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Abstract

:

This article deals with the regression analysis of the ultrasonic signal amplitude when the character of the reflection surface has been changed from a planar case to a sharp corner case. The experiment was performed at a measurement distance within the interval from 100 mm to 215 mm. A nonlinear correlation between the amplitude of the ultrasound signal and the measured distance was demonstrated. By analyzing the frequency spectra, a poor nonlinear correlation between the maximum frequency component and the distance vector was found for the sharp corner case versus the planar case, which proved similar nonlinear characteristics as the signal amplitude marker. The strong linear correlation in the distance difference vectors in the amplitude analysis of the ultrasound signal confirmed the hypothesis of a direct relationship between the reflection surface geometric characteristic and the polarity of the difference. The ultrasound signal was identified as a 3rd-order dynamic system. The nonlinear correlation of the steady-state values of the modelled transfer functions versus distance likewise shows the characteristic of the polarity difference or character derivative as a quantification marker of the characteristics of the reflection surface from the geometric point of view.
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1. Introduction


Ultrasonic waves are commonly used for object distance measurement, distance measurement in robots, navigation of robots, and industrial applications [1]. A typical system for distance measurement using ultrasound includes ultrasonic transducers for generating and sensing ultrasonic pulses, a microcontroller for controlling the measurement system, temperature compensation for the accuracy of the measured distance, and a unit for processing the measured data [2]. The basic distance measurement method is the impulse method. In measurement systems using correlation for distance measurement, the generated ultrasonic signal is compared with the reflected ultrasonic signal from the object. The maximum of the correlation function over time gives a more accurate time indication for distance measurements relative to the impulse method. Compared to the impulse method, the correlation method requires a higher number of iterations of cross-correlations by convolution [3]. The authors report the application of ultrasonic water flow measurement [4]. They note that the use of the correlation method improves the accuracy of flow measurement in turbulent flow media. The authors subjected ultrasonic reflections from steel rods to correlation at specific times to which they were exposed to external heat [5]. The method is used in monitoring temperature characteristics in food production. The measurement of the position of an object can also be obtained by integrating two ultrasonic sensors and identifying the position vector by triangulation. In applying the triangulation method can be used the standard deviation to quantify the deviations between the actual and the measured position vector [6]. The authors used a nonlinear regression method to estimate the shape of the reflection surface between the planar case and the sharp edge [7]. The aim of this study is the frequency analysis of an ultrasonic signal reflected from a sharp corner, representing a simulated edge in space. A patented measurement system was used for performing the experiment. The measurement system used was originally developed for animal position identification as part of the Agriculture 4.0 platform. For the aim of our experiment, the measurement system was used for the acquisition of ultrasound reflections from a metal surface to quantify the characteristics of the reflecting surface. The results are compared with the reflection of the ultrasonic signal from a planar surface with unchanged geometric characteristics of the experiment. Modelling the ultrasound signal in a complex variable is also a partial focus of the article.




2. Materials and Methods


2.1. Measurement System


A patent–protect position identification system was used as the measurement system [8]. The block diagram of the measurement system is shown in Figure 1. A 400ST160 piezoelectric transmitter was used as the source of the ultrasonic impulses. The transmitter had a resonant frequency of 40 kHz ± 1 kHz according to the literature [9]. A 400SR160 piezoelectric sensor was used for ultrasonic reflection sensing. The sensing angle of the used ultrasonic transducer was 27.5° with consideration of Huygens postulate [9]. The input impedance for the ultrasound sensor was set a value of 1 kΩ. The signal has been amplified with gain value of 25.334 dB. One ultrasound transmitter and one ultrasound sensor were used.



For experimental reasons, the electrical signal from the ultrasound sensor was acquired by the Agilent U2353A data logger in a differential mode of the analog inputs [10]. The sampling frequency was set to 200 kHz. Agilent Measurement Manager software ver. 1.2 was used to acquire the measured signals. The ultrasound waves were generated at 1 s intervals. The acquisition of the ultrasound signal was synchronized by a microcontroller with a delay of 1 microsecond. The firmware of the microcontroller unit was developed on Keil ver. 5 licensed Integrated Development Environment [11].




2.2. Conditions of Experiment


As a reflective surface, we used a metal surface with a thickness of 1.5 mm. Two surfaces perpendicular to each other formed a sharp corner and had dimensions of 230 mm (length, X-axis) by 110 mm (height, Z–axis). The reflective surface was exposed to ultrasonic impulses in the planar case (Figure 2, mark a) and in the corner case (Figure 2, mark b). During the experiment, we changed the distance between the transmitter and the reflecting surface in selected steps within the interval from 100 mm to 215 mm. In the corner case, a maximum distance of 215 mm was chosen as the maximum distance for the maximum possible acquisition of reflections from the surface with respect to its geometrical dimensions. The ultrasound transducer and sensor were situated at the geometric midpoint in the X-axis direction (Figure 2).




2.3. Data Processing and Used Software


For statistical processing of the observed data, the STATISTICA 10 software was used. The results are expressed as the arithmetic mean ± standard deviation. Statistically significant differences (p ≤ α) were obtained by Sidak’s test at a significance level of α = 0.05. The goodness of fit with a normal probability distribution of the measured data was verified by the Shapiro–Wilk test at a significance level of α = 0.05. The data meet the normal probability distribution when the condition (p > α) is satisfied. The experimental measurement was performed four times at a given distance. A frequency analysis of the measured data from the ultrasound sensor was performed by Discrete Fourier Transform. The modelling in the complex variable was performed in MATLAB R2015b software. The maximum frequency component was chosen as the quantifier of the frequency analysis result. We determined the correlation between the selected parameters by Pearson’s correlation coefficient r. The agreement of the modelled transfer functions with the experimental data is expressed by the coefficient of determination R2. The change of the signal in a logarithmic way is expressed as a logarithmic gain. The steady-state value of the transfer function is calculated according to the general relationship (Equation (1)):


  y  ( ∞ )  =   lim   s   → 0    [  G  ( s )   ]   



(1)




where: y(∞)–steady-state value of transfer function (-) and G(s)–transfer function of complex variable and s–complex variable.



The transfer function is expressed in a universal form by using poles and zeros, respectively (Equation (2)):


  G  ( s )  =    ∏ m   (  s −  s  z m    )     ∏ n   (  s −  s  p n    )     



(2)




where: G(s)—transfer function of complex variable, s—complex variable, sz—zero of transfer function (-), sp—pole of transfer function (-), m—order of transfer function numerator (-), and n—order of transfer function denominator (-), which represent the order of the dynamic system.



A dynamic system is stable if its poles have a negative real component of pole expression as a complex number. The zeros of the transfer function represent the character of the input vector of the dynamic system [12]. The complex poles and zeros indicate the oscillating characteristics of the dynamic system in expression as a linear differential equation with constant coefficients with a non-homogeneous solution. The phase shift between the input and output vectors is the expression of the poles and zeros of the transfer function in the number representation in the complex plane. The modelling of a complex variable is performed from a continuous ultrasonic impulse signal at the fixed sampling rate (200 kHz).





3. Results and Discussion


3.1. Analysis of Ultrasound Signal Amplitudes


The statistical treatment of the average signal amplitudes for the planar and corner cases is presented in Figure 3. The statistical sets of amplitudes fit the normal probability distribution (p > 0.05) in all cases. The variance coefficient ranged from 0.97% to 2.24% in the planar case. In the corner case, the variance coefficient ranged from 1.34% to 2.39%. The statistical evaluation of the signal amplitudes is illustrated in the Figure 3. The correlation between the signal amplitude and measured distance presented a medium nonlinear relationship with a correlation coefficient of r = −0.595 in the planar case. In the corner case, the correlation between the signal amplitude and measured distance also showed a medium nonlinear relationship with a correlation coefficient of r = −0.640. Statistically significant differences between the measured distances in the sorted sequence showed statistically significant differences (p ≤ 0.01) for all measured distances in both the planar and corner cases except for the vector pair L = (120 vs. 180) mm. The evaluation of the statistically significant differences between similar distance vectors for the planar case versus the corner case (100 mm vs. 100 mm; 120 mm vs. 120 mm; 160 mm vs. 180 mm; and 200 mm vs. 215 mm) indicated a statistically significant difference in each pair (p ≤ 0.01). From the perspective of the ultrasound signal amplitude itself, defining the characteristic shape of the reflecting surface agrees with the principle of the model [7] where the authors approximated the problem by a correction coefficient in an exponential regression. However, it was necessary to know the reflective characteristics of the surface in the environment.



For the evaluation of the signal amplitude differences, we took the maximum distances as a reference value (initial condition as 0 dB). We defined this postulate on the principle of decreasing measurement distances for deciding the nature of the reflecting surface. The differences are presented in Table 1.



Decreasing the measured distance causes a stepwise decrease in the amplitude of −32.756% in the planar case with a progressive increase of 68.481% compared to the highest distance. In the corner case, there is a stepwise increase in amplitude of 36.551% with a progressive decrease to a value of 28.117%. The correlation of the ultrasound signal amplitudes at the measured distances for variations of the distance vector from the highest (L = 100; 120; 160 mm) showed a strong nonlinear correlation with a correlation coefficient of r = −0.897. In the corner case, the correlation of ultrasound signal amplitudes for distance variations (L = 100; 120; 180 mm) showed a mid-strong linear correlation with a correlation coefficient of r = 0.795.




3.2. Analysis of Ultrasound Signal Frequency Spectra


Analysis of the frequency spectra of the ultrasound signal was applied to identify the maximum components of the frequency spectra. The interval of the frequency maxima component was from 40.039 kHz to 40.625 kHz for the planar and corner cases. The maximum spectral component data were consistent with a normal probability distribution (p > 0.05). The variance coefficient varied from 0.46% to 2.75% in the planar case. In the corner case, the variance coefficient varied in the interval from 0.41% to 1.52%. The correlation between the average values of the maximum component of the spectral decomposition and the distance vector shows a medium nonlinear relationship with a correlation coefficient of r = −0.635 for the planar case and a poor nonlinear relationship with a correlation coefficient of r = −0.195 for the corner case. A statistically significant difference between similar distance vectors was demonstrated in each pair for the planar case versus the corner case (100 mm vs. 100 mm; 120 mm vs. 120 mm; 160 mm vs. 180 mm; and 200 mm vs. 215 mm).



For the evaluation of the differences of the signal spectrum components, the same criteria as for the amplitude analysis were applied. The differences are presented in Table 2.



As the measured distance decreases, the maximum component of the frequency spectra in the planar case decreases in a stepwise way with a progressive increase up to 100.78% according to the highest distance. In the corner case, as the measured distance is progressively decreased, there is a progressive decrease in the signal spectra difference from a value of 32.93% to a value of 13.26%. The statistical evaluation of the signal spectra amplitudes is illustrated in the Figure 4. The correlation of the signal spectra difference at the variation of the distance (L = 100; 120; 160 mm) at the maximum of the spectral decomposition showed a strong nonlinear correlation with a correlation coefficient of r = −0.893. In the corner case, the correlation of the signal spectra difference at distance variations (L = 100; 120; 180 mm) at the maximum of the spectral decomposition showed a strong linear correlation with a correlation coefficient of r = 0.998.




3.3. Analysis of Ultrasound Signal by Modelling on Complex Variable


The analysis was performed from continuous ultrasound signals at an unchanged sampling rate (200 kHz). We obtained a 3rd-order transfer function by modelling the ultrasonic impulses in a complex variable. The poles and zeros of modelled transfer functions are presented in Table 3. The existence of two zeros represents the physicality of the time derivative as well as the consideration of possible inflexibility, representing the noise in the dynamic system. A dynamic system is considered stable when its poles are negative real or complex with a negative real part. Zeros with positive real or complex with a positive real part are characteristic of non-minimum phase systems. This is a fundamental condition for the physical realization of the experiment, which the model describes. The existence of at least one zero in the transfer function gives support to the existence of a time derivative as the frequency of the ultrasonic signal. The two complex conjugate zeros express the physicality of the model because, when the ultrasonic impulse is applied, the ultrasonic echo is produced and terminated relatively quickly. The difference between the critical frequency from the complex conjugate zeros in the planar case versus the corner case is decreased by approximately 28.98%. The difference in the critical frequency is consistent with the increase in the rise time of the transient characteristic by 25.40% in the corner case versus the planar case (the absolute deviation is 3.58%). The positive complex-associated zeros of the transfer functions express the phase shift concerning the poles of the transfer functions because the poles express the physical characteristic of the output vector of the dynamic system (ultrasonic reflection) in time, and the zeros express the physical characteristic of an input vector of the dynamic system (generated ultrasonic signal) in time. We interpret this as a nonlinear shape of the ultrasonic impulse in time, which is confirmed by a 3rd-order (cubic) dynamic system together with a regression analysis of the steady-state values by a 2nd-degree polynomial. The coefficient of determination was in the interval from 74.54% to 85.86% for the planar case and in the interval from 74.48% to 86.12% for the corner case.



Comparing the rise time of the transfer functions, we observed an increase in the corner case of 25.40% with respect to the planar case, which is similar to the results of [7] in the multiple-reflection interpretation. In our case, we primarily analyzed the first group of the reflected signal. Statistically significant differences between the amplitude of the transfer function and the amplitudes of the ultrasound signals were observed in the planar case (p ≤ 0.05). Statistically insignificant differences between the transfer function amplitude and the amplitudes of the ultrasound signals were found in the corner case (p > 0.05). We obtained similar differences for the distance measurements compared to [13] when interpreting the ultrasound signal as a voltage level using the Hilbert transform.



The authors [14] used the triangulation method to identify the corner reflective surface. In our analysis of steady-state values, we demonstrated an inverse proportionality between the description by a polynomial of 2nd-degree as a global minimum in the corner case and a global maximum in the analysis of steady-state values of transfer functions.



By correlation analysis of the steady-state values of the modelled transfer functions, we identified a weak nonlinear correlation in the planar case with a correlation coefficient of r = −0.371. In the corner case, we identified a strong nonlinear correlation with a correlation coefficient of r = −0.810. We identified nonlinear functional dependencies between the steady-state value of the transfer function and the measured distance by a 2nd-degree polynomial with the fitting criterion of the experimental and model-derived data by polynomial expression of the transfer function. A graphical representation of the nonlinear regression is represented in Figure 5.


  y  ( ∝ )  = 0.0207 ×  L 2  − 6.464 × L + 555.763  



(3)






  y  ( ∝ )  = − 0.00308 ×  L 2  + 0.853 × L + 29.525  



(4)




where: y(∞)—steady-state value of transfer function (-) and L—measured distance vector (mm).



The regression in the planar case is described by a polynomial (Equation (3)) with a coefficient of determination R2 = 97.36%. The regression in the corner case is described by a polynomial (Equation (4)) with the coefficient of determination R2 = 99.17%. The hypothesis of the physicality of the regression is supported by the cross sections of both regression functions for the distance interval from 75.6 mm to 148.8 mm, which is confirmed by the geometrical conditions of the performed experiment approximately from the statistical point of view. The characteristics of the reflection surface shape are possible in the interpretation of the global extrema of the regression function.





4. Conclusions


We demonstrated by correlation analysis the medium nonlinear relationship of the ultrasound signal amplitude to the reflective surface characteristics when changing from a planar surface to a sharp edge. The correlation analysis of the frequency spectra in the maximum component indicated a medium nonlinear correlation as a function of distance for the planar case and a poor nonlinear correlation in the corner case. Decreasing the distance vector caused a strong nonlinear correlation of the signal amplitude in the difference vectors versus the maximum distance in the planar case. In contrast, for the corner case, these amplitudes showed a linear relationship.



The difference polarity is a property that exhibits positive polarity for the corner case with a linear decrease with decreasing distance. The identification of ultrasonic impulses as a 3rd-order dynamic system with the physical expression of the existence of time derivative proves the relation between the regression analysis of the ultrasonic signal amplitude versus distance when the reflection surface characteristic changes in the inverse direction of the global maximum and the functional extrema. At the same time, a significant difference in the analysis of the transfer function response was found in the direction of an increase in the rise time of the transient response by approximately 25% for the corner case versus the planar case. This postulate is fully supported by articles [1,6,7,13,14,15].



The contribution of our article is in defining the descriptiveness of the polarity of the ultrasound signal difference when the characteristic of the reflective surface is changed as a medium or strong linear marker of the reflective surface character, while at the same time a strong nonlinear characteristic of the signal amplitude versus distance is observed. The nonlinear characteristic of the steady-state values of the transfer functions as a function of distance also expresses, in polynomial regression, the existence of differential discrimination in the global maximum on the reflection-surface characteristics from the planar case to the corner case. The results of our experiment can be implemented in obstacle identification by ultrasound as a periphery of a mobile robot. For higher measured distances, the Huygens principle must be used as in our experiment.
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Figure 1. Diagram of the measurement system. 
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Figure 2. Geometric conditions of the performed experiment ((a)–Planar case, (b)–Corner case, L–measured distance vector, all dimensions are in millimeters). 
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Figure 3. Statistical evaluation of the signal amplitudes from the acquired experimental data. 
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Figure 4. Statistical evaluation of signal spectra amplitudes from signal frequency decomposition. 
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Figure 5. Polynomial regression of steady-state transfer function values on measured distance vector (● and dotted line–Planar case; ▪ and solid line–Corner case). 
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Table 1. Difference of signal amplitudes with respect to maximum distance (*—reference value).
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	Distance L (mm)

Planar Case
	Gain (dB)
	Difference (%)
	Distance L (mm)

Corner Case
	Gain (dB)
	Difference (%)





	100
	4.531
	68.481
	100
	2.152
	28.117



	120
	−0.560
	−6.240
	120
	2.618
	35.171



	160
	−3.447
	−32.756
	180
	2.706
	36.551



	200
	*
	*
	215
	*
	*
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Table 2. Difference of signal spectra amplitudes with respect to maximum distance (*—reference value).






Table 2. Difference of signal spectra amplitudes with respect to maximum distance (*—reference value).





	Distance L (mm)

Planar Case
	Gain (dB)
	Difference (%)
	Distance L (mm)

Corner Case
	Gain (dB)
	Difference (%)





	100
	6.0543
	100.778
	100
	1.0817
	13.262



	120
	−0.215
	−2.446
	120
	1.361
	16.965



	160
	−4.116
	−37.743
	180
	2.472
	32.927



	200
	*
	*
	215
	*
	*
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Table 3. Poles and zeros of modelled transfer functions.






Table 3. Poles and zeros of modelled transfer functions.





	
Parameter

	
Value






	
Poles (-)

	
Planar case

	
−1564

−2249 ± i 3721




	
Corner case

	
−1196

−1395 ± i 3885




	
Zeros (-)

	
Planar case

	
8943 ± i 8997




	
Corner case

	
6383 ± i 6368

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
a) b)

-/Ultrasound Transmitter Ultrasound Transmitter
and Sensor and Sensor

110
110

<
&
! /

110 110 -






nav.xhtml


  processes-10-02644


  
    		
      processes-10-02644
    


  




  





media/file2.png
Piezoelectric
Microcontroller > a;m‘;'i':;r I R et g e
€ P transmitter
"""" 2
Agient ime lfiasound
U2353A ’ synchronisation receiver
Data S Power
processing Amplifier - supply

Measurement system

L ]

Generated
ultrasound

wave
| >

Reflected
ultrasound
wave






media/file5.jpg
ES

Signal amplitude (V)
v =

Planar case

100 120

160

Corner case

200 100 120

Distance L (mm)

180

215





media/file3.jpg
a) b)

/~Ultrasound Transmitter
and Sensor

«

11

/~Ultrasound Transmitter

and Sensor

110






media/file1.jpg
Przoetectrc
Microcontroter o unresound
P transmitter
a Przoetectric
e ultrasound
synchromsation nE
oata Power
processing Ampiifier supply

Measurement system

Generated
ultrasound

Reflected
ultrasound
wave





media/file7.jpg
Signal spectra amplitude (V)
e x4 [ » »n
&% 5 & & B

°
=S

Planar case

Corner case

T
100

T
120

T
160

T T
200 100

Distance L (mm)

T
120

T
180

215






media/file10.png
y(o°)

120

80

40

50

100 150

Distance L (mm)

200

250





media/file9.jpg
120

100 150

Distance L (mm)

200

250





media/file0.png





media/file8.png
——

Planar case Corner case

Signal spectra amplitude (V)

100 120 160 200 100 120 180

Distance L (mm)

215






media/file6.png
=)}
]

Signal amplitude (V)
T3

Planar case

Corner case

100

120

160 200 100 120 180

Distance L (mm)

215






