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Lecture 7: Time-Domain Processing
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Course Outline


• Intro to digital speech processing 
• Speech signal 
• Applications


• Fundamentals
• Digital signal processing
• Human speech production
• Hearing and speech perception


• Speech signal representations
• Time-domain methods
• Frequency-domain 


representations
• The Cepstrum


• Speech Coding
• Linear Predictive Analysis
• Pitch estimation
• Vector quantization
• Waveform coders
• Frequency domain coders


• Text-to-speech synthesis
• Concatenative synthesis
• Prosodic modifications


• Speech recognition
• Pattern comparison techniques
• Hidden Markov models
• Language modeling
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Source model of speech production
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Concatenated Lossless Tube Model
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5


Single Tube Model


• Basic facts about sound waves
• f = c/λ
• c = speed of sound (~ 35,000 cm/sec)
• A sound with λ=10 meters has low frequency 


f = 35 Hz (35,000/1000)
• A sound with λ=2 centimeters has high 


frequency f = 17,500 Hz (35,000/2)
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Length 17.5 cm.


Figure from Ladefoged(1996) p 117


Single Tube Model
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Single Tube Model


• The human vocal tract as an open 
tube


• Air in a tube of a given length 
will tend to vibrate at resonance 
frequency of tube. 


Closed end Open end


Length 17.5 cm.
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Single Tube Model


• If vocal tract is cylindrical tube open at one end
• Standing waves form in tubes
• Waves will resonate if their wavelength corresponds to 


dimensions of tube
• Constraint: 


• Pressure differential should be maximal at (closed) glottal 
end and minimal at (open) lip end


• Next slide shows what kind of length of waves can fit 
into a tube with this constraint








Spring 2016
ELEC/COMP 404/504 Engin Erzin, Koç University


From Sundberg
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Computing the Formants


• Let the length of the tube be 


L=λn(2n-1)/4      n=1,2,3


F1 = c/λ1 = c/(4L) = 35,000/4*17.5 = 500Hz
F2 = c/λ2 = c/(4/3L) = 3c/4L = 3*35,000/4*17.5 = 1500Hz
F3 = c/λ3 = c/(4/5L) = 5c/4L = 5*35,000/4*17.5 = 2500Hz


• So we expect a neutral vowel to have 3 resonances at 500, 
1500, and 2500 Hz


• These vowel resonances are called formants
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Junction between two lossless tubes


Boundary conditions at 
edges of adjacent tubes 
state that both pressure 
and volume velocity must 
be continuous in both 
time and space
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Lossless Tube Model
Solution for the positive-going and negative going 
sound waves can be extracted as,


𝑢"#$
# 𝑡 = 1 + 𝑟" 𝑢"


# 𝑡 − 𝜏" + 𝑟"𝑢"#$
, (𝑡)


𝑢"
, 𝑡 + 𝜏" = −𝑟"𝑢"


# 𝑡 − 𝜏" + 1 − 𝑟" 𝑢"#$
, (𝑡)


where


𝑟" =
𝐴"#$ − 𝐴"
𝐴"#$ + 𝐴"


which is called as the reflection coefficient for 
the k-th junction
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Lossless Tube Model
𝑢"#$
# 𝑡 = 1+ 𝑟" 𝑢"


# 𝑡 − 𝜏" + 𝑟"𝑢"#$
, (𝑡)


𝑢"
, 𝑡 + 𝜏" = −𝑟"𝑢"


# 𝑡 − 𝜏" + 1 − 𝑟" 𝑢"#$
, (𝑡)
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Lossless two-tube model


Transfer function from glottis to lips is


𝑉1 Ω =
𝑈4(Ω)
𝑈5(Ω)


=
0.5(1 +𝑟5)(1 + 𝑟4)(1 +𝑟$)𝑒


,:;(<=#<>)


1 +𝑟$𝑟5𝑒,:;?<= + 𝑟$𝑟4𝑒,:;?<= +𝑟4𝑟5𝑒,:;?(<=#<>)


Note the total propagation delay from glottis to lips is (𝜏$ + 𝜏?)
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Two-tube model examples
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Two-tube model for vowel /AA/
l1 = 9, A1 = 1, l2 = 8, A2 = 7, rL = 1, rG = 1 (dashed) rG = 0.7 (solid)
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l1 = 9, A1 = 8, l2 = 6, A2 = 1, rL = 1, rG = 1 (dashed) rL = 0.7 (solid)


Two-tube model for vowel /IY/
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General discrete-time model for speech production
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Components of the speech model
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General Synthesis Model
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General Analysis Model


• Speech analysis and parameter estimation
• Pitch period, T
• Glottal pulse shape, g[n]
• V/U/S detection
• Vocal track impulse response, v[n]
• Radiation characteristics, r[n]


• Time-domain processing
• Processing of the speech waveform


• Frequency-domain processing
• Processing of the spectral representation
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Assumptions
• Properties of the speech signal change slowly


• 5-10 sounds per second 
• over very short (5-20 msec) intervals 


• uncertainty due to small amount of data, varying pitch, 
varying amplitude 


• over medium length (20-100 msec) intervals 
• uncertainty due to changes in sound quality, transitions 


between sounds, rapid transients in speech 
• over long (100-500 msec) intervals 


• uncertainty due to large amount of sound changes 
• There is always uncertainty in short time 


measurements and estimates from speech signals
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Analysis Methodology
• Short-Time processing methods 


• Short segments of the speech signal are “isolated” and 
“processed” as if they were short segments from a “sustained” 
sound with fixed (non-time-varying) properties 


• This short-time processing is periodically repeated for the 
duration of the waveform 


• These short analysis segments, or “analysis frames” almost 
always overlap one another 


• The results of short-time processing can be a single number 
(e.g., an estimate of the pitch period within the frame), or a set 
of numbers (an estimate of the formant frequencies for the 
analysis frame) 


• The end result of the processing is a new, time-varying 
sequence that serves as a new representation of the speech 
signal
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Frame Processing


75% frame overlap, frame length L, frame shift R=L/4
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Frame Processing


50% frame overlap, frame length L, frame shift R=L/2
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Frames and Windows


• Example of frames and windows in short-time processing 
• Fs = 16,000 samples/sec
• The frame (window) length, L = 640 samples (40 msec)
• The frame (window) shift, R = 240 samples (15 msec)
• Leading to an analysis system with a frame rate of 66.7 frames/sec
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Short-time processing


𝑄AB = C 𝑇 𝑥 𝑚 𝑤H[𝑛 − 𝑚]
L


MN,L ANAB


• 𝑄AB is a sequence of local weighted average values 
of the sequence 𝑇 𝑥 𝑛 at time 𝑛 = 𝑛B
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Short-Time Energy


• Long-term	energy:


𝐸 = C 𝑥?
L


MN,L
[𝑚]


• Short-time energy:


𝐸AB = C 𝑥?
AB


MNAB,4#$
[𝑚]


• In	the	vicinity	of	time	𝑛 = 𝑛B
𝑇 𝑥 = 𝑥?


𝑤H 𝑛 = a1, 	0 ≤ 𝑛 ≤ 𝐿 − 1	0, 								𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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Computation of short-time energy
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Short-Time Energy


• Serves to differentiate voiced/unvoiced/silence 
• Natural definition of energy of weighted signal is


𝐸AB = C 𝑥 𝑚 𝑤 𝑛B − 𝑚
?L


MN,L


= C 𝑥? 𝑚 𝑤H[𝑛B − 𝑚]
L


MN,L
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Effect of windowing function


Consider two windows, 𝑤H[𝑛]
• Rectangular window 


• w[n]=1, 0 ≤ n≤ L-1 and 0 o.w. 
• Hamming window


• w[n]=0.54-0.46 cos(2πn/(L-1)), 
0≤n≤L-1 and 0 otherwise 


• Rectangular window gives equal 
weight to all L samples in the 
window 


• Hamming window gives most 
weight to middle samples and tapers 
off strongly at the beginning and the 
end of the window
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Frequency responses of 51-point 
Rectangular & Hamming windows


• Bandwidth of HW is approximately 
twice the bandwidth of RW 


• Attenuation of more than 40 dB for 
HW outside passband, versus 14 dB 
for RW 


• Stopband attenuation is essentially 
independent of L, the window 
duration à increasing L simply 
decreases window bandwidth 


• L needs to be larger than a pitch 
period (or severe fluctuations will 
occur in En), but smaller than a 
sound duration (or En will not 
adequately reflect the changes in 
the speech signal)
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Short-time energy with RW
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Short-time energy with HW
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Recursive short-time energy


Short-time energy using an IIR filter
𝜎? 𝑛 = 𝛼𝜎? 𝑛 − 1 + 𝑥? 𝑛 − 1 1− 𝛼


Automatic Gain Control (AGC) can be defined as


𝐺 𝑛 =
𝐺l
𝜎[𝑛]
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AGC of speech waveform


(a) waveform and 
computed 
standard 
deviation, σ[n] 


(b) equalized 
waveform, 
x[n] ·G[n], for a 
value of α = 0.9
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Short-time magnitude 
• Short-time energy is very sensitive to large signal levels
• Consider a new pseudo-energy based on magnitude


𝑀AB = C 𝑥 𝑚 𝑤H 𝑛B − 𝑚
L


MN,L
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Short-time magnitude functions
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Short-Time Average ZC Rate
Zero crossing 
• Successive samples have different algebraic signs


• Zero crossing rate is a simple measure of the ‘frequency 
content’ of a signal


• especially true for narrowband signals (e.g., sinusoids) 
• Sinusoid at frequency F0 with sampling rate FS has FS/F0


samples per cycle with two zero crossings per cycle, 
giving an average zero crossing rate of 2
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ZC for Sinusoids and Noise
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ZC Rate


𝑍AB =
1
2𝐿


C 𝑠𝑔𝑛 𝑥 𝑚 − 𝑠𝑔𝑛 𝑥 𝑚 − 1 𝑤H[𝑛B − 𝑚]
AB


MNAB,4#$


Typically 𝑤H[n]  is the rectangular window
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ZC and Energy Examples
• Short-time zero-crossings 


• dashed curve 
• Short-time energy 


• dash-dot curve


(a) Using a Hamming window with 
duration L = 201 (12.5 msec) and 


(b) Using a Hamming window with 
duration L = 401 (25 msec)
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ZC Rate Distributions
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Short-Time Autocorrelation
Autocorrelation function for random or periodic signals is:


𝜙 𝑘 = lim
4→L


1
2𝐿 + 1


C 𝑥 𝑚 𝑥[𝑚 + 𝑘]
4


MN,4


Properties
• If 𝑥 𝑛 = 𝑥[𝑛 + 𝑃], then 𝜙 𝑘 = 𝜙 𝑘 + 𝑃
• 𝜙 𝑘 is even, 𝜙 𝑘 = 𝜙 −𝑘
• 𝜙 𝑘 is maximum at 𝑘 = 0
• 𝜙 0 is the signal energy or power for random signals
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Short-Time Autocorrelation
𝑅AB[𝑘] = C (𝑥 𝑚 𝑤 𝑛B − 𝑚 )(𝑥 𝑚 + 𝑘 𝑤 𝑛B − 𝑘 − 𝑚 )


L


MN,L


where
𝑤H" 𝑛B = 𝑤 𝑛B 𝑤 𝑛B + 𝑘


and


𝑅AB[𝑘] = C 𝑥 𝑚 𝑥 𝑚 − 𝑘 𝑤H" 𝑛B − 𝑚
L


MN,L
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Autocorrelation Illustrationˆ
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Autocorrelation Illustration
L=400
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Autocorrelation Illustration
L=400
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Modified Short-Time Autocorrelation
𝑅wAB[𝑘] = C (𝑥 𝑚 𝑤$ 𝑛B − 𝑚 )(𝑥 𝑚 + 𝑘 𝑤? 𝑛B− 𝑘 − 𝑚 )


L


MN,L


for
𝑤$ 𝑚 = 1, 0 ≤ 𝑚 < 𝐿


𝑤? 𝑚 = 1, 0 ≤ 𝑚 < 𝐿 + 𝐾


and


𝑅wAB[𝑘] = C 𝑥 𝑛B + 𝑚 𝑥 𝑛B + 𝑚 − 𝑘 , 0 ≤ 𝑘 ≤ 𝐾
4,$


MNl


• 𝑅wAB[𝑘] is cross-correlation, but not an autocorrelation
• 𝑅wAB[𝑘] is not symmetric
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Modified short-time autocorrelation function
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• Short-time parameters in the time domain 
• Short-time energy 
• Short-time average magnitude 
• Short-time zero crossing rate 
• Short-time autocorrelation 
• Modified short-time autocorrelation


Summary
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