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Abstract— Pitch-shifting is a process where the original pitch of 
the sound is increased or decreased without affecting the length 
of the sound clip being recorded. Pitch shifters are being 
embedded in most of the audio processors. They are used to 
generate desired audio effects while recording sounds and 
music. Some of the notable uses of pitch shifters are in cartoons 
and entertainment industry for producing very distinct and 
unique voice, electronic music to generate melodies, metallic 
music to generate unnatural sound effects, and so on. However, 
one of the major problems of the pitch shifting algorithms is that 
there is not a sole algorithm, which can deal efficiently with all 
types of music and sounds. Here, we are evaluating the 
performance of three different pitch-shifting algorithms: pitch 
shifting via phase vocoder using phase locking, PitchshiftOcean, 
and pitch shifting via TSM using WSOLA for five musical 
instruments including guitar, piano, violin, drum, and flute. The 
objective of this work is to define the changes in some of the 
spectral and time-domain characteristics of musical instruments 
because of the pitch-shifting process.  

Keywords- pitch, phase vocoder, Short-time Fourier transform 
(STFT), Phase-Vocoder, analysis window, synthesis window, hop 
size, Time scale modification (TSM) 

 I. INTRODUCTION  

Sound recording and music industry is one of the oldest 
and significant industries of today's age. It is also one of the 
most demanding industry in terms of effects required while 
recording. There are various kinds of effects in the sound 
recording techniques; time-based effects, modulation effects, 
pitch effects, filter effects, and so on. The audio effects are 
broadly classified into two types of effects as hardware and 
software effects. In our work, we will be dealing with a 
segment of software generated pitch shifting effects. 

Pitch shifting is a process in an audio recording technique 
where the original pitch of the sound is increased or decreased 
without affecting the length of the sound clip being recorded. 
Pitch shifters are being embedded in most of the audio 
processors. They are used to generate desired audio effects 
while recording sounds and music. Pitch shifting is widely 
used in pitch correctors such as auto-tuning intonation errors 
while recording or performing the audios. Some of the most 
noted usages of pitch shifting are: generating various kinds of 
distinct and unique voices for animation characters, pitch 

correction, generating melodies in music, and generating 
unnatural audio effects in metallic music [1]. 

Pitch shifting can be done in both time-domain and 
frequency-domain. Some of the algorithms in pitching shifting 
in the time-domain are low latency audio pitch shifting, pitch 
shifting by Hilbert transform and IIR filters [2], pitch shifting 
by using TSM with various overlap-add methods [3] . Pitch 
shifting in the time-domain is characterized by low latency 
and low quality sounds. The major algorithms for pitch 
shifting in the frequency domain are pitch shifting using low 
latency pitch shifting in the frequency domain [4], phase 
vocoders [5], wavelets [6] and, pitch shifting using constant 
Q-transform [7]. The pitch shifting in the frequency domain is 
comparatively characterized by high latency and higher 
quality than the time domain. The main reason for this is the 
quality of modified sound is proportional to the use of DFT 
size, i.e. the higher the order of Fourier transform the better 
the quality. 

Various kinds of musical instruments are played in the 
sound recording and music industry. Different instruments 
have various characteristics and they can be decomposed 
based on harmonicity, transient, sines, and percussive 
components. Moreover, harmonic features, tonality, and 
spectral flatness can be used to understand more about the 
nature of musical instruments. The music signal can be 
decomposed into the harmonic and percussive component, 
transient and non-transient components [6] [3] [8]. The major 
problem with pitch shifting algorithm is the absence of a 
single algorithm that performs efficiently on all kinds of 
sounds. Hence, in this paper we focus on the study of five 
different musical instruments and their changing spectral and 
time-domain characteristics with pitch shifting.  The main 
goal of this work is to find the most suitable pitch shifting 
algorithms for different musical instruments, if possible.  

The paper is organized as follows: Section II gives the 
details of the methodology. Section III presents the database. 
Section IV analyzes and discusses the experimental results. 
Section V concludes the paper. 

II. METHODOLOGY  

We analyzed seven different audio features in our work. 
They are calculated for various up and down pitch shifting 
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ratios to view the effects of pitch shifting algorithms in 
modified musical recordings of instruments. We compared the 
performances of three pitch-shifting algorithms: pitch shifting 
via  phase vocoder using phase locking [9] [10], 
PitchshiftOcean [4], and pitch shifting via TSM using 
WSOLA [11] [3], by using several frequency- and time-
domain features including tonality, spectral flatness, spectral 
centroid, spectral spread, harmonicity, harmonic component, 
percussive component, zero-crossing rate, and energy [12]. 
The outline of the methodology is depicted in Figure 1. 
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Figure 1. Outline of the proposed work 

 

Pitch shifting is done by multiplication or division of every 
frequency component in a signal by a constant value called 
pitch shift ratio without affecting the duration of the signal. In 
frequency-domain, pitch shifting is performed by converting 
the time-domain audio signals into frequency-domain 
followed by scaling all the frequency bins by a pitch shift ratio 
while maintaining the phase of generated signals. It is usually 
done in two stages apart from some pre- and post- processing: 
analysis and synthesis stages. In the analysis stage, the time-
domain signals are converted into frequency-domain in frame-
to-frame format. These frames are pitch shifted. The pitch-
shifted frames are reconstructed back into time-domain, which 
has the same length as the original  signal, but its pitch is 
scaled.  

There are various techniques available for pitch shifting in 
frequency domain. Techniques like phase vocoder and various 
improved versions of phase vocoder are used for pitch 
shifting. They are performed in two stages: the first stage 
resamples the signal and plays it in its original sampling 
frequency to produce pitch shifted and time stretched signal. 
The resulting time stretched, and pitch shifted signal can be 
time stretched again to recover the original length of the signal 
with the pitch shifted signal. This can be done by resampling 
signal with the rate of F(out)/F(in) and again stretching back 
with the time stretching factor of F(in)/F(out). The ratio of 
F(out)/F(in) is pitch shifting ratio [3]. The sounds modified 
this way have same artifacts as those generated by the time-
scale modification (TSM) algorithm. They have also got some 
modified artificial sound called the chipmunk effect [13] [3]. 
Phase vocoder is one of the most commonly used time 
stretching techniques in frequency-domain. They employ the 
FFT to calculate the frequency bins. Improved phase vocoder 
is the modified version of phase vocoder solving phasiness by 
using STFT for time-frequency bins with phase-locking 
features in them. The purpose of the phase-locked vocoder is 
to reduce the vertical phase coherence using the fact each bin 
contributes partially. In the phase locking process, only 
frequency bins with spectral peaks are updated in the normal 
phase vocoder fashion and the remaining frequency bins are 
locked to the phase of the closest spectral peak. 

A. Compared Pitch Shifting Algorithms: 
We performed pitch-shifting between the range of 1-

octave down and 1-octave up with an increment of 0.2 
octaves. The shifting of one octave means the frequency 
component is doubled or halved without changing the tempo.  

Method 1: Phase vocoder algorithm:  

Phase vocoder employs the short-time Fourier transform 
(STFT) for estimating the instantaneous frequency.   ܺ(݉, ݇) = ∑ xm(r)w( r) exp(−2πikr/N)ே/ଶୀିே/ଶ  (1) 

where m Є � is the frame index, xm is the mth analysis frame, 
and w is the window function.   Tcoef(m) = ୫.ୌୟୱ      (2) 

Where Ha is the analysis hop size and Fs is sampling 
frequency in (2-3). Fcoef(k) = ୩.ୱ      (3) 

It uses 2048-point FFT in its STFT and hop size of 512. The 
window type is Hanning window with a length of 2048. 
 
Method 2: Pitch shift ocean algorithm:  

It employs STFT for calculating the phasor Ωx and that is 
followed by scaling. The Ωa is copied into Ωb , where Ωb  goes 
for scaling as in (3), ܾ = ݇ܽ + 0.5       (4) 

where b is modified frequency bin, a is current frequency bin, 
and k is the pitch shifting ratio. The modified phasor equation 
is given in (5),  

Ωb =Ωb ݁ ଶగ(ି).ை.ே      (5) 

where Ωb is the modified phasor, m is the current frame 
number, O is the overlapping factor, and N is the DFT size. 

It uses 2048-point FFT for analysis part and 4096-point FFT 
for synthesis part with hop size of 512 and 1024 each. The size 
of analysis and synthesis window are the same as FFT size. 
The window type is Hanning window. 

Method 3: Pitch shifting using TSM WSOLA: 
This is a time-domain approach of pitch shifting along with 

time stretching. In this approach, modified analysis frame xm 

is used to generate synthesis frame ym. Synthesis hop size is 
chosen in such a way that synthesis frames are overlapping 
and successive synthesis frames are aligned in a periodic 
format in an overlapping region [13] [14]. This method uses 
Hanning window with a size of 1024 and hop size of 512 along 
with 512 tolerance. 
 
B. Analyzed features 

Zero crossing rate (ZCR) is measure of the number of 
times the amplitude of the signal crosses the zero line. Periodic 
sounds have a smaller ZCR than their noisy counterparts. 
Average ZCR can give a coarse estimate of the spectral 
characteristics of the audio. Let s(n), where n ϵ [0, N-1], 
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represent an audio frame of length N in the time-domain.  
ZCR can be calculated as in (6a-b). 
ܴܥܼ  = ∑ ሿ(݉)ݏሾ݊݃ݏ| − ݉)ݏሾ݊݃ݏ − 1)ሿ|(݊ − ݉ேୀ ) 
      (6a) ቄ(݊) = 1/2ܰ 0 ≤ ݊ ≤ ܰ − 10 ݁ݏ݅ݓݎℎ݁ݐ    (6b) 

The energy of audio signals is used to investigate the loss 
of frequency bins or an amplitude in modified audio signals. 

Spectrum flatness is a numerical measure of the noisiness 
of the signal. It lies between (- ∞ dB, 0 dB) for each sound 
spectrum. Only a perfectly flat or constant spectrum can have 
a flatness of 0 dB. It can be used to check extra noisy 
components being added in a modified audio signal. The 
SFM measure is calculated by using the normalized log 
spectrum (7 and 8),  ܵܯܨ = ݔ݁ ቂ ܸ(݂) ௗଶగగିగ ቃ    (7) 

 ܸ(݂) = log {|ௌ()|మாೣ }    (8) 

where S(f) is the discrete spectrum of s(n). As the 
psychoacoustic parameter, tonality measures the perception 
of tonal content of the sound. Tonal sounds have a tonality 
measure close to 1. It is calculated as in (9). It is used to check 
the effect on the tonality of modified audio signals with 
respect to original signals. ܶݕݐ݈݅ܽ݊ = ݉݅݊ ቀௌிெ್ି , 1ቁ   (9) 

Harmonic ratio (HR) is an estimate of harmonic 
components present in the spectrum. It is calculated as the 
maximum value of the autocorrelation of the signal frame [9]. 
It is used to check any deviations in harmonic component after 
audio modification. 

Spectral centroid is considered as an estimate of the center 
of gravity of the spectrum within each subband. The sharpness 
of a sound is related to the spectral centroid that provides a 
noise-robust estimate of how the dominant frequency of the 
sound changes over time. It is measured as in (10). Spectral 
spread shows the spread of the spectrum around its mean 
value. ܵܨܥ = ∑ |ௐሾሿௌሾሿ|ೠస∑ |ௐሾሿௌሾሿ|ೠస    (10) 

The sound can be divided into M subbands, where 
frequency responses are Wm(f), m ϵ [1, M]. lm and um are the 
lowest and the highest frequencies in the mth subband. The 
final SCF vector is obtained by concatenating all SCFm 
values. 

III. DATABASE 

Five instruments, guitar, piano, violin, drum, and flute, are 
tested. The time duration of each audio signal is 15 seconds 
with a sampling frequency of 44.1KHZ. Fig. 2 represents the 
audio signals in time-domain.  

 

Figure 2. A 15-second audio of drum, guitar, piano, violin, 
and flute. 

IV. EXPERIMENTAL RESULTS, ANALYSIS, AND 

DISCUSSION 

The energy of the pitch shifted audio signals were 
measured to be close to the energy of the original audio 
signals. We did not observe any significant change in energy 
with different pitch shifting rates. We observed changes in 
zero-crossing rates, tonality, spectral spread, and spectral 
centroid measurements for all instruments. As we expected, 
ZCR increased when the pitch was shifted up and it decreased 
when the pitch was shifted down (Fig.3).  

In terms of tonality, higher tonality was measured when 
the pitch was shifted down. Method 1 and 3 provided close 
tonality measures for all instruments with different pitch-shift 
ratios shown in Fig. 4. The highest gap between 1-octave 
down and 1-octave up shift was observed for the drum sound 
by using Method 1 and Method 3.  

Except for the drum, all instruments’ spectral flatness 
measure did not change much with up and down pitch-
shifting. All three pitch shifting methods added small extra 
noisy component to the pitch shifted guitar, piano, violin, and 
flute audio. Method 3 added the most noise component to the 
drum sound with pitch shifting up. Method 2 caused the least 
amount of extra noisy component in drum sound Fig. 5. 
Spectral spread and spectral centroid measures of the 
instruments increased when the pitch was shifted up. We 
observed a linear increase in these two measurements by 
using three methods, in which they provided similar 
measurements Fig. 6 and 7.  
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Figure 3. Zero-crossing rate (ZCR) measures of the guitar, piano, drum, violin, and flute sounds in the presence of pitch shifting. 

  
Figure 4.Tonality of the guitar, piano, drum, violin, and flute sounds in the presence of pitch shifting.  

 
Figure 5.Spectral flatness measures (SFM) of the guitar, piano, drum, violin, and flute sounds in the presence of pitch shifting. 
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Figure 6. Spectral spread measures of the guitar, piano, drum, violin, and flute sounds in the presence of pitch shifting. 

 
Figure 7. Spectral centroid  measures of the guitar, piano, drum, violin, and flute sounds in the presence of pitch shifting. 

 
Figure 8. Harmonic ratio measures of the guitar, piano, drum, violin, and flute sounds in the presence of pitch shifting. 
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Harmonic ratios of the pitch-shifted instrument sounds 
were measured and a very slight change was observed 
between different pitch shifting ratios. Measurements by 
Method 1 and 3 were close to each other for all instruments. 
Harmonic ratios of the original audio of violin, drum, and 
piano were almost the same with the harmonic ratios of the 
1-octave up versions of the audios by using three methods. 
Method 1 and 3 caused higher harmonic ratios for guitar and 
flute sounds in the presence of 1-octave up shifting while the 
Method 2 maintained the original harmonic ratio of the flute 
(Fig. 8).  

V. CONCLUSION 

This paper presented an analysis of three pitch-shifting 
algorithms: pitch shifting via phase vocoder using phase 
locking, PitchshiftOcean, and pitch shifting via TSM using 
WSOLA. Five musical instruments including guitar, piano, 
violin, drum, and flute were studied by using zero-crossing 
rate, spectral flatness, tonality, harmonic ratio, spectral 
centroid and spread, and energy. We observed the changes in 
these features after pitch shifting.   

Our future works will investigate the similarities and 
differences between pitch-shifted sounds played by 
musicians and pitch-shifted sounds generated by pitch 
shifting algorithms.  
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