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Motivation 

 Active field of research for more than 40 years 
 Fundamental frequency (F0) used in speech research 
 Existing approaches: 

 Time or frequency domain analysis 
 Dynamic programming 
 Probabilistic frameworks 
 Etc. 

 Speech analysis systems, e.g. Praat, ESPS, WinPitch 
 Calculative approaches 

 
 Can F0 estimation be performed equally well or better by considering 

human cognition principles?  
 
 



(Some) Principles of human cognition 

 Human hearing is a two-step process 
 Inner ear: spectral analysis of sound  
 Human brain: verification and correction  

 
 Human cognition is expectation-driven 

 
 Humans consider context for disambiguation 

 
 Humans think in variants (hypothesis testing) 

 
 High-energy regions are prominent, should be considered first 



Speech signal 

 Speech utterance «the north» uttered by a male speaker 
 Structure: 
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Main idea 

 F0 period: distance between two maximum or minimum peaks 
 Stable segments: flat envelope or quasi-constant energy 

 regular periods expected 
 Unstable segments: energy rises or decays 

 irregular periods (elongated, shortened, doubled, halved) 
 Two-stage F0 estimation: 

 Stable segments: straight-forward method delivering reliable F0 
estimates 

 Unstable segments: verification and correction method to capture 
special cases 
-> F0 propagation 



Preprocessing 

 Frames 
 Speech signal is segmented into sequence of overlapping small 

portions, frame length: 20ms, overlap: 10 ms  
 Peak detection: 

 Peak: local minimum or local maximum 
 Peak p = (x, y, c), c: peak classification 

 Mean energy computation 
 Problem: mean energy to be computed on full periods 
 Solution: computation of mean energy on range of different window 

lengths 
 Window lengths corresponding to 50, 55, … 95 Hz 
 Selection of optimal window length per frame 



Stable segments 

 Voiced frame:  
 Mean energy above a certain threshold 
 Absolute height of maximum or minimum peak above a given level 
 Number of zero crossings less than some configurable number 

 Stable frame: mean energy deviates by less than 50 % from the 
mean energy of both left and right neighboring frame 

 Stable segments S0, S1, S2 of voiced segment of speech signal «the 
north» : 



F0 estimation on stable segments 

 Looking for peak tuple P = (pL, p0, p1, pR) around center position of 
the frame  

 Peaks pi, i = L, 0, 1, R, are either maxima or minima 
 Each peak tuple is scored as follows: 

s =  sx sy   
sx = 1 – a 
sy = 1 – b 

 a: root mean square difference of the peak distances |x0 – xL| and 
|xR – x1| from the peak distance |x1 – x0| in the middle 

 b: root mean square difference of the peak heights |yL|, |y0|, |y1|,|yR| 
from the maximum absolute peak height in P 

 s = 1, if peaks in P are equidistant and have equal heights 
 s < 1, otherwise 
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F0 estimation on stable segments (cont’d) 

 Select peak tuple with highest score s 
 Check for multiple period case 

 Check existence of strong harmonics at intermediate positions 
 If so, select peak tuple with half, third, fourth of original length 

 F0 : inverse of mean peak distance of best candidate tuple 
 Equal sections:  

 frame sequence with roughly equal F0 

 Minimum length of 3 frames 



F0 propagation 

 F0 estimates in unstable regions with straight-forward method 
 Restricted range of permissible F0 

 Omit check for multiple periods 
 Control flow for each voiced segment 

 Propagation anchor points: 
 High-energy equal sections of stable segments 

 Propagation directions: 
 recursively proceeds to the left and then to the right side 

 Final propagation end points: 
 End points of voiced segment 
 Local energy minimum frames 

 
 General rule: Propagation flows from high-energy regions to low-energy 

regions 
 



F0 propagation – control flow 

 Example:  
 Propagation order, directions and end points of voiced segment 

«disputing which» (bold part) uttered by a female speaker 
 Propagation starts at equal section E1 as it has frames with higher mean 

energy than E0. 



F0 propagation – variants testing 

 Variants (hypotheses): 
 V1: regular case 
 V2: elongated periods 
 V3: octave jump down, double periods 
 V4: octave jump up, half periods 

 Peak look-ahead strategy 
 Look-ahead: 2 peaks 
 Expectation intervals for look-ahead peaks 
 Variant score: mean of the absolute peak heights 
 Variant with the highest score is established as the most plausible 

one, delivering new peak tuple 



F0 propagation – variants testing (cont’d) 

 Computing peak sequence for V2 (elongated period case) with tuple 
P = (p0, p1, pR) at previous frame 
 Peaks pk(1) and pk(2) are inspected from p0 in interval I0 

 Peaks pk(2,1) and pk(2,2) inspected from pk(2) in interval Ik(2)  
 => pk(2) is established as next peak for variant V2 



Experiments and Results 

 Evaluation on Keele pitch reference database for clean speech 
 Comparison of new algorithm (HCog) with state-of-the art F0 

estimation algorithms: 
 
 
 
 
 
 
 

 
 
VE:       voiced error rate              UE: unvoiced error rate    GPE: gross pitch error rate  
RMSE: root mean square error 
 

VE (%) UE (%) GPE (%) RMSE (Hz) 
HCog 2.5 4.5 1.5 5.1 
RAPT 3.2 6.8 2.2 4.4 
PSHF 4.5 5.1 0.6 2.5 
NMF 7.7 4.6 0.9 4.3 



Conclusions 

 We have succeeded in developing an F0 estimation algorithm that 
attempts to model the human cognitive process 

 Explicit modeling of regular and irregular cases 
 Achievable only with high-level programming 

 
 The algorithm achieves very low error rates 
 Uses little resources in terms of memory and computing power (no 

dynamic programming, no probabilistic framework, no training) 
 F0 estimation algorithm is thoroughly extensible as new cases are 

easily added 
 

 The classification of frames into stable and unstable segments can 
be used for speech recognition 
 



Future work 

 Improvement of accuracy of F0 estimates 
 The algorithm will be extended to other tasks, e.g. noisy speech 
 Parallelization of algorithm 
 Cognition-oriented approach to automatic speech recognition: 

 Automatic alignment of text and speech  
 Industry project with largest language school in Switzerland 
 Language learning with podcasts 
 Phoneme recognition is started from stable segments 
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