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STATE - OF — THE - ART

Signal analysis

We have recently set up a software
tool (PrePost) to perform pre - and
post -surgical (or treatment)
comparison of main  voice
characteristics (fundamental
frequency (FO), noise, formants) by
means of robust analysis
technigues.

The new tool, provided withi a user
friendly:  interface, allows for
autoematic analysis of a large range
of signal, no manual setting being
required to the user, making the
tool feasible for application also by
Nnon -expert users.

PR e gl

Pl aiw sl

{7 s [0y FRE)
{71 ko

PrePost

autematically

M A ralb Pre-Poad O pefalaia

Voice Analysis Pre-Post Surgical

¢ L B e - S

~-Instructions
Ao ol P Tl ¥
- Sl e Typa®
B e AR R
d= TRk o "SRR i e - O 5 i)
2= Prird diapmma

T - Poskard b
ol D
Cacrani Caso
START!! e
& - fod Tenobogin aradchat
% Unkyey i cegl Sl A Feones

adjusts  internal

settings for optimal frame length, frequency.
range of analysis and plots.




DETAILS

At present, few but effective indexes are implement  ed, devoting great effort to their
robust and automatic evaluation.

First, the signal is divided into short frames , whose length adaptively varies
according to varying signal characteristics: the hi gher the FO t he shorter the frame
length (kept fixed to 3 pitch periods).

A voiced/unveiced separation algorithm is implemented, to avoid param  eter
estimation onisignal frames that have no harmonicc  ontent.

FO tracking Is achieved by means of a twe -step procedure, based on well -
established results: the AMDFE approach is applied t o a wavelet -smoothed SIFT
estimation of FO, with optimised and varying adapti ve filter ord er. Jitter and RAP' are
also evaluated and tracked.

An adaptive noise estimation technigue is implemented, that allows tr acking varyini g
noise level during phonation. It relies on a comb f lltering appr oach (NNE), optimised
In order to deal with data windows of varying| lengt h.

Finally, robust and high -resolution formant estimation is implemented, based on

parametric AutoRegressive (AR) PSD evaluation. The AR model order p is

automatically selected by the program according to patient and s ignal
characteristics, based on the relationi p = 2LEs/c, where: Fs = sampling frequency, L
= vocal tract length (linked to patient’s age), and C = sound speed.




FEUNDAMENTAL EFREQUENCY

ESTIMATION

SVD + DME  SIFT with
adaptive order

l

| Maximum of SIFT residuals AC |

l

CWT(k,s)on [F,, F] |

SVD=Singular Value
Decompaosition

DME=Dynamic Mean
Evaluation

SIFT=Simple  Inverse
Filter Tracking

AC = AutoCorrelation
CWT=Continuous
Wavelet Transform

AMDFE=Average
Magnitude Difference
Function

l = argmax(CWT(k,s ))
S

| AVDF(cwT(k,)) |

l h.. = min(AMDF(CWT(K , )))
k

min |

F,=F./h




\V// UV DETECTION

\oiced regions correspond to AC peaks in the AR model residual seguence

" 0 ~
fFrom : = estimated peak in the SIFT AC; T = sampling period

With':
Fomin=150Hz  T_.,.=6.7 ms
Fomax= 900 Hz T, =1.1ms

The basic methed has been
optimised to avoid
misestimation due to fast E
variations .
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NOISE ESTIMATION

)= AN M(Ey) varies
W according to

varying F,

N = n. of DTET points
d = n. of spectral “dip” points M(FO
F. = sampling frequency

[N, ,N,]=selected
frequency band

W2 =n. of frames of
varying length
d=3F./F,, i=1

Noisy signal: y(t) = d(t)+n(t). On the i-th frame, y;(t) = di(t)+n;(t), t=1,..., d

N. = Noise energy estimation
D, = Signal energy estimation




RESONANCE FREQUENCIES

Vocal tract moedel = interconnected series of p cyli ndrical coaxi’ al lossless
cavities of different length and diameter. The REs can be recovered from
the maxima of the AR -PSD, on each time windew of varying length; M(FO) :

T

PSD(f) =———
A(zY)=1+a,z+...+a,z P — L j2pf‘

ay €
AR model k=1

T = sampling period, a; I=1,...,p, = coefficients of the AR model of order
that describes the vocal tract:

y(n) = ay(n-1) + ay(n-2) + ... + a,y(n-p) + e(n)

The chioce of p comes from the physicall constraint : F.=pc/2L, L=length of
the vocal tract; c = speed of sound.




APPLICATIONS

New-born Infant cry  (melody and formants) characterising human
phenatory development. Basic voice parameters are also of imp  ortance
as a non-invasive diagnostic aid for cerebellar pathologies and/or
dysfunctions in new -born infants.

Voice signal in dysphonic adult patients . The aim Is to give the clinician
objective measures of parameters characterising voc al emissions that
should’ allow evaluating surgical effectiveness, fol lowing post -surgical
voice recovering and rehabilitation. The methed has already’ been
successiully: applied’ in case of tyroplastic medialisation and to patients
suffering frem cysts and polyps that undenvent micr 0-laryngoscopic
direct exeresis (MLSD).

Objective measure ofi some key  singing voice parameter (vibrato rate,
vibrato extent, vocal intonation). High  -reselution formant tracking, to find
singer’'s formant bandwidth and Intensity. FEirst res ults have bee n
obtained, as a help for non -professional singers and singing teachers to
guantify possible improvements during and after tra ning.




ADULT: EXAMPLE

Adult (female) befere and after cysts and nodule MLSD

Unvoiced regions are excluded from computations




SPECTROGRAM AND FORMANT:
TRACKING




PSD PLOT

PSD plots allow: visual
iInspection of possible
harmonic energy
recovering.

On the plot, PSD,,
PSD,q,, ; PSDygn quantify
the signal global

energy, the low -
frequency (<2500Hz)
and the high -energy
one, respectively.

This could further help
the clinicianiin
assessing voice guality
recovering.

All plots are displayed and saved in printable form at, for a vis ual comparison of
results. Specifically, FO, jitter, RAP, ANNE, spect rogram, forma nts and PSD are
plotted, all'in coloured map, along with their mean and std.




PREPOST:
ASSESSING RELIABILITY

Percentage of success (voice quality recovering) obtained with the three parameters J itter (J),
RAP and NNE: the less reliable parameter seems to b e RAP (53%), while the other two
parameters have a percentage >80%, especially NNE, with 93% of s uccess. This result was
compared to “successful * results as described by GIRBAS scores, where a 100% of positive
results were obtained.

As for GIRBAS scores, taking into account only “enhanced” indexes , I.e. these corresponding to
post -surgical veice quality enhancement, high correlatio n was found b etween PrePost (J and
NNE) and GIRBAS (G, | and B), with more than 80% of corresponden ce. Lower correlation was

found for R, A and S.

Moreover, a comparison has been made
between the results obtained with PrePost
and with one of the most used commercial
software tools, i.e. MultiDimensional Voice
Program ( MDVP®), by Kay Elemetrics Corp.,
where NHR has been considered for
comparison with NNE.

The figure shows the Jitter box -plot for
MDVP and PrePost




ASSESSING RELIABILITY

Table 1 — Mean values for J, RAP and noise with  PrePost and
MDVP. First value = pre, second value = post

Jitter RAP NNE , NHR

PrePost  2.8%, 1.8%  1.35%, 0.63%  -22.8%, 26.8
MDVP 2.9%, 1.7%  1.8%,1.02% 0.2%, 0.16%

Table 2 — t-test between GIRBAS, PrePost and MDVP
PrePost and MDVP approaches have been

compared to GIRBAS scores by means of et
statistical analysis (t -test for correlated

samples). J brepost 2,68E-06 2,14E-06

Pre-surgical Post -surgical

To perform the test, GIRBAS scores >0 have RAP, oo 0,0066 0,006
been considered and summed up, both
before and after surgery, for each patient. NNE;, 5ost 1,015E-10 6,67E-14

Highly: significant  statisticall  diffierence Jyove 0,0048

(p<0.01)
RAP, oue 0,0001

NHR\oyp 1,266E-05




MORE PARAMETERS FOR NEWBORN
INFANT CRY:

TUNING AND TRANSITON PERIODS

TUning Period (TUP) = the time (>20ms) during which a RF
remains close (distance <100Hz) to a harmonic.

TRansition Period (TRP) = the time between two subsequent
TUPs.

Their duration. and evolution seems to be related to ig[¢]
development ofi phonatery and articulatory capabilities.

Any irregular behaviour (flatness or vibrato) could thus give
Information about possible neurological dysfunction and /or
malformation.




PATHOLOGICAL CRY

Phenylketonuria (PKU): hereditary disorder of metabolism resulting

Voiced ard unvoiced parts of the sigral

in the blood and a number of acids in the urine.

PKU cry

in excess of phenylalanine

Mean F =525.1; Std = 135.5
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sustaining a strong cry for more than few seconds.

8 8 8

.=Block length [ms]

Mean NNE= -25.4 dB

FO tracking: 350Hz £ FO £ 650Hz. Almost regular
arcs, but decreasing in amplitude towards the end
of the cry: the PKU newborn seems not capable of



RESONANCE FREQUENCIES

Spectrogram and resonance frequencies
RFs are in the range

. * meanF1=1425.6 std F1=268.6
of healthy cries, but +  meanF2=3326.3 std F2=649.0

highly irregular. I + meanF3=4909.6 std F3=1534.4
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Tuning period(*) and transition period(.) of F .- F,
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The results confirm reduced
neurological control in this subject, in
agreement with clinicians.

Frequency [Hz]
g

1st RE: almost constant around the
3rd harmonics.

2nd RF: long TRP, shifting from the
5thito the 6th harmonics and more.

3rd RFE: highly irregular, jumping
across the 9th, 10th, and 11th
harmonics, short TUP. w.r.t TRP.

Tuning period(*) and transition period(.) of F . F3
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MDVP

Healthy cry Pathoeloegicall cry

MDVP drawbacks : Requires F &25kHz; Sensitive to signal saturation; Parameters o ften
need manual setting; Does not perform noise trackin g; RFEs estimated also in UV
regions; Uncomfortable visual display; Expensive an d not flexibl e.




MORE PARAMETERS FOR
SINGING VOICE: VIBRATO

Vibrato Rate ( VRate) = number of FO
oscillation In time (cycles/s).
Reciprocal of the mean time difference
between two subsequent maxima.

TMax = j-th maximum; N = number of
maxima in each cycle.

Vibrato. Extent ( VExtent) = mean
difference in frequency between a
maximum and a minimum within a VExtent =
cycle (Hz). -
fMax fMn = frequency values of the -

th maximum and minimum

respectively, in each vibrato cycle; N

as before.

VVocal Intonation (MFO) = trend of the
mean of the difference in frequency.
between a maximum and a minimum
in' the iy, cycle. i=1,...,N.
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THREE-YEARS TRAINED TENOR

Sustained /a/ with vibrato Objective parameters :

e FO,.. = 340.51Hz,
s =117Hz

« VRate=5.45cycles /s
s=0.27cycles /s

« VExtent=13.49Hz (still too

low. Should be close to 40
Hz),

S=2.16Hz.
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Two high -energy ranges of frequencies (500 Hz —
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1500 Hz, 3000 Hz - 4500 Hz). The harmonics
120 modulation caused by vibrato production is
clearly visible.

F1-F5 are resolved (at about 800Hz, 1200Hz,
3100Hz, 3500Hz, 4000HZz) and are found almost
constant.

F3-F5 give rise to a high energy cluster ( “singing
formant), comparable to the energy level of the
first two resonances. This cluster is used by male
singers to gain loudness and to realise the
western opera voice timbre.
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IMAGE ANALYSIS

A digital image processing algorithm has been: devel oped, optimiz ed for
real-time analysis of VKG recordings  that reguire intensity adjustment
and noise removall for exact glottis identification.

Robust technigues for edge detection have been impl emented, base d on
snake “surface” active contour , greatly reducing the presence of both
noise and artefacts.

The new tool has been provided with a user-friendly interface  for
managing patients” data and Image analysis, accordi ng to a set of
parameters that can be easily settled by the user, some of which devoted
to refinement ofi the image analysis procedure, in ¢  ase of strong noise.

Plots and pictures can be stored and retrieved, alll  owing the cli nician an
objective evaluation of results with reliable and r eproducible m easures.




PARAMETERS

R _amp = ratio between the amplitude of
one vocal fold vibration and the opposite
one. R _amp Iis an index of asymmetry.
Should be close to 1.

R _per = ratio between the vibration
wavelength of vocal folds. It is inversely.
related to frequency variation due 1o
pathological structural alterations of the
vocal fold.

Should be close to 1.

R_oc = ratio between the measure of the
length of the opening and closing phase
within a single glottis cycle, related to the Closing phase
degree of glottis incompetence. Should
be close to 1.

Opening phase

PSI, Phase Symmetry Index = ratio
between the difference of the two vocal

folds phases (t ,, t,) and the period T.
Should be close to 0.




USER INTERFACE

Image and plot

Display frame _
selection

and/or snake

iterations \ /

Adjust margins I s Adjust threshold

J

Contour
smoothing

Lauching contour

search Show parameters mean and std Store image and results




EXAMPLE: ADJUST MARGINS

Left margin has been autematically adjusted

Manual adjustment Is allowed!, in case of strong, Nnoise




EXAMPLE: ADJUST THRESHOLD

Black threshold has been automatically adjusted

It can be manually adjusted , iff needed




EXAMPLE: LEUKOPLAKIA

(thickened white patches on the vocal felds)

0,99 (0,14)
0,99 (0,07)
1,37 (0,18)
PSI 0,26 (0,09)

Regular epening
Regular period phase
Amplitude asymmetry
Phase asymmetry




EXAMPLE: PARALYSIS

1,1 (0,18)
0,93 (0,23)
0,47 (0,16)
PSI -0,04 (0,23)

Regular epening
Regular period phase
Phase symmetry
Amplitude asymmetry.




FUTURE TRENDS

Signal analysis

1.

2,

3.

4,

Find more strict correlations among objective index es and percep tive ones, as well
as exploit and add new pessibly helpful indexes and plots.

Optimise and implement the tool on a DSP board, as a mobile devi ce useful for
clinicians, logopaedicians and patients, also for rehabilitation purposes, aft er
surgery or medical treatment. A prototype is under. construction, for patient's voice
recording, real -time analysis, and display of the results on the mo nitor. It sho uld
also allow for homegeneous data storing and transmi ssion, to a s erver devoted to
collecting and re -directing data to the National Health Service (fami |y doctor and
otorhinolaryngologist , by means of suitable data bases).

Define and: built reliable simulation models, in ord er to test th e developed analysis
technigues.

Compare results to those obtained withi most widely used commercial software.

Image analysis

1.

Add further parameters, further simplify the interf ace and refin e the contour
detection algorithm. Specifically, work Is in progr ess as far as Initial contour
detection, starting interface, menu options and gra phical displa y of parameters
tracking are concerned.

. New VKG enhanced devices will allow simplifying the whole proced ure.




APPLICATIONS

Study of vocal emissions Iin patients affected by ne urological
dysfunctions (spasmodic dystonia , tremor, epilepsy, depression),
under pharmacological treatment.

For new -borns, study of possible cerebellar pathologies and/or
malformations of vecal and/er hearing system, as we I as of the
central nervous system (dysfunctions and malformati ons of the
palate, neurological syndromes, vocal tract and glo ttis paralysi s or
malformations, and so on).

Blood oxygenation vs. pain: cry in preterm newborn | nfants Is und er
Investigation.

When applied to a large set of data, the new VKG an  alysis tool w' ould
allow: defining reference values for nermal and path ological case s,
providing a valid support te diagnesis and surgical effectivenes s
evaluation: .




CO-OPERATION

Outside COST 2103:

Department of Physics, University of  Firenze,
Children Hospital E. Meyer, Firenze,
University Chorus of Firenze,

School of Music, Fiesole,

Department of Information Engineering and CNR Clini cal Physiolog y
Institute, Pisa,

|/ Otolaryngolegy: Clinic, Polyclinic Hospital of Milane , Univ. of Milano,
Civil Hospital of Brescia ,
University of Catanzaro ,

A PhD student from Madrid Pelytechnic University (s upervisor: J.l.Godino ) is
working within our Laboratery on VKG image analysis , as far as n ew contour
detection algorithms are concerned.

Within COST 2103:

First encouraging contacts and common research inte rest have bee n recently set
up with J.Svec and D. Howard, concerning VKG and singing voice ana  lysis,
respectively.

Possibly, other STSMs could be planned in the next future.




