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Abstract. Recently, much attention has been paid to the use of nonlinear analysis techniques for the characterization of
biological signals. These signals are however often strongly non-stationary. This is in contradiction to the assumption of
commonly used nonlinearity measures, which assume that the signal is stationary. We propose to use a Piecewise Stationary
Segmentation (PSP) of the signals of interest, before the computation of nonlinearity measures. We show on synthetic as well as
real signals (speech and uterine EMQ) that the proposed piecewise stationary segmentation approach increases the accuracy of
the measures by making a good trade-off between the stationary assumption and length of the analyzed segments, when
compared to the classical windowing method.

Keywords: Nonstationary signals, nonlinear analysis, speech phonemes sand uterine EMG signals.

1. Introduction

One of the most common ways of obtaining information about physiological systems is to study the features of the signal(s)
using time series analysis. Due to the intrinsic nonlinearity of most of biological systems, nonlinear techniques are often very
useful in analyzing them as they can detect both linear and nonlinear characteristics of the signals. To analyze the nonlinearity
or complexity, different measures have been proposed [1]. Most of them however make some statistical assumptions on the
signals of interest. Most nonlinear measures are only reliable in the analysis of long stationary time series. Many biological
signals are however highly non-stationary. Nevertheless, using a sliding window in which the signals of interest are supposed to
be stationary is usually used in nonlinear analysis of these non-stationary signals.

In the windowing approach, a trade-off between the length of the analysis window and the stationary assumption has to be made.
The length of the window also limits the accuracy of the temporal detection of abrupt changes that can reflect biological
mechanisms in the underlying systems. The length of the window is thus an important parameter that has to be set according to
a prior knowledge of the minimal length of the stationary parts of the signals or by trial and error. Here, we are inspired by a
similar approach used for synchronization analysis between signals. The approach has shown a better performance than the
windowing approach in detecting relationships between non-stationary signals recorded at different locations [2].

The aim of this paper is to use a pre-processing step that segments automatically the signals of interest into their longest
stationary parts. To do this we used an algorithm able to detect non-uniform stationary partitions in a signal. Applying it to both
synthetic and real data shows the advantages of this approach in the determination of nonlinear characteristics. We also show an
application to two real signals where the use of nonlinear analysis was increased the detection efficiency considerably.

2. Material and Methods

A. Nonlinear measures

Several nonlinear measures exist that can be used to detect the presence of nonlinear behavior inside signals. In this paper,
we use the sample entropy:
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Sample Entropy (SamEn): is the negative natural logarithm of the probability that two sequences similar for 7 points remain
similar at the next point, where self-matches are not included in calculating the probability. High SamEn value indicates the
presence of a strong complexity inside the signal while a lower value of SamEn indicates more self-similarity in this time series.
Formally, given N data points from a time series x, to define SamEn, one should follow these steps:

1. Form N-m+1 vectors X(1), ..., X(N-m+1) defined by X(i)=[x(i), x(i+1), ..., x(i+m-1)], for 1 < i < N-m+1. Those vectors
represent m consecutive values of the signal, commencing with the i point.

2. Calculate the distance between X(i) and X(j), as the maximum absolute difference between their respective scalar
components:

d[X().X(j)] = max{|x(i+k)-x(j +£)))
k=12 __m
3. For a given X(i), count the number ofj (1 <j<N-m, i # j), such that the distance between X{(i) and X(j) is less than or equal
to r*SD:

N-m
Bl = 2 O(r*SD-d X(1).X(j)))
r Nimilj:]_,j;ti 4 ]
4. Calculate B:' as
m.. 1 N*mBm .
By ()= gl (D)

5. We then increase the dimension to m+1 and calculate A:' ()

N-—m
1
47 )= 5—— X O@*SD dX().X()
=L j#i
6. Calculate A™ as:
. 1 N-—m .
A =— A
O AT
7. Finally, the sample entropy is defined as:
4
SamEn(m,r,N) = — ]n(B—m)
r

B. Piecewise stationary signal pre-segmentation (PSP)

Several algorithms exist that can be used to segment a piecewise stationary signal. We used an algorithm developed by
Carré¢ and Fernandez [3]. This algorithm starts by a decomposition of a signal into successive dyadic partitions. The
log-spectrum corresponding to each partition is computed and denoised by undecimated wavelet transform if appropriate. A
binary tree of the spectral distance between two adjacent partitions is then formed. The search for the tree, which minimizes the
sum of the spectral distances, is realized by the use of the best basis algorithm of Coifman-Wickerhauser. The PSP algorithm
has been shown to be useful as pre-treatment of synchronization analysis [2].

C. Signals

1) Synthetic signals: To study the robustness of the proposed approach, we used chaotic Rdssler while we control the
‘complexity degree’ inside the signal. The model is defined by:

de/dt=—z—y
dv/dt=x+0.15y
dz/dt =02+ CID(zx—5)

Where CD represent the complexity degree. The y values were recorded at intervals of Af=0.5. Noise was superimposed on
each y value by the addition of Gaussian random variables, mean = 0, standard deviation = 0.1. The different CD values used
here are represented in table 1.

Table 1: Parameters of Rossler signals

Time (s) 0-30 30-60 60-90 90-120
CD 1.1 0.89 1.0 0.83
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2) Speech signals:

Much interest has recently been devoted to the use of nonlinear approach for speech characterization and modeling, such as
validating the presence of nonlinear behavior inside normal vowels [4] and the possible use of nonlinear features for speaker
identification [5]. Most of these studies used methods that assume the stationarity of the signals. Here we use the PSP algorithm
to show the effect of the nonstationarity on the nonlinear analysis in phonemes detection and characterization.

Speech signals from the labeled TIMIT database are used in this paper. It was developed jointly by Texas Instruments (TI) and
the Massachusetts Institute of Technology (MIT) and is one of the most employed databases in the field of the Automatic
Speech Recognition [6]. Signals were sampled at 16 kHz. It contains 10 read sentences from 630 speakers from 8 dialect
regions of USA.

3) Uterine EMG signals:

Another area of interest for nonlinear analysis is the uterine EMG signals. Recent studies have showed the presence of
nonlinear behavior inside uterine signals and the possibility of using these nonlinear features for clinical application such as the
classification between pregnancy and labor contraction [7]. However, these methods have been applied to the whole signals
without taking into account the nonstationary characteristics of the signals.

In this paper, real uterine EMG signals that were recorded on women during pregnancy and labor and were acquired at 200 Hz.
A precise description of the experimental setup can be found in [8]. The EMG signals were segmented manually to extract
segments containing uterine contractions.

Evaluation of methods

We compared SamEn computed on each stationary part of the signals or along a sliding window of finite length. On synthetic
signals, we evaluated the robustness of the segmentation algorithm by Monte-Carlo simulations. For different noise levels
(Gaussian white noise) the relative root mean square error (RRMSE) of the estimators were computed against the parameter
values computed in the reference segments and can be defined as

. RMS(SwnEnseg - SamEnre f)
RMS(SmnEnre f)

Where RMS is the root mean square and SamEn,.;is the reference calculated on a very long stationary signal for each of the
values for CD in table 1.

3. Results

A. Synthetic signals

Figure 1 presents a typical example of the synthetic signals used and the corresponding nonlinearity analyses with SamEn.
The results obtained by the windowing approach show a nonlinearity pattern that approximately follows the reference function.
High variations can be found during periods of low nonlinearity inside the signals. The stationary approach shows marked
transitions between the different nonlinear degrees with constant parameter values. The differences between the reference CD
values and the estimates are due to the intrinsic bias of SamEn.
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Figure.1. Example of the output of the Rossler system (top panel) and the corresponding nonlinear analysis using SamEn (bottom panel)
obtained by the PSP (dotted line) and the windowing approach for a window length of 8s (dashed line). The nonlinear function CD is
presented as a continuous line.

We compute RRMSE with different noise level with 100 Monte Carlo iterations. Results are presented in Figure 2. The
stationary approach presents a lower error than the windowing approach whatever the noise level.
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Figure 2. RRMSE values obtained with the PSP (dotted line) and the windowing approach (continuous line) for SamEn.

B. Real signals

1) Speech Phonemes:

Here, we test our algorithm on phonemes detection for non-stationary characterization of phonemes in nonlinear analysis.

Figure 3 shows how the PSP can correctly detect different phonemes types such as ‘ih’, ‘sh’, and ‘n’; while we can notice the
presence of high non-stationary characteristics in ‘el’, which may be a common characteristic of the this phoneme type.
We then compute the evolution of SamEn of reference segmentation (using TIMIT database), windowing and PSP
segmentation. In Figure 4, the windowing approach gives a pattern similar to the reference although there are some
discrepancies. The borders of the different zones are not sharp as they should be, but smoothed due to the windowing. The
results of the PSP approach show a similar pattern to the reference except where we have a strong non-stationarity.
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Figure. 3. Reference -TIMIT- segmentation (top panel) and segmentation obtained with the PSP algorithm (bottom panel).
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Figure 4. Nonlinear analyses using SamEn computed by the windowing approach (top panel, reference complexity: continuous line) and by
the PSP approach (bottom panel).

2) Uterine EMG signals:
Another important application of the proposed approach is the analysis of the uterine EMG signals. We expect that respecting
the non-stationary characteristic of the EHG signals can improve the obtained results. Here, we use the approach to compare
between the classification of pregnancy and labor contractions using the usual approach (applying the method on the entire
burst), windowing and the PSP algorithm. An example of the application of PSP on labor burst is shown in figure 5. The figure
shows the presence of strong non-stationary behavior inside the uterine burst during labor.
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Figure 5 Typical example of the segmentation process for labor contraction.

ROC parameters are then computed to test the utility of the proposed algorithm in the classification of pregnancy and labor
contractions. The results presented in table 2 indicate the improving of the classification rate when taking into account the no
stationary characteristics of the signals. The results indicate also the superiority of the proposed algorithm on the windowing
approach with Area Under Curve (AUC)=0.82 and 0.78 respectively.

Table 2.

Specificity  Sensitivity  AUC

Whole burst 0.38 0.64 0.54
Windowing 0.76 0.82 0.78
PSP 0.83 0.85 0.82

4. Discussion

Most real signals are non-stationary. In the context of nonlinearity/complexity analysis, the most commonly used approach is
the windowing of the signals of interest before computing the different nonlinear measures. The length of the analysis window
is however an important parameter and controls the tradeoff between stationary assumption of the signals in the window and the
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accuracy of the analysis. In this paper, we present the advantages of using an automatic segmentation procedure of the signal
that searches for the longest locally adapted stationary parts.

Applying the PSP algorithm on the speech phonemes, we observed that the phonemes present different nonstationary
characteristics and we think that these observations should be respected in applying nonlinear analysis to these signals. The
application of PSP to the uterine EMG signals shows noticeable improving of the classification rate of pregnancy and labor
contractions compared to the usual (whole burst) and windowing approach.

5. Conclusion

In this paper, we show the advantages of using the piecewise stationary pre-segmentation of non-stationary signals in the
analysis of nonlinearity of systems. We used an algorithm dedicated to piecewise stationary signal segmentation. We believe
that the approach can increase the accuracy of the nonlinear analysis of various systems. When applying to speech, this
algorithm can open the door for new characterization of different phonemes regarding their nonstationary and nonlinear
characteristics. Applying it to uterine EMG, this preprocessing step can highlight the difference in nonlinearity degree between
pregnancy and labor contractions. Generally we think that the PSP method can vastly improve the performance of the nonlinear
measures and to make them even better suited for different real applications.

References

[1] H. Kantz and T. Schreiber, Nonlinear time series analysis vol. 7: Cambridge Univ Pr, 2004.

[2] J. Terrien, M. Hassan, C. Marque, and B. Karlsson, "Use of piecewise stationary segmentation as a pre-treatment for
synchronization measures," Conf Proc IEEE Eng Med Biol Soc, vol. 2008, pp. 2661-4, 2008.

[3] P. Carré and C. Fernandez, "Research of stationary partitions in nonstationary processes by measurement of spectral

distance with the help of nondyadic Malvar's decomposition," in [EEE-SP International Symposium on
Time-Frequency and Time-Scale Analysis, Pittsburgh, PA, USA, 1998, pp. 429-432.

[4] I. Tokuda, T. Miyano, and K. Aihara, "Surrogate analysis for detecting nonlinear dynamics in normal vowels," The
Journal of the Acoustical Society of America, vol. 110, p. 3207, 2001.
[5] A. Petry and D. A. C. Barone, "Speaker identification using nonlinear dynamical features," Chaos, Solitons & Fractals,

vol. 13, pp. 221-231, 2002.

[6] J. S. Garofolo, "Getting started with the DARPA TIMIT CD-ROM: An acoustic phonetic continuous speech
database," National Institute of Standards and Technology (NIST), Gaithersburgh, MD, vol. 107, 1988.

[7] M. Hassan, J. Terrien, C. Marque, and B. Karlsson, "Comparison between approximate entropy, correntropy and time
reversibility: application to uterine electromyogram signals," Med Eng Phys, vol. 33, pp. 980-6, Oct 2011.

[8] B. Karlsson, J. Terrien, V. Gudmundsson, T. Steingrimsdottir, and C. Marque, "Abdominal EHG on a 4 by 4 grid:
mapping and presenting the propagation of uterine contractions," in //th Mediterranean Conference on Medical and
Biological Engineering and Computing, Ljubljana, Slovenia, 2007, pp. 139-143.

228




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



