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CORRELATION DIMENSION OF NONLINEAR TIME-SERIES AND EXPERIMENTAL ANALYSIS
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Rezime: Vremenska serija neke fizikalne veličine dobije se eksperimentalnim mjerenjem i registrovanjem rezultata u vremenskom domenu. Mnoge veličine u prirodi i tehnici imaju karakteristike nelinarne vremenske serije: mehaničke oscilacije, oscilacije temperature, napona, sile i dr. Nelinearnost, disipativnost i vanjska pobuda  su uslovi za haotično (neuređeno, iregularno) ponašanje. Intenzitet haotičnosti određuje se preko pokazatelja  haosa. Kao jednostavan i adekvatan pokazatelj haosa Grassberger i Procaccia uveli su 1983. godine korelacionu dimenziju, koja se određuje preko korelacione sume. Korelaciona dimenzija se primjenjuje i na skalarne i na vektorske vremenske serije. Nedostatak korelacione dimenzije je u nemogućnosti jasnog razlikovanja haotičnosti i slučajnosti.

Ključne riječi: nelinearna vremenska serija; pokazatelj haosa; korelaciona dimenzija; korelaciona suma

KORELACIONA DIMENZIJA NELINEARNE VREMENSKE SERIJE I EKSPERIMENTALNA ANALIZA
Summary: Time series some physical value obtained by experimental measurement and registration of results in the time domain. Many values in nature and technology have characteristics non-linear time series: mechanical oscillations, oscillations of temperature, strain, force and others. Non-linearity, dissipativity and external excitation are conditions for chaotic (disordered, irregular) behavior. The intensity of chaos is determined by the indicators of chaos. As simple and adequate indicator of chaos Grassberger and Procaccia introduced correlation dimension in 1983., which is determined through the correlation sum. The correlation dimension is applied to the scalar and vector time series. The lack of correlation dimension is the impossibility of distinguishing clearly chaos and stochasticity.

Key words: nonlinear time-series; indicators of chaos; correlation dimension; 

                   correlation sum

1. INTRODUCTION 
The time series analysis method has become popular in recente years to analyse machine-tool vibration (see, for example [1]). This can be done with several indicators of chaos including correlation dimension. Nonlinear time-series analysis can be criticized for its assumes generality. Although it can be used for a wide variety of applications, it contains no physics. It is dependent on the data alone. Thus, the results may be sensitive to the signal-to-noise ratio of the source measurement, signal filtering, the time delay od the sampling, the number od data points in the sampling and wether the sensor captures the essential dynamics od the process.[2]

The experiment carried out according to the rules of stochastic modeling in order to obtain a mathematical model which connects the physical size and the indicators of chaos (correlation dimension) on the basis of time-series of physical size vibration machining system, for the most part should remove the objections of insufficient physicality. Additionally, the advantage is ease and more accuracy in relation to the methods of the system of differential equations, and the possibility of establishing a link between the indicators of chaos machining systems and machining processes.
2. CORRELATION DIMENSION

To provide a computationally simpler dimension for an attractor, Grassberger and Procaccia introduced a dimension based on the behavior of a so-called correlation sum (or correlation integral). This dimension is called the correlation dimension Dc and has been widely used to characterize chaotic attractors. It has a computational advantage because it uses the trajectory points directly and does not require a separate partitioning of the state space. [3]
For one-dimensional time series (scalar time series) y(i) , i = 1, 2, …, N, with  N points and time delay (, correlation sum is:
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In Eq. (1), 
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The correlation dimension Dc is then defined to be the number that satisfies:
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or after taking logarithms
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Thus, the correlation dimension Dc is practically obtained as the slope of the regression line logarithmic value of C(() and (. If the regression line constant, then it is a periodic data. If the slope of the regression line tends to 1, then it is assumed that the data is accidental.

Any real data set consists of a finite number of points. Hence, there is some minimum distance between trajectory points. When ( is less than that minimum distance, the correlation sum is equal to 0. When is ( larger than the size of the attractor and all points are within ( of each other and C(() is equal to 1, independent of (.
For multi-dimensional time series (vector time series) correlation sum is:
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You should note that Eq. (5) is almost identical to Eq. (1), but we have added a superscript d to C indicating that the correlation sum may depend on d, the number of embedding dimensions. We have used arrows to indicate that the x values are now considered to be vectors in the embedding space. The labeling of the vectors is a bit messy, but let us see what is involved.  A d-dimensional vector is the collection of d components
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We define Dc(d) to be the number that satisfies:

                                                       
[image: image9.wmf](

)

(

)

(

)

d

D

d

c

kR

R

C

-

=

                                                   (7)

for some range of R values, which we again call the scaling region. Here we have included a parenthetical d to indicate that the value of Dc may (and in general does) depend upon the dimension of the embedding space.

What we do in practice is compute Dc(d) for d= 1, 2, 3, ... and plot the values of Dc as a function of d. We expect Dc to vary with d until d is equal to or becomes greater than about twice the dimension of the state space attractor for the system. For d > dsat (a "saturation" value), Dc becomes independent of the embedding dimension d. [4]

3. THE EXPERIMENTAL ANALYSIS

Because of the possibility of generating chaotic vibrations (double regenerative effect) experimental analysis is carried out on the machine for cylindrical grinding brand "Berco", Fig. 1. In order to determine the indicators of chaos, conducted the experimental measurement of the time series of acceleration on tools.

The equipment used are piezoelectric accelerometers, measuring equipment "Spider" and software "Catman". Therefore the acceleration of output physical size of vibration to determine the indicators of chaos (coorelation dimension). The main reason is that it is an original experimental data with as soon as they avoided errors numerical integration. 
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Fig. 1 Grinding machine and piezoelectric accelerometers
The tool is a grinding wheel, whose mass is 40 [kg], diameter of 900 [mm] and width of 23 [mm]. Grinding wheel RPM is 1450, feed rate 1 [mm / s]. During the experiment, the tool does not change, nor sharp. Before the experiment were prepared cylindrical workpieces length 300 [mm].
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Fig. 2 Device „Spider“ and time series registration - „Catman“ software
The measuring system uses piezoelectric accelerometers. Piezoelectric accelerometers are connected to a device „Spider“ that registers the change in voltage in the sensors. For the purpose of registration and processing „Spider“ is connected to a computer, which with „Catman“ software change in voltage is converted to acceleration values (time series), monitors the measuring and the type of data processed and saves as files in the format, "MS Excel", Fig. 2.

  
To obtain mathematical model of the correlation dimension of vibrations on toll of the grinding machine we selected a few effective technological parameters. Input values are: the cutting depth a [mm], number of the workpiece revolutions n [rpm] and radius of the workpiece r [mm]. Output value is an time series of the vibrational acceleration. The variation of three independently changable factors 
[image: image10.wmf]3

=

n

 is used in the experiment. The variation of the factors is done on two levels (min and max) with triple repetition in centar point of orthogonal plan, so the number of measurements needed is 12. The diagram of the previously mentioned parameters is given im the following sheme. [5]
    Table 1 Modelling matrix for defining the correlation dimension

	Number of

experiments
	Physical

values
	Codified

values


	Measuring

results
	Model

results

	
	a
	n
	r
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	mm
	rpm
	mm
	
	
	
	
	

	1
	0,02
	28
	10
	-1
	-1
	-1
	646,28
	644,9208

	2
	0,06
	28
	10
	+1
	-1
	-1
	652,44
	651,0808

	3
	0,02
	77
	10
	-1
	+1
	-1
	660,25
	658,8908

	4
	0,06
	77
	10
	+1
	+1
	-1
	652,89
	651,5308

	5
	0,02
	28
	20
	-1
	-1
	+1
	648,94
	647,5808

	6
	0,06
	28
	20
	+1
	-1
	+1
	650,49
	649,1308

	7
	0,02
	77
	20
	-1
	+1
	+1
	659,97
	658,6108

	8
	0,06
	77
	20
	+1
	+1
	+1
	655,02
	653,6608

	9
	0,04
	51
	15
	0
	0
	0
	649,11
	651,9258

	10
	0,04
	51
	15
	0
	0
	0
	650,02
	651,9258

	11
	0,04
	51
	15
	0
	0
	0
	648,14
	651,9258

	12
	0,04
	51
	15
	0
	0
	0
	649,56
	651,9258
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 values obtained from the time series, as shown in chapter 1. We have used the Matlab code for calculating the correlation dimension. The values of 
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obtained by the inclusion of specific value 
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for the mathematical model (10).

Codified polynomial function used as an introduction model of examined value: 
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According to following equations for the factors of regression:
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, for i = 1, 2, 3; 
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where is 
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 an correlation dimension of experimental results. The factors of  regression are calculated for Eq. (8), so the mathematical model is:
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The coefficient of multiple regression between 
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 is 0,889. Thus, the mathematical model (10) is adequate.

4. CONCLUSION 

The grinding wheel vibrations are a typical example of nonlinear time series. To characterize the time series used indicators of chaos, of which as best shown correlation dimension. Practical application is contained in linking physical variables and indicators of chaos. For this purpose it is necessary to perform the experiment according to the rules of stochastic modeling. For adequate experiment is important that there is a correlation dimension sensitivity to change input parameters. The value of the coefficient of multiple regression shows that there is a high sensitivity. The values obtained correlation dimension indicate increased the intensity chaos. The resulting mathematical model is adequate and shows that we should strive towards higher values mentioned technological parameters, in real boundaries.
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