fig. 5).
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Fig. 4. En distributions in one frame Fig. 5. Vpppsr distributions of speech signal

and ship-radiated noise
2.2.2. Threshold determination and context smoothing

To feed the need of real-time processing, some pattern classifier should be avoided and the
feature is limited to be only the Vgprsr. So the threshold and the classifying method are obviously
significant for the efficiency of the discrimination algorithm.

The threshold determination is based on the histogram of the Vippsr distribution:

n
His(d) = 7‘1 d=0,1,..,dpay—1, )

where, ng is the number of Vgprsr whose value is equal to d, and n is the total number of the
Vrprst- Fig. 6 shows the histogram distribution for the speech signal and radiated noise and all the
amplitude multiply by 50 to show clear. The bimodal characteristic is obvious and according to
the histogram threshold determination method, we should select @, which is located in the valley
as the threshold and it gives us the best classification accuracy. But after a lot of experiments based
on a large measured data set, it is found that some values exceed the threshold and discriminated
incorrectly. The three values a4, a, and a5 are selected as the multiple thresholds and context
smoothing is introduced to improve the discrimination accuracy. @, and a5 are determined based
on the experimental results, and when a; = 50, @, = 145, and a; = 405, a good and stable
discrimination result will be get.

Also, speech signals and radiated noises normally last periods of time during the information
transfer. Hence, if there is a sudden change in some segment t but its neighbour segments t + 1
and t — | are the same categories. The change is in the most cases caused by some instant noise
and should be ignored except that the values of Vyppgr is large enough. The context smoothing
process is as follows, where « is the value of Vgppgr of the current segment, and @4, a,, as are
the threshold mentioned above:

When a > a,, the segment is discriminated to be speech signals.

When a < ay, the segment is discriminated to be radiated noise signals.

When a; < a < a,, the segment is discriminated to be undetermined radiated noise signals.
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When a, < a < as, the segment is discriminated to be undetermined speech signals.

The context smoothing process is only used for the last two undetermined signals, that is to
see that if the Vippgr of the segment ¢t is large or small enough and has been determined to be one
of the first two conditions, context smoothing is ignored even though the segments t + 1 and
t — 1 are the same categories. This procedure introduces a delay of 1 s, which is necessary for the
final determination. At the end of this procedure, the category of each segment is decided roughly,
but the precision of 20 ms has not been achieved.
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Fig. 6. The histogram of Vpprsr values of the speech signal and radiated noise

2.2.3. High precision detection

The frame shifting method [1] is introduced to improve the detection precision to the maximum
precision of 20 ms. If segment t is detected to be speech segment and segment t + 1 is all
ship-radiated noise, the transition segment t is located, and the high precision detection is realized
in the segment t and t + 1. Fig. 7. shows the high precision detection processing. The noise
segment t + 1 shifts one frame towards the transition segment t to form a new segment t; + 1,
and then Vyprer of the new segment t; + 1 is calculated and the detection is conducted. If the new
segment includes speech, the frame shifted above is located to be the transition frame that indicates
the beginning or end of speech signal, and if not, we shift the next frame to form segment ¢, + 1
until the transition frame is determined The duration of the new segment is always 1 s and then
the maximum precision of 20 ms, the length of transition frame, can be achieved.
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Fig. 7. Illustration of the frame shifting method

3. Results and discussion

The proposed algorithm is tested on measured data sets containing speech signals and
ship-radiated noise. The speech signals are spoken by a variety of both male and female speakers
at different ages and the ship-radiated noises, include many kinds of ships in different navigation
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states. Both of the data are 100 minutes and sample frequency is 44.1 KHz.
3.1. Performance test of the detector

The experiment is divided into three parts to assess the performance of the algorithm and its
feasibility to different kinds of signal, as follows:

Data set 1: This data set consists of speech records of male and female speakers at different
ages, and 20 second segments of each record are intercepted. It is mainly used to test if the
detection algorithm is applicable to all kinds of speech signal (Fig. 8(a)). The Vpprsr is all bigger
than the selected threshold shown in the green line.

Data set 2: This data set comprises of different ship-radiated noise records, and its structure is
the same as data set 1. It is used to test the feasibility of the algorithm to different kinds of strong
background of the ship-radiated noise (Fig. 8(b)). The Vzprgr is all smaller than the selected
threshold shown in the green line.

Data set 3: This data set is very important for the algorithm test because of that it consists of
records coming from different speakers interleaved with a different strong ship-radiated noise
(Fig. 8(c)). The Vippsr is obviously different for speech and ship-radiated noise.

The first subplot of each figure is the detection result, where the line is the threshold. Therefore,
the detector is available to all kinds of ship-radiated noise and speech signal and is suitable for the
changing values of the characteristics of the two signals.
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Fig. 8. Performance test of the detector
3.2. Available for multi-language

Different languages possess many different and specific characteristics. For example, some
languages place more focus on pronunciation and some place more focus on tones. Hence, it is
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very essential to test the detection of speech in different languages.

Mandarin is a tonal language like most other Chinese dialects. It has four tones,
high-level-tone, rising tone, low-falling-raising tone and high-falling tone. These tones may be the
most differences distinguish characteristics between English and Mandarin. Therefore, the tones
are used to distinguish words form one another like consonants and vowels. Here, data set 4 is
used to test the availability of our system for different languages, which consists of Chinese with
different dialects and English with different pronunciation from different countries, German,
Russian, Korean and so on. The sample frequency is 44.1 KHz and segments of 30 seconds of
each record are intercepted.

Integrated signals including nine speech segments of 30 seconds are used and their amplitude
distributions are shown Fig. 9. The segments are in turn Mandarin, two Chinese dialects, Germen,
two Russian segments, Korean, English and American. The Vgppgr distributions of the integrated
signals are shown in the first subplot of Fig. 9, in which the green line is a critical threshold. The
Vrprst of all the speech segments for different language are mostly bigger than the selected
threshold with the green line. With a critical threshold, the speech segments can be detected
correctly with our method in this current study.

20

WWAWMWMWW
il S
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times(s)
Fig. 9. Performance test of the detector for multi-language

300

Also, the experiment result is accordance with the principle of our detection method with the
feature variable Viyppsr. As previous discussion, the aim is to reveal the difference of the spectrum
distributions between speech and ship-radiated noise by using the feature Vzppgr. Though different
languages may focus on specific characteristics such as pronunciation or tones, their pronunciation
can cause different spectrum distributions from that of the ship-radiated noise, which resulting in
the feasibility of the feature Vzppsr. Thus, our detection method is available to cope with the
detection of multi-language in ship-radiated noise background.

3.3. ROC curves

Here, signal detection theory was used to test the performance of this detector in different
signal-to-noise ratios. The tasks reported here are mathematically equivalent to a ‘two-class
prediction” problem with four possible outcomes in which P(Y/sn) and P(N/sn) denoting the
probabilities of responding ‘yes’ or ‘no’ to a signal in noise.

In detail, the test signal is mixed as follows, speech segments are mixed into ship noise,
according to the segment SNR (5) in random intervals (Fig. 10). The segment SNR is only
calculated in segments that include speech and noise:

M Np+N-1 _o
1 Tnm Tt x2(n)
SegSNR:—Z 10log, ("_— , (6)
MJ Tt y? ()
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where, M is the number of segments, N is sample numbers in a segment. X(n) and y(n) are
samples of speech and noise in speech segment duration.
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Time(s)
Fig. 10. The test mixed signal and the detection results

Results

The probability of correct detection was computed by comparing the time stamps of the
automatic detections with those speech segments mixed into the test signal. If the detector showed
any number of detections within speech segments just as the rectangle duration (Fig. 10), this was
considered as one correct detection. Then, the number of correct detections was divided by the
total number of speech segments to yield the probability. All detections that fell outside of that
speech segment duration were considered false alarms.

In receiver-operating-characteristic (ROC) plots, the probability of false alarms is plotted
versus the probability of correct detections. If one changes the threshold of a detector, so-called
ROC curves are produced (Fig. 11). The ROC curves are plotted on different segments SNR. Thus,
the detector reported here can achieve a good detection result when the segment SNR is bigger
than —10 dB and in the segment SNR of smaller than —10 dB or —15 dB. Moreover, the detection
result appears unstable and should be improved with the help of other methods.

—— SegSNR=5dB

02 ," —#— SegSNR=0dB
—/— SegSNR=-5dB

‘ ‘ ‘ —A— SegSNR=-10dB

0 0.2 0.4 0.6 0.8 1

Probability of correct detection

Probability of false alarm
Fig. 11. Varying the threshold yield ROC curves in different segment SNR.
The best detection result is the one reaching closest to the point (0, 1)

4. Conclusions

An effective algorithm for speech detection in strong ship-radiated noise was presented using
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a simple feature RPFST calculated based on spectrum entropy. The algorithm was verified on
many kinds of measured data sets-speech signals, ship-radiated noise as well as the mixing of the
two signals. Experimental results revealed that the algorithm is suitable for different kinds of
speech and ship-radiated noise. Furthermore, the efficiency is exceptionally good with a detection
accuracy of 92 %.
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