Two applications of fractional calculus for biosignal processing
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Abstract – We present application of fractional calculus for two interesting electrophysiological interference cases: 1) electromyography noise in pulse rate signal, and 2) pulse rate noise in electromyography signal. In this paper signal-to-noise ratios between the signal after application of common procedure by using median filter, and novel procedure by application of fractional calculus in addition to median filter are compared. Our results previously published in journals and conference papers and reviewed here suggest that this method can be used as advanced technique for artifact cancelation.
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Introduction
	One of the main challenges in biosignal processing is interference between different electrophysiological signals [1-3]. Upper body is very challenging area for the recording since there are three large sources of biomedical signals (heart, skeletal muscles, and lungs). Breathing artifact, due to its low frequency spectrum, can be canceled with implementation of high-pass digital filters, overlapping of electrocardiography (ECG) and electromyography (EMG) signals in recordings obtained on the chest area of human body, is more challenging problem, due to overlapped frequency spectrums [2,4]. In this paper we investigated two interesting interference cases: 1) EMG (electromyography) artifact in pulse rate signal recorded in chest area, and 2) pulse rate signal in EMG recorded on Trapezius muscle. We present the same signal here for both artifact cancellation cases being an adequate example how we can extract more than one relevant information from single source. Main goal of this paper is to investigate how the additional application of FC could improve results of commonly used non-linear median filter. 
Fractional calculus (FC)

	All integral and derivative operators with non-integer order value can be addressed as FC [5]. This generalization led to the definition of basic continuous differintegral operator [5-9]:

                                         (1)

[bookmark: _GoBack]where α is the order of differentiation/integration, and a is a constant that depends from initial conditions [9].
	The most commonly used interpretation is Riemann-Liouville, in the following form [8]:
             (2)

under condition (n-1 < α < n). Term Γ(.) represents the operator for Gamma function, t is upper limit, α is differentiation/integration order, and a is a constant that dependent from initial conditions.
	The Grünwald-Letnikov definition, used in this research is given by [9]: 

      (3)

where

                          (4)

and h is the time increment.
	The Laplace transformation of previously defined differintegral can be written as [9]:


           (5)

where n with integer values lies within (n-1 < α <n).
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Figure 1. Fractional derivatives of function given with equation (6), with orders from 0 to 1 with increment 0.2.

 	In Fig. 1. example of complex sinusoidal function:

                     (6)
and its fractional derivatives with orders from 0.2 to 1 with step 0.2 are presented. It can be observed that the first order derivative works as high-pass (HP) filter [2], canceling decreasing and highlighting higher frequencies, similar as derivatives with non-integer order higher than 0.6. With lowering its order (<0.4) HP filtering function of derivative is getting weakened. Disturbances that can be seen at the beginning of the signal are consequence of initial conditions for calculation (a = 0 in equation (3)).        
	Ordinary derivative, because of its capability to emphasize higher frequencies, was already used in the processing of biomedical signal [10]. Fractional derivative also found its application in bioengineering, mostly for modeling of biophysical processes, signal and image processing [11-13]. Because of the possibility to adjust fractional order, and modify effects of fractional derivative to the signal, this method could be suitable for application in electrophysiological interference problem, where overlapping of frequency content makes usage of conventional digital filtering techniques difficult.       
	In [2] and [14] we performed statistical analysis to determine fractional order that is most suitable for the extraction of EMG noise from pulse rate signal, and oppositely. In this paper we present extracted examples from previous studies [2,14] in order to have qualitative analysis and enhanced visual assessment of the single signal.            
Method
	Data for this research was produced as a semi-synthetic signal obtained as a combination of pulse signal (R-waves of ECG) and EMG, as explained in [14]. Pulse rate signal was recorded from the two electrodes placed over the left side of subject’s chest. Electrodes for EMG were placed over the proximal bulk of Trapezius muscle belly according to SENIAM protocol [15]. 
	After the recording, both signals were cropped to 20 s duration and superposed in order to acquire both pulse rate signal contaminated with EMG, and EMG contaminated with pulse rate signal. Obtained semi-synthetic signal was preprocessed using Butterworth band-stop 3rd order filter with cut of frequencies 47 Hz and 53 Hz in order to reduce the power noise.
	For the cancelation of EMG artifact, we used the first median filter with window width of 90 ms, and then FC. For the extraction of pulse rate signal from EMG we used first FC, and then median filter with window width of 400 ms. Orders of fractional FC that were used are 0.3, 0.6, 0.9, and 1 (ordinary 1st order derivative) [2,14].
	Assessment of proposed technique was done by calculation of signal-to-noise ratio (SNR) for the signal after application of only median filter, and FC combined with median filter.
Results
	Values of SNR for signals after different orders of fractional derivative additionally applied on median filter, and for signal after only median filter was applied are presented in Table 1. These results are for both applications, extraction of EMG noise from pulse rate signal, and pulse rate noise from EMG signal. Window lengths for median filter were 90 ms and 400 ms, respectively.
Table 1. SNR values for signal after different orders of fractional derivative were applied in addition to median filter, and for signal after application of median filter only.
	Fractional Order
	Pulse rate signal EMG noise
	EMG signal  Pulse rate noise

	0 (median filter only)
	3.4 dB
	25.4 dB

	0.3
	18.4 dB
	40.3 dB

	0.6
	31.5 dB
	53.5 dB

	0.9
	37.8 dB
	58.3 dB

	1
	33.5 dB
	51.5 dB



	SNR for the signal after cancelation of EMG artifact was 37.8 dB, and after the application of median filter only 3.4 dB. For the signal after pulse rate artifact removal SNR value was 58.3 dB, and after the application of only median filter 25.4 dB.
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Figure 2. Preprocessed signals with resulting ones after application of median filter only and median filter combined with FC in order to preserve a) pulse rate, and b) EMG signal envelope. Norm. stands for normalized.
	
	In Fig. 2. preprocessed signal, signal after application of median filter, and after application of FC with order 0.9 in addition to median filter are presented. 


Discussion

[bookmark: _Hlk531366003]Higher values of SNR after the additional application of fractional calculus, compared to median filter only, suggest that this method gives better outcome. Results presented in Table 1. exemplify statements from [2] and [14], that fractional derivative with 0.9 order can be considered most suitable for these applications.
From Fig. 1. a) it can be observed that application of fractional derivative after median filter tends to attenuate EMG component of the signal, while preserving peaks of the signal that correspond to heart contractions. Heart-rate calculation is mostly dependent on the proper detection of mentioned peaks [10], which makes this method suitable for implementation in algorithms for pulse detection.   
 Application of FC prior to median filter in extraction of pulse rate in EMG signal (Fig 1. b) could be beneficial in order to preserve useful information (different phases of single contraction) from EMG that could be lost with the usage of averaging filters.
Conclusion
	Additional application of FC with commonly used median filter could be beneficial in the overcoming of biosignal interference problem.
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