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1. Introduction 

1.1. Digital Signal Processing 

Nowadays we experience the great development of the Digital Signal Processing (DSP): 
there are more and more DSP methods in the medicine (e.g. ECG signal analysis, image 
compression, speech recognition), or in the hearing aid industry there are such an 
effective, adaptive algorithms (e.g. noise reduction, feedback cancellation, environment 
detection) which might exceed the hearing capabilities of normal hearing people. DSP 
technologies have reformed the world in the last few decades, started from the high 
level of technology of the analog signal processing. 

However there have been new specialties appeared as well owing to the digital 
signal processing, the replacement of the analog techniques has not been finished in all 
of the domains. In special research areas (as the analysis of the infant cry) the digital 
techniques have not been mellow yet, in this way a part of the methods applied (and 
results obtained) are still analog while the others are borrowed from neighboring areas’ 
(e.g. speech processing) digital methods. 

1.2. The Infant Cry 

The cries of the infants refer to their gender, age, anthropological origin, weight, state 
of health, needs and emotions at the same time [10]. The analysis of the infant cries is 
placed on an interdisciplinary field: research teams of several specialties (acoustician, 
engineer, pediatric oto-rhino-laryngologist, musician, psychologist, etc.) have already 
dealt with the analysis and the understanding of the crying sound. In many cases the 
publications haven’t ever met because of the lack of common journals or conferences. 
During my research I’ve published my results mostly in technical and medical forums. 

The infant cry is produced by the human voice-production system and it is mixed 
by the following three main components: voiced sound, resonances and radiation. The 
voiced sound occurs at the vibrating vocal cords. The produced sound is harmonic: it 
contains the fundamental frequency and its subharmonics. The fundamental frequency 
(F0) is the lowest frequency component of the spectrum. The loudness and the pitch of 
thy cry varies as a function of the expiration speed of the air from the lungs and the 
tightness of the vocal cords. 

2. Research Aims 

I’ve been working in this research from the beginnings, which was started in 2001 by 
the Budapest University of Technology and Economics, Dept. of Control Engineering and Information 
Technology and the Heim Pál Hospital for Sick Children. The main target of the investigation 
was to find differences between the crying sounds of healthy and hard-of-hearing 

1 



 

infants. In Hungary Hirschberg spent decades on showing how to recognize several 
diseases during infancy by their cries [6]. This experienced knowledge should be 
transferred to an objective view to be able to create a diagnostic software or hardware 
based on the analysis of the infant cry. This work has not been done yet. 

As there were only a few medical-technical research teams dealing with the analysis 
of the infant cry in the last decades many definitions, methods and algorithms don’t 
exist to be able to perform digital analysis or comparison. In addition some of the 
teams applied only analog signal processing with subjective methods. 

In this way I’ve changed the original aims of the research to define attributes of the 
infant cry, to develop objective algorithms for the effective analysis, to give detailed 
descriptions about the features of the infant cry and to verify, correct or deny other 
former teams’ results by reproducing digitally their analog methods. 

3. Methods 

During my research I was working with sound recordings from several places, their 
durations were between 10 and some 100s of seconds. I used MATLAB for the signal 
processing and the analysis of the recordings, which were stored in wav format. The 
first step of the signal processing was usually to select the voiced crying sounds (named 
crying segments) from the whole recording. The duration of the crying segments are 
typically between 0.5 and 2.0 s. It is recommended to divide the crying segments into 
smaller (around 25-100 ms) crying windows for the further analysis. The duration of the 
crying windows is such a little that the expected changing of the pitch or the loudness 
within a window can be negligibly small. In the spectrum of a crying window the 
subharmonics in regular structure and the noises from the recording are present. In 
case of the infant cry F0 can be found typically between 300 and 700 Hz. The detection 
of the fundamental frequency can be trammeled if F0 has too small amplitude or the 
background noise is too loud. A special fundamental frequency detection algorithm is 
needed which takes account of the other frequency components in the spectrum. 

In the growing of the cry analysis the recording of the infant cry can be considered 
as the first milestone. The recorded sounds could be listened at different times, in this 
way they provided more accurate observations and better chance to compare. The 
pioneers of modern phoniatrics, Flatau and Gutzmann made the first ‘graphophonic’ 
recordings in 1906 [3]. In my opinion the second milestone of the cry analysis was the 
appearance of the analyzing tools. In the first times they were mostly for visual 
representation (as spectrography), later these tools could provide mathematical methods, 
models, parametric estimations, etc. as well. 

The sound spectrogram was the major tool for analyzing cry sounds in the 1960s 
and ‘70s. In 1982 the book Pathological cries, stridors and coughs in infants by Hirschberg and 
Szende was mostly based on spectrograms [6]. In their work they showed numerous 
examples to several diseases (e.g. Down’s syndrome, Cri du chat syndrome). They had 
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recorded 109 samples and attached them in a gramophone record to the book. 
Michelsson and Michelsson also defined healthy and unhealthy cry types by spectrography 
[8]. Even in 1999 they’ve introduced spectrograms of infants with hypothyroidism, 
asphyxia or meningitis. Nowadays spectrography is still a general tool in the analysis of the 
infant cry, although we use, of course, digitally-produced spectrograms (e.g. color 
spectrograms, 3D spectrograms). There are several physical attributes of the cry which 
can be obtained from a spectrogram, as length of the cry, spectral components, etc. 
Although I’ve experienced that the spectrogram doesn’t provide a good resolution for 
the analysis of the melody of the infant cry. 

About the digital analyzing tools, in 1995 Robb and Cacace [13], or in 2002 Wermke et 
al. used narrow-band (45 Hz) spectral analysis with a CSL-4300-Model from KAY 
Elemetrics. Möller applied analytic methods to estimate the curve of the fundamental 
frequency in 1999 [9], while in 2002 Papaeliou’s team was working with a special pattern 
recognition software system [12]. 

4. New Results 

My Dissertation can be divided into four topics (Chapters 2-5). In Chapter 2 and 3 I 
show how I created automatic methods for the detection of the infant cry and the 
fundamental frequency. In Chapter 4 I deal with the melody of crying, I introduce 
several methods to obtain, visualize, compress and classify the melodies. In the last 
Chapter I compare the cry of healthy and hard-of-hearing infants by using the methods 
created in previous Chapters. 

4.1. Automatic Infant Cry Detection 

Not only crying sounds can be found in a recording of an infant cry. For example, the 
infant takes an inspiration between two voiced crying and there can be shorter-longer 
pauses as well. During these pauses the background noises might be heard in the 
recording. The recording device might have its own noise. The inspiration can be quiet 
or audible. It can be placed before or after the voiced crying sound. The infant can 
suspend the voiced sound or reduce it. The sound of crying can be high-pitched or low-
pitched, nasal, veiled, reedy, woody, etc. Many further attributes could be listed in 
connection with the crying sound. 

In a 60 s long recording 8-10 pieces of voiced cries can be found on an average. 
Cry detection can be defined as a procedure where the voiced crying sounds are 
selected from the recording. As there are many different kinds of cries, and there might 
be misleading sounds in the recording as well (background noises, inspiratory sounds, 
etc.) the cry detection was performed manually in most of the research teams as [7], 
[16]. 

In my first Thesis group I state that the most difficult part of the cry detection is to 
recognize the inspiratory sounds and separate them from the voiced sounds. With 
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limitations and considerations both in the time and the frequency domains an effective 
cry detection can be executed. 

Related publications: [V-1], [V-2], [V-3], [V-16]. 

Thesis I. A. The recognition and the separation of the audible inspiratory sounds are critical tasks 
and specialty in the cry detection. These inspiratory sounds can be found both before and after the voiced 
crying sounds. 

From a simplified view the goal of the speech detection is to detect the boundaries of 
each word, accordingly in the cry detection the start and the end points are to be found 
of each crying segments. A common attribute of the words that they have a relative big 
energy, in this way they can be detected by applying a well-chosen energy threshold [1], 
[4]. In case of cry recordings by seeking for the high energy parts not only the crying 
segments but also the inspiratory sounds, louder background noises are found. 

To create an effective cry detection system I recommend inspecting the spectral 
content along with the energy content of the recordings. While the crying segments are 
typically harmonic signals (i.e. having the fundamental frequency and its subharmonics 
in the spectrum), generally the noise signals (e.g. the inspiratory sounds) have less 
regular spectral structure. 

Before turning to the next Thesis dealing with the analysis of the spectral content 
we should come to know the Harmonic Product Spectrum (HPS) method. The HPS is a 
robust algorithm to determine the fundamental frequency of a multimodal signal [11]. 
The HPS extracts the fundamental frequency directly from the signal spectrum by 
decimating the input spectrum by integer factors and computing their product (see Fig. 
1). 

The input parameter of the HPS is N, which refers how many decimated spectrums 
to determine for the calculation. The primary point for choosing the value of N is the 
expected number of the subharmonics. 

In the next Thesis I point up that the HPS may be capable for describing the 
spectral content of crying sounds. 
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Fig. 1. Illustration of the Harmonic Product Spectrum (HPS) method. 

Thesis I. B. My Extended Harmonic Product Spectrum method is capable to classify the spectral 
content of cries, and to distinguish the crying segments from the inspiratory sounds as well. Hmax is at 
high level continuously in case of crying segments and having significant start and end points, in this 
way it can be applied for automatic cry detection with high efficiency. I recommend using the Fwidth to 
avoid selecting the inspiratory sounds. 

To prove this statement I’ve utilized the following: if the spectrum is harmonically rich, 
the HPS will result one enhanced peak at the fundamental frequency [1]. Beyond the 
position of the HPS peak, some other attributes of the harmonic product spectrum 
might be informative. It is worthy of note that in case of noise-like signals several peaks 
can be expected in the harmonic product spectrum, not only one. 

I’ve defined two new parameters (Hmax and Fwidth) by extending the HPS to classify 
the regularity of the structure of the spectrums (regular structure means harmonic 
structure). Hmax is the intensity of the biggest peak in the product spectrum, Fwidth means 
the bandwidth of the product spectrum at the level of 10-4Hmax, see Fig. 2.
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Fig. 2. The outputs of the original HPS (left) and the Extended HPS (right) methods. 

Fig. 3. shows the outputs of the following four cry detection methods in case of a 
12 s long recording: Short-Time Energy Function (En), Short-Time Average Zero Crossing Rate 
(ZCRn), and Hmax and Fwidth from the Extended HPS. All of the methods give 
information about the cry recording from different aspects. There are five crying 
segments in this recording between 0.1-1.3; 1.7-2.7; 3.1-3.8; 7.2-9.7; and 10.2-11.6 s. 
The 4th crying segment has smaller amplitude than the others have. There are audible 
inspiratory sounds after the 1st, the 2nd, the 4th and the 5th crying segments. 

The Short-Time Energy Function is capable to detect loud crying segments, while the 
detection of quiet segments (as between 7.2 and 9.7 s) is less efficient. The Y-axis is 
normalized between 0 and 1. The quiet parts of the recordings have small En values 
(<0.1) while the loud inspiratory sounds and crying segments have bigger En values 
(>0.2). 

The value of the Short-Time Average Zero Crossing Rate varies between 0 and 200 in 
this example. The relatively small (<40) value of ZCRn signs unequivocally the 3rd 
crying segments and partly the 1st, the 2nd and the 4th segments. Most of the inspiratory 
sounds and the quiet parts of the recording have bigger (>50) ZCRn values. 

Hmax and Fwidth obtained from the EHPS refer to the regularity of the spectrum of a 
short-time crying window. As the range carrier of Hmax could overstride more 
magnitude orders it is logarithmized and normalized between 0 and 1. Hmax is at high 
level (>0.8) continuously in case of crying segments and having significant start and end 
points, in this way it can be applied for automatic cry detection with high efficiency. 
Usually Fwidth has smaller values (<15 Hz) at the place of the crying segments, but it is 
very sensitive to the noises in the recording, thus its curve is less continuous. 

Table 1. summarizes the behavior of the Short-Time Energy Function, the Short-Time 
Average Zero Crossing Rate, Hmax and Fwidth in point of the automatic cry detection. 
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Fig. 3. Comparison of the outputs of four cry detection methods in case of a 12 s long recording. 

 

Table 1. The behavior of four cry detection methods in point of the automatic cry detection. 

 En ZCRn Hmax Fwidth 
Basis  

of the method Loudness Spectral content Spectral content Spectral content 

The method is 
sensitive to… Loudness DC component Noise 

(marginally) Noise 

The character of the 
curve  Continuous Noisy Continuous Noisy 

 

According to the comparison of the methods above, the automatic cry detection 
should be implemented with the application of Hmax obtained from the EHPS. 
Although I recommend applying a pre-selection by the energy as the first step of the 
automatic cry detection, in this way the analysis of the spectral content can be focused 
only on these pre-selected parts. By using the Fwidth at the last steps of the automatic cry 
detection it is possible to recognize and separate the inspiratory sounds from the 
detected crying segments. 
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The next statement is connected nearly to Thesis I. A. and I. B.: 

Thesis I. C. Highly effective automatic cry detection can be accomplished in consideration of the 
energy content, the spectral content and limitations according to the experienced features of the infant cry. 
Within these limitations I recommend utilizing the minimal duration of the crying segments, the wide 
range of the amplitude of the crying segments and the minimal distance between the inspiratory sounds 
and the crying segments. 

For the interpretation of this Thesis I find it important to mention the followings: 

• I’ve found that the minimum duration of the crying segments is 250 ms. 
• The distance between the inspiratory sounds and the crying segments can be 

even less than 100 ms, which results that the maximum window length 
shouldn’t exceed 50 ms. 

• The loudness of the crying segments is typically decreasing at the end, in this 
way the only analysis of the energy content would issue in loosing more quiet 
parts of the crying segments. There are also some cases when the start and 
the end are louder than the mid of the crying segment, in these cases the only 
analysis of the energy would issue in cutting the segment to two pieces. 

• The energy and/or the spectral thresholds have to be determined separately 
for each recording as the recordings were taken in different places with 
different devices. 

With my implemented automatic infant cry detection method I detected 2780 
crying segments from 366 recordings. The 95% of the detected crying segments are 
between 0.3 and 0.2 s in point of their duration. Fig. 4. shows the distribution of the 
durations. 
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Fig. 4. The distribution of the durations of 2780 crying segments,  

which were detected automatically from 366 recordings. 
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The mean value of the duration of the crying segments is 0.79 ± 0.54 s and the 
median is 0.91 s. The total length of the recordings is 8753 s, while the total duration of 
the detected crying segments is 2535 s. It means there are crying segments in the 29% 
of the recordings on the average. 

 

4.2. Fundamental Frequency of the Infant Cry 

In the next Thesis I declare that in spite of the existing noise signals in the recording it 
is possible to detect the fundamental frequency of the infants cry. 

Related publications: [V-1], [V-4], [V-5], [V-6], [V-7]. 

Thesis II. Utilizing my Smoothed Spectrum Method the fundamental frequency of the infant cry can 
be determined from the significant peaks in the FFT spectrum. The exactness of this method is better 
than the resolution of the discrete spectrum. To eliminate the noise signals in the recording I recommend 
to implement experienced features of the infant cry in this method. 

In case of crying segments the sound is harmonic, i.e. the spectrum contains the 
fundamental frequency and its subharmonics. Because of the non-ideal recording 
environments and/or the recording device the spectrum of a short-time crying window 
can be described with the followings: 

• It might contain less or more frequency components. 
• The intensity might be small in case of some useful frequency 

components (i.e. the fundamental frequency and/or its subharmonics). 
• The intensity of the present noises might be quite big in some frequency 

regions. 
• Significant frequency components might be present due to noises. 

Because of these possible situations some frequency components of the cry might 
be under the noise level, while some frequency components of the noises might be as 
big as some useful subharmonics. These situations can disorientate the detection 
process of the fundamental frequency. 

My implemented method for F0 detection is called Smoothed Spectrum Method (SSM). 
SSM can be divided into two consecutive parts. In the first part the input spectrum is 
smoothed and the significant peaks are detected. In the second part the most probable 
value of the fundamental frequency is calculated by statistical methods. 

First, the input FFT spectrum is smoothed by a suitable (e.g. bell shape), symmetric 
kernel function. This smoothing can be realized by weighted addition in a 
predetermined bandwidth. The purpose of this step is to emphasize the significant 
peaks in the spectrum (i.e. the harmonic components) and to reject the wide-band 
noises in the spectrum. Fig. 5. shows an original spectrum and its smoothed version. 
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Fig. 5. The first step of the SSM: smoothing the spectrum. 

I proved that the fundamental frequency can be determined with the smallest error 
from the detected subharmonics if I divide the biggest order of the subharmonics with 
its order number (n). 

 hF
nN
FF

n
BFnF s

n ±=±=±= 000 22
/  (1) 

Where Fn is the nth order of the subharmonics of the fundamental frequency (F0), B is 
the frequency resolution of the discrete spectrum which can be calculated by the 
division of the sampling frequency (Fs) with the applied window size (N). The bigger 
the value of n is, the smaller the resulted error (h) is. 

The significant harmonic peaks in the spectrum are local maximums in the 
smoothed spectrum. Their positions are close (maximum in ± B/2 distance) to the real 
value of the subharmonics of F0. If we divide the frequency values of the significant 
peaks with their correspondent order numbers, all of the resulted ratios will be around 
F0 within the error band determined in (1). To perform this division the exact order 
numbers have to be known. Statistical methods are used to find these correspondent 
order numbers. The SSM generates test sequences by the combination of possible 
order numbers, and calculates the ratios of the obtained peaks and these sequences. In 
case of the correspondent sequence of the order numbers the standard deviation of the 
obtained ratios will be the smallest. 

Example from Fig. 5.: the fundamental frequency is 340 Hz, the second and the 
fifth subharmonics are missing. As the frequency resolution of the spectrum (B) is 
21.53 Hz, the detected peaks in the smoothed spectrum are at Fdet1=335.47 Hz, 
Fdet2=1027.94 Hz, Fdet3=1363.41 Hz, Fdet4=2034.35 Hz and Fdet5=2369.81 Hz. After the 
division with their order numbers the resulted ratios are: 335.47, 342.64, 340.85, 339.06 
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and 338.54 Hz. The differences between these results and the exact value of the 
fundamental frequency are within the theoretical error bands in (1). 

Table 2. shows five test sequences to demonstrate the calculations described above. 
As the standard deviation of these ratios has the smallest value at the second case, the 
best sequence of the order numbers is <1,3,4,6,7>. The result refers that the 2nd and 
the 5th subharmonics were not detected in the smoothed spectrum. 

 

Table 2. Examples of the sequences of the order numbers. The standard deviation is the smallest 
in the second line. 

Ratios of the detected peaks and possible sequences  
of the order numbers (Hz) Sequence of the 

order numbers Fdet1 Fdet2 Fdet3 Fdet4 Fdet5 

Standard  
deviation (Hz) 

<1,2,3,4,5> 335.47 513.97 454.47 508.59 473.96 72.41 
<1,3,4,6,7> 335.47 342.65 340.85 339.06 338.54 2.69 
<1,2,4,6,8> 335.47 513.97 340.85 339.06 296.23 85.22 
<2,3,4,5,6> 167.73 342.65 340.85 406.87 394.97 95.83 
<2,3,4,6,7> 167.73 342.65 340.85 339.06 338.54 77.18 

 

As the smallest value of the standard deviations is found, the fundamental 
frequency of the signal can be calculated by the division of the highest detected 
frequency component with its order number. In this example the original F0 value was 
340 Hz but it was positioned in the discrete spectrum to 335.47 Hz, while a better 
estimation (338.54 Hz) could be obtained with the SSM. 

To test the exactness of the Smoothed Spectrum Method in practice I’ve generated test 
signals in MATLAB. The value of the applied parameters were chosen from the real 
situations: the sampling frequency was 44.1 kHz, the size of the window was 2048 
points, so the frequency resolution of the discrete spectrum was 21.53 Hz. The 
fundamental frequency of the generated test signals was varied between 200 and 
800 Hz with a 1 Hz increment, in this way there were 601 test signals generated in total. 
Each test signal had 10 subharmonics, but their intensities were given randomly. In the 
comparison the Autocorrelation Function (XCOR) and the Harmonic Product Spectrum (HPS) 
were used along with the SSM. The Autocorrelation Function is a special type of the cross-
correlation function, which is a typical method for F0 detection e.g. in speech 
recognition [1], [11]. 

As the fundamental frequency of the generated test signals were known exactly, it 
was possible to determine and compare the exact errors directly. Table 3. summarizes 
the mean values and the standard deviations of the obtained detection errors from the 
three methods. 
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Table 3. Comparison of the exactness of three methods for the detection of the fundamental 
frequency. 

 
Difference between  

the original and the detected 
values on the average (Hz) 

Standard deviation of the 
difference between the original 
and the detected values (Hz) 

SSM 0.6427 0.7617 
XCOR 1.6717 2.2149 
HPS 5.3852 6.2251 

 

Applying the Smoothed Spectrum Method I detected the fundamental frequency in 
57153 short-time crying windows from the 2780 crying segments. I’ve published the 
resulted distribution in the International Journal of Pediatric Otorhinolaryngology. This is the 
greatest distribution which has ever been published. The 95% of the detected 
fundamental frequencies are between 300 and 675 Hz (see Fig. 6.). The mean value is 
441.3 ± 96.5 s and the median is 428.3 s. 
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Fig. 6. The distribution of the fundamental frequencies of 57153 short-time crying windows.  

F0 values were detected automatically with the Smoothed Spectrum Method. 

4.3. Melody of the Infant Cry 

In my third Thesis group I deal with the melody analysis of the infant cry. I’ve 
developed new methods for visualizing, fixing, compressing and classifying the 
melodies. Till this time only analog, subjective methods were used for the melodies of 
the infant cry by other research teams. To implement my new methods for the melody 
analysis I’ve used the results of my previous Thesis groups. 
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Related publications: [V-1], [V-8], [V-9], [V-10], [V-11], [V-12], [V-13], [V-17]. 

Thesis III. A. I recommend the musical visualization of the melodies of the cries which enables 
visual evaluation of the melodies. My Five Line Method provides a well-arranged aspect and a tool for 
subjective/objective comparison of the melodies. 

In 1975 Makói et al. represented the melody contour on music paper [7] in the same way 
as Gardiner did in 1838 [5]. In a technical aspect the music paper is a special method of 
preparation in the frequency domain, the frequency values of the five lines are strongly 
monotonously increasing from the lower lines to the upper lines. A clef is a musical 
symbol used to indicate the pitch of written notes. Placed on one of the lines at the 
beginning of the staff, it indicates the name and pitch of the notes on that line. In case 
of the treble clef the second line from below refers to note G4 (392.0 Hz), the lowest line 
refers to note E4 (329.63 Hz), while the uppermost line refers to note F5 (398.46 Hz). 
Based on the distribution of the fundamental frequency of the infant cry (see Fig. 6.) we 
can see that the music paper with the treble clef provides an adequate frequency range 
for the melodies. 

Due to music historical reasons the scaling of the five lines is not uniform, the ratio 
of the neighboring lines is not constant, because there are minor seconds between 
notes E-F and B-C, but major seconds between other neighboring notes. It means the 
original music paper cannot be applied for exact visualization of the melodies. My Five 
Line Method (FLM) is an objective method for visualizing the melodies of the infant cry, 
similar to the music paper but it applies logarithmic scaling, in this way the ratio of the 
neighboring lines is constant. I kept the frequency value of the first and the fifth lines, 
and modified marginally the frequency values of the three mid lines. 

Integrating the visualization of the melodies I show the frequency values of the five 
lines and I set the limits of the time axis to a fixed value. I sign the momentary 
frequency value of the melody with small circles like the music paper. Fig. 7. shows 
some examples to the obtained melodies, visualized by the FLM. 

Utilizing the Five Line Method the melodies of the cries become more comparable. It 
can be easily read from the figures if the melody is low-pitched or high-pitched, short 
or long, simple or complex, etc. There are three main attributes of the melodies, which 
specify the melodies quite good: the main fundamental frequency (the melody 
modulates around this value), the duration and the shape of the melodies. 
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Fig. 7. Example to the obtained melodies of cries visualized by the Five Line Method. The method 

of preparation reminds to the music paper, in this way it is easier to read. 

In 1996 Schönweiler et al. classified the melody shapes of crying [14], their categories 
were rising, falling, rising-falling, falling-rising, flat and glottal plosive (see Fig. 8. ). They 
found that all of the melodies could be classified into one of these groups. However, 
the elements of these groups are quite simple and easy to use, I will show in my next 
Thesis that there are much more categories of the shapes of the melodies. 

rising-falling

falling-rising

falling

flat

rising

glottal plosive  
Fig. 8. The groups of the melody shapes by Schönweiler et al. from 1996. 

Thesis III. B. It can be said that the melodies of the infant cries are combined from elementary 
units. The melody shapes can be classified according to the order of these elementary units. By this new 
classification system I show that there are dozens of different melody shapes. 

After observing the shape of 2780 melodies I established that Schönweilers’ six categories 
were not enough to classify all of the melodies as there were many melodies having 
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more complex shapes. My new suggested classification system is based on the 
segmentation of the melody into elementary shapes: rising (+1), flat (0) or falling (-1), 
and the categories are defined by the order of these units. Every melody can be 
described as a kind of combination of these elementary shapes. 

The names of the new categories are created directly from these sequences between 
chevrons. For example a rising-falling type of melody is combined from a rising shape (1) 
and a falling shape (-1), in this way these kind of melodies are classified to the following 
category: <1 -1>. 

A total of 77 different categories were found from the easier ones (having only 
one unit) to the more complex ones (having 6-8 units). Out of the 77 categories there 
were 20 which include the 95% of the 2780 melodies. The distribution of these 
„top 20” categories and the schemes of their shapes are shown in Table 4. 

Table 4. Illustrating the 20 most common melody shapes 

 
 

The most typical category of this classification system was the <1 -1> category with 
933 cases. It is equivalent to Schönweilers’ rising-falling category. At the 2nd-4th places there 
were the <1>, <-1> and <0>, all of them had a Schönweiler-equivalent as well: rising, 
falling and flat. Surprisingly Schönweilers’ falling-rising category fell to the 13th place and 
only 75% percent of the melodies could be classified into their categories. It can be 
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declared that there are more than 6 important categories of the melody shapes of the 
infant cry. 

After further observations of Table 4. we can see that the easier melody shapes 
(having 1-2 elementary shapes) are more common than the complex melody shapes. 
Typically the starting partition of the melodies of crying is a rising unit or a flat unit, while 
the typical ending partition is a falling unit, or a flat unit. It might have happened because 
before and after sound production the tightness of the vocal cords was in static 
conditions. 

I also observed that there is an increasing tendency in the number of the flat units 
(0) with age which means: the older the infants are the more sustained parts are in the 
melody of crying. In the point of the development of the melodies I’ve found that in 
the first few months of life infants cry with mostly shorter, simpler melodies, while later 
the durations increase and the melody shapes get more complex. 

4.4. Cry of Healthy and Hard-of-Hearing Infants 

The digital signal processing and analysis of the infant cry were mostly achieved with 
specialized hardware or software [12], [13], [16]. The advantage of these applications 
was that the research teams could focus directly to the results, and there was no need to 
observe the methods of the analyses. The disadvantage of the ready-to-use applications 
was that they were created not to analyze the infant cry but the speech or voice in 
general, in this way not all of the unique characters of the infant cry could be involved 
in the analyses. In the following statement I show how the analysis of the infant cry can 
be implemented with digital signal processing, and typically what kind of analyses can 
be performed. 

In the comparison of the cries of healthy and hard-of-hearing infants I worked from 
the principle that on the one part the cries of hard-of-hearings are characteristic for the 
experienced specialists according to Hirschberg [6], on the other part Furlow discussed 
about increased fundamental frequency in case of unhealthy infants [2]. 

Related publications: [V-3], [V-12], [V-14], [V-15]. 

Thesis IV. In the cry analysis after a pre-processing stage typically three kinds of analyses can be 
performed: analysis in the time domain, spectral analysis and melody analysis. In point of basic 
attributes (i.e. duration, fundamental frequency and melody shape) of the cry of healthy and hard-of-
hearing infants I haven’t found significant differences. 

The digitized sounds of crying were analyzed in MATLAB with my methods, and all of 
the experienced characters were built into my algorithms to improve their effectiveness. 
I’ve automatized all of my algorithms as there were a great number of crying segments 
to analyze; the obtained results were processed with statistical methods.  
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Every time at the beginning of a new analysis I chose some cry recordings from the 
database by filtering. It was followed by a pre-processing stage (e.g. noise suppression) and 
the Automatic Infant Cry Detection as described in the first Thesis group (see Fig. 9.). 

 

Cry 
Recording

Pre-
Processing

Cry 
Detection

Analysis in the 
Time Domain

Crying 
Segment

Short-Time 
Windows

FFT, 
Spectrum

Short-Time 
Windows

F0 
Detection 

(SSM)

Melody 
Detection

Melody 
Fixing

Melody 
Analysis

Spectral 
Analysis

whole cry

melody

mean duration, mean 
pause length, 
segment density, 
specific segment 
length, etc.

fundamental 
frequency, formant 
frequencies, 
bandwidth, etc.

polynomial 
estimation, shape 
classification, etc.

start and end points of the segments

 
Fig. 9. General block diagram of the cry analysis. 

Based on the detected crying segments, several analyses in the time domain can be 
performed: we can analyze the mean duration of the segments, the variation of the 
pause lengths between the segments, the ratio of the full recording length and the 
summed duration of the segments, the ratio of the number of the segments and the full 
recording length, etc. The segments can be analyzed individually in the frequency 
domain as well. With a division into short-time windows the frequency components of 
the short-time spectrum can be analyzed: the fundamental frequency (determined with 
the SSM, introduced in the second Thesis), the dominant frequency, bandwidth, etc. 
We can produce the sum of the short-time windows by Tarnóczy’s Speech choir method to 
analyze the crying segment’s statistical spectrum [15]. By putting together the determined 
fundamental frequencies the melody of the actual crying segment is obtained, which 
can be visualized with the FLM or classified according to their shapes as it was 
described in the third Thesis group. 

I compared the crying of healthy (group HE) and hard-of-hearing (group HH) 
infants in point of the duration, fundamental frequency and the melody shape. There 
were significantly more crying segments from healthy infants (2578) than from hard-of-
hearings (202). 
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The distributions of the durations were quite the similar: the healthy infants had 
the mean duration at 0.90 ± 0.54 s with a median at 0.77 s, while the hard-of-hearings 
had the mean duration at 1.00 ± 0.62 s with a median at 0.85 s. According to these 
results the duration is somewhat bigger in group HH than in group HE, but the 
difference is not significant 

There were 52598 short-time crying windows from the healthy infants and 4555 
short-time windows from the hard-of-hearings. The fundamental frequency was 
detected in each window with the SSM. The mean fundamental frequency was 
427.3 ± 80.3 Hz with a median at 428.8 Hz in group HH, while the mean value of F0 
was 442.5 ± 96.1 Hz with a median at 428.1 Hz in group HE. The medians of the 
groups are around the same, the standard deviation of the healthy infants was bigger, 
probably because there were much more values in this group. As no difference was 
found regarding F0, the theory by other research teams about the increased 
fundamental frequency cannot be applied without limitations.  

The melodies were compared between group HH and HE as the third main 
attribute of the crying. The melodies were grouped with the new classification system. 
The distributions of the categories were mostly the same in the two groups. The <1 -
1> was the most common category in both groups (HH 29.7% and HE 33.9%). At 
<1> there were relatively more healthy infants (17%) than hard-of-hearings (9.4%). 
The biggest difference between the two groups occurred at <1 -1> and <1>, in these 
cases there were relatively more healthy infants. Relatively more hard-of-hearings were 
present at <1 0> and <1 -1 0>. 

5. Utilization of the Results 

In 2004 we did an application for a patent based on some signal processing methods. 
Some stages of the research have been already built into the education of the university: 
since 2006 the Crying Analysis is part of the Biomedical Computer Exercises and the 
Laboratory II. courses. There are four successful diploma pieces about the analysis of the 
infant cry by two Biomedical Engineer and two Electrical Engineer students from 2006, 
2007, 2008 and 2009. In the spring of 2008 there were four students working 
individually at the Dept. of Control Engineering and Information Technology in the topic. At the 
second semester of 2008/2009 there were three students who created an interactive 
web-based spectrographic analysis as a demonstration of a possible future orientation 
of the research. 

I hope that other research teams will start the analysis of the melodies of crying in 
the future based on my new methods and results in this topic. 

A part of the diseases are curable if they are diagnosed early enough. I have faith in 
the analysis of the infant cries, I hope it will be raised to an objective, non-invasive 
diagnostic tool. 
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