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This article shows that acoustic measurement can be a useful tool to discriminate different apple batches with a low error rate. Starting from the spectrum of the signal recorded by a microphone after the impact of a small hammer on the fruit, 18 key features were identified and used for the classification of apples belonging to 10 different varieties. A capability study of the gage has been done and the results show that the measuring instrument is repeatable and reproducible for the resonance frequency and amplitude of the signal. The prospects of this study are interesting in the context of automatic sorting of fruits.

Introduction

Elaborating simple, reliable and rapid non destructive systems to evaluate and guarantee the quality of fruits is nowadays one of the most important topics of research in this field. In the last decades, different acoustic techniques based in the acoustic resonance have been developed in order to measure the quality of fruits: firmness, external and internal defaults, diseases, changes during the shelf life, etc. Firmness is commonly considered as an indicator of the state of maturity of fruit. Traditionally firmness evaluation is done by invasive techniques. Many studies have been carried out to identify the relationship between invasive measures (penetrometry, compression, chemical composition, sensory etc.) and non-destructive measures [START_REF] Armstrong | Nondestructive acoustic and compression measurements of watermelon for internal damage detection[END_REF], [START_REF] De Ketelaere | Postharvest firmness changes as measured by acoustic and low-mass impact devices: a comparison of techniques[END_REF], [START_REF] Diezma-Iglesias | Monitoring of firmness evolution of peaches during storage by combining acoustic and impact methods[END_REF], [START_REF] Madieta | Apple quality assessment: relationship between optical properties, mechanical measurements and acoustic measurements[END_REF], [START_REF] Mehinagic | Objective measurements of apple texture with penetrometry, compression and acoustic methods in relation to the sensory perceptions[END_REF], [START_REF] Pathaveerat | Multivariate data analysis for classification of pineapple maturity[END_REF], [START_REF] Shmulevich | Nondestructive dynamic testing of apples for firmness evaluation[END_REF], [START_REF] Symoneaux | Acoustic and sensory measurements of different ripeness of apples[END_REF], [START_REF] Tu | Monitoring post-harvest quality of Granny Smith apple under simulated shelf-life conditions: Destructive, non-destructive and analytical measurements[END_REF], [START_REF] Valente | Multivariate calibration of mango firmness using visible/NIR spectroscopy and acoustic impulse method[END_REF]. Nondestructive techniques using acoustic characteristics have been applied for measuring the firmness of several fruits such as apples [START_REF] Abbott | Nondestructive sonic firmness measurement of apples[END_REF], pears [START_REF] De Belie | Firmness Changes of Pear Fruit before and after Harvest with the Acoustic Impulse Response Technique[END_REF], [START_REF] Gómez | Impulse response of pear fruit and its relation to Magness-Taylor firmness during storage[END_REF], melons [START_REF] Sugiyama | Firmness measurement of muskmelons by acoustic impulse transmission[END_REF], kiwifruits [START_REF] Abbott | Nondestructive sonic measurement of kiwifruit firmness[END_REF], tomatoes [START_REF] Chen | Resonance frequency and firmness of tomatoes during ripening[END_REF], [START_REF] De Ketelaere | Tomato firmness estimation using vibration measurements[END_REF], pineapples [START_REF] Chen | Modal analysis of the dynamic behavior of pineapples and its relation to fruit firmness[END_REF] and mandarins [START_REF] Gómez | Firmness of mandarin at different picking dates[END_REF].

Several stiffness coefficients are used to estimate the firmness of fruits. Among them, the most used for round shaped fruits is the stiffness coefficient proposed by Abbott et al. [START_REF] Abbott | Sonic technique for measuring texture of fruits and vegetables[END_REF] and Cooke and Rand [START_REF] Cooke | A mathematical study of resonance in intact fruits and vegetables using a 3-media elastic sphere model[END_REF]:
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S f m = ⋅ where f is the resonance frequency also called dominant frequency (corresponding to the greatest amplitude in the spectra) and m is the mass of the product. Pathaveerat et al. [START_REF] Pathaveerat | Multivariate data analysis for classification of pineapple maturity[END_REF] are using the third resonant frequency for the stiffness coefficient ( 2 2 3 3 f m ⋅ where 3 f is the frequency corresponding to the third greatest amplitude of the acoustic spectrum). Acoustic measurements have also allowed to identify external defaults in eggs [START_REF] Cho | Detection of surface cracks in shell eggs by acoustic impulse method[END_REF], pistachio nuts [START_REF] Pearson | Detection of pistachio nuts with closed shells using impact acoustics[END_REF] and internal defaults in pears [START_REF] Schrevens | Detection of hollow pears by tree based modelling on non-destructive acoustic impulse response spectra[END_REF], watermelons [START_REF] Armstrong | Nondestructive acoustic and compression measurements of watermelon for internal damage detection[END_REF], [START_REF] Diezma-Iglesias | Detection of Internal Quality in Seedless Watermelon by Acoustic Impulse Response[END_REF], cheese [START_REF] Conde | Non-destructive analysis of Manchego cheese texture using impact force-deformation and acoustic impulse-response techniques[END_REF] and potatoes [START_REF] Elbatawi | An acoustic impact method to detect hollow heart of potato tubers[END_REF]. The use of acoustic impulse response is increasing as a valuable tool to evaluate changes during harvest and postharvest [START_REF] De Belie | Firmness Changes of Pear Fruit before and after Harvest with the Acoustic Impulse Response Technique[END_REF], [START_REF] Herppich | Interactive effects of water status and produce texture -An evaluation of nondestructive methods[END_REF], [START_REF] Shmulevich | Nondestructive dynamic testing of apples for firmness evaluation[END_REF]. For apples tested on trees a poor correlation exists between stiffness and firmness [START_REF] Zude | Non-destructive tests on the prediction of apple fruit flesh firmness and soluble solids content on tree and in shelf life[END_REF], while during shelf life an increased correlation of fruit flesh firmness and stiffness appears. Stiffness coefficient ( 2 2 3 3 f m ⋅ ), specific gravity, and soluble solids content appeared to be the most important parameters for distinguishing the level of maturity of pineapples and the marbled fruits [START_REF] Pathaveerat | Multivariate data analysis for classification of pineapple maturity[END_REF]. However previous studies showed that the stiffness factor was useful to classify freshly harvested from stored apples, but was not efficient enough to discriminate the ripeness degrees of some apple varieties [START_REF] Symoneaux | Acoustic and sensory measurements of different ripeness of apples[END_REF].

In the different research works mentioned before and concerning the fruits quality, different acoustic parameters have been determined such as dominant frequency, maximum amplitude or band magnitude.

It was proved that an important correlation exists between the first resonance frequency and the fruit mass [START_REF] Duprat | The Acoustic Impulse Response Method for Measuring the Overall Firmness of Fruit[END_REF]. The first resonance frequency also depends on the water status of the fruit and the pectin transformation during the shelf life [START_REF] De Belie | Preliminary study on the influence of turgor pressure on body reflectance of red laser light as a ripeness indicator for apples[END_REF], [START_REF] Zude | Non-destructive tests on the prediction of apple fruit flesh firmness and soluble solids content on tree and in shelf life[END_REF]. In order to better compare different fruits spectra, some authors have defined a normalized spectrum by dividing the amplitude at each frequency by the maximum amplitude of the spectrum [START_REF] Diezma-Iglesias | Monitoring of firmness evolution of peaches during storage by combining acoustic and impact methods[END_REF], [START_REF] Farabee | Determination of Watermelon Maturity with Sonic Impulse Testing[END_REF], others have calculated the band magnitude by summing the weighted amplitudes of the normalized spectra for a specified frequencies range [START_REF] Diezma-Iglesias | Detection of Internal Quality in Seedless Watermelon by Acoustic Impulse Response[END_REF], [START_REF] Diezma-Iglesias | Monitoring of firmness evolution of peaches during storage by combining acoustic and impact methods[END_REF], [START_REF] Farabee | Determination of Watermelon Maturity with Sonic Impulse Testing[END_REF], [START_REF] Stone | Peach firmness prediction by multiple location impulse testing[END_REF]. The number of band magnitude depends on the product [START_REF] Conde | Non-destructive analysis of Manchego cheese texture using impact force-deformation and acoustic impulse-response techniques[END_REF], [START_REF] Diezma-Iglesias | Detection of Internal Quality in Seedless Watermelon by Acoustic Impulse Response[END_REF].

Acoustic signals may contain more information about the physical or chemical properties of the tested product than the single firmness. Most of previous studies have concentrated their efforts on few particular points of the acoustic signal (dominant frequency, maximum amplitude or band magnitude).

In order to better explore the capability of this technique, the global acoustic signal is explored in this study. We concentrated our efforts on two particular aspects: 1. How to evaluate the capability of the experimental device to give reliable data? 2. How to identify in the spectral signal of different varieties of apples some particular characteristics relevant for the disparities in the internal structure of these fruits, permitting them to be discriminated easily?

Experimental device

Elastic properties of biological tissues gave a vibrational behavior, which is used as an indicator of their internal characteristics [START_REF] Clark | Fruit ripeness tester[END_REF]. Different nondestructive techniques were developed to observe this behavior: the product may be hit with a small hammer [START_REF] Duprat | The Acoustic Impulse Response Method for Measuring the Overall Firmness of Fruit[END_REF], dropping onto an impact plate [START_REF] Pearson | Feasibility of impact-acoustic emissions for detection of damaged wheat kernels[END_REF], submitted to an ultrasonic pulser [START_REF] Bechar | Determination of Mealiness in Apples using Ultrasonic Measurements[END_REF] or laser Doppler vibrometer [START_REF] Taniwaki | Determination of optimum ripeness for edibility of postharvest melons using nondestructive vibration[END_REF]. The stiffness was reported to be correlated with apple fruit textural parameters such as the Young modulus [START_REF] Herppich | Interactive effects of water status and produce texture -An evaluation of nondestructive methods[END_REF] and fruit firmness [START_REF] De Belie | Firmness Changes of Pear Fruit before and after Harvest with the Acoustic Impulse Response Technique[END_REF] measured by referenced penetrometric measures, or with water status [START_REF] Herppich | Interactive effects of water status and produce texture -An evaluation of nondestructive methods[END_REF].

In our case, the first above-mentioned technique where the fruit is positioned to receive an impact with a small hammer, which generates an acoustic signal detected by a microphone positioned near the fruit (Figure 1), was used. The hammer is very light and its extremity is spherical so the fruit is not damaged after the impact. Modal analysis on spherical products like apples has shown that the best signal is produced when the response is recorded at 0° or 180° from the impact place [START_REF] Chen | Analysis on the acoustic impulse resonance of apples for non-destructive estimation of fruit quality[END_REF], [START_REF] Huarng | Determination of acoustic vibration modes in apples[END_REF], [START_REF] Shmulevich | Nondestructive dynamic testing of apples for firmness evaluation[END_REF]. This signal is registered, processed and transformed by the experimental device (AFS, Aweta, next term Nootdorp, The Netherlands). Fast Fourier Transform (FFT) of the signal is performed on the acoustic signature to obtain power spectrum and identify characteristic frequencies [START_REF] Tesch | Comparison of the acoustic and mechanical signatures of two cellular crunchy cereal foods at various water activity levels[END_REF], [START_REF] Valente | Multivariate calibration of mango firmness using visible/NIR spectroscopy and acoustic impulse method[END_REF]. The statistical tool used in this study in order to exploit the spectral data mentioned before is the discriminant analysis viewed as a supervised classification method [START_REF] Duda | Pattern Classification[END_REF].

Experimental strategy

To assess whether the data provided by acoustic measurement can be used successfully to discriminate different apple varieties (Antares, Ariane, Braeburn, Cameo, Elstar, Jubile, Pink Lady, Reineta Armonique, Red Delicious, Temptation), 100 apples were analysed. With the experimental device 10 measurements were done on each of four sides of each fruit: on the sun face, the face opposite to that exposed to the sun (or shade side) and the two intermediary sides (Figure 2).

Figure 2. The four measured sides of the apple

In this way 40 measurements per fruit were collected, and then 4000 measures based on 100 fruits tested were recorded. As stated previously by a measurement we mean the frequency spectrum of the acoustic signal that is automatically generated by the software (Figure 3). The spectral range corresponding to low frequencies (between 0 and 3500 Hz) was explored because this range is most informative about the different characteristics of a given varieties. Fourteen characteristic points of the spectral curve, presented in figure 3, were used for the classification: -A max1 -maximum amplitude of the first pike of the spectral curve. -F max1 -the frequency corresponding to A max1 .

-A max2 -maximum amplitude of the second pike of the spectral curve. -F max2 -the frequency corresponding to A max2 .

-A min1 -the minimum amplitude between A max1 and A max2 . -F min1 -the frequency corresponding to A min1 .

-A max3 -maximum amplitude of the third pike of the spectral curve. -F max3 -the frequency corresponding to A max3 .

-A min2 -the amplitude of the minimum between A max2 and A max3 . -F min2 -the frequency corresponding to A min2 .

-A max4 -maximum amplitude of the fourth pike of the spectral curve. -F max4 -the frequency corresponding to A max4 .

-A min3 -the amplitude of the minimum between A max3 and A max4 . -F min3 -the frequency corresponding to A min3 .

Figure 3. Some key characteristic points of the spectral curve of an apple

Moreover four new parameters, corresponding to the areas of four zones demarcated as in figure 3, were calculated from the spectral curve (Energy1, Energy2, Energy3 and Energy4). These 18 parameters were used as descriptors for the discriminant analysis (DA) to classify the fruits according to their varieties. Figure 4 shows that a fairly large variability exists in spectra for repeated measures on the same side of the same fruit. This variability occurs predominantly at the level of spectral amplitudes and it is less pronounced at the frequencies level. One possible explanation for this phenomenon could be an impact force of the hammer which is not constant from one measurement to the other. In any case, to overcome this drawback, the decision was taken to conduct our study not on the individual spectral curves but on a median spectral curve that is most representative for the repeated tests on the same side of the same fruit. In order to be the least influenced in further processing of data by the presence of outliers (values that deviate substantially from the rest of the data distribution), the median and not the mean was chosen. In case of few data and the differences between the extreme values and the rest of the data are significant, the median is an estimator of central tendency more relevant than the average when outliers are present.

Capability study of the measurement system

For this study we wanted to know if the measurement system previously described is able to perform the requested measurements. The characteristics studied on the spectrum of signals were some key points such as frequencies and the corresponding amplitudes. In order to reduce the impact of natural apple variability (flesh composition, kernel, circularity, etc.), it was decided to realize a R&R study on a kind of standard spherical objects such as tennis balls.

Several reasons have motivated us to make this choice: the perfect circular shape of the balls, the greater homogeneity of the internal environment of the balls (no nucleus, more uniform density), as well as the same volume, weight, etc. Indeed if the experimental device is capable for measurements on the tennis balls, it should be also used with success to distinguish various apples because the higher variability of the fruits. Ten tennis balls were analysed three times by three operators. The obtained results are presented in tables 1 and 2 for the amplitude (A max ) and frequency (F max ) corresponding to the maximum on the spectral curve (Figure 5). Table 1 shows that the experimental system used is capable (capability index = 0.77%) of measuring the frequency corresponding to the maximum on the spectral curve. However the capability index related to the amplitude (21.4%) is at the limit of acceptability (table 2). This is principally related to the high variability percentage of repeatability (19.4%). One possible explanation for this undesirable phenomenon is that the force of the hammer is not constant from one test to another. The measuring system could be improved by introducing a regulating system for the impact force of the hammer. However, the obtained results confirm that the experimental device gives reliable data that are exploitable for further tests.

Estimated

Analysis and interpretation of results

In this paragraph the results for the discrimination of different varieties of apples are presented. A classification error of 0.25% was obtained by using the quadratic discriminant analysis (QDA). This misclassification rate was calculated taking into account all the 400 measures, (i.e. 10 fruits/varieties × 10 varieties × 4 faces/fruit). A single observation on 400 was erroneously classified by the QDA (an apple that belongs to the Cameo varieties was classified as a Red Delicious apple).This result is very encouraging because it shows that each kind of fruit has its own spectral signature, and that it is possible to distinguish the fruit varieties from some key features of the spectrum of the signal recorded by the microphone after the impact of the hammer on the fruit. In figure 6 the projection of the 400 observations on the discriminating plan formed by the first two discriminant factors is given. One can easily see that, within the same varieties, observations are grouped by sub-sets of points (for example, Antares, Pink Lady and Cameo varieties are clearly two subgroups). This remark already gives a hint about a possible "side effect" that is the cause of the important dispersion of the points for the same fruit varieties. This phenomenon was observed for each varieties. We do not have enough evidence to clarify it. For instance, some hypotheses can be made to explain it: 1) non-homogeneities of the medium (effect of the nucleus, circular defects, etc.). 2) subtle changes in the composition of the flesh due to sunlight etc.

Figure 6. Projection of various apple varieties on the principal discriminating plan

Therefore, we tried to discriminate the apples based on measurements realised on the same side of fruit only (e.g. sun exposed side of the fruit). A classification error rate of 0% was obtained which means that all apples were classified correctly. In figure 7 the projections of these observations on the principal discriminating plane is presented: the separation of varieties is much clearer than before (Figure 6). The classification error rate of 0.25% mentioned above has been obtained using the 18 descriptors and the set of all 400 observations for the construction of discriminant functions. This poses two problems: the ability of generalization and the robustness of the The data set has been divided in "k" parts of equal size. The construction of the discriminating function is then realized based on "k-1" parts and the test is done on the remaining part. The procedure was repeated "k" times and the average error and the standard deviation of the average error were calculated. For example, for k = 20, the 400 observations were divided in 20 groups of 20 observations each. Each group contains two observations of each kind of apple. The construction of discriminant factors was conducted on the basis of 19 groups (380 observations) and the test on the remaining group (20 observations). The classification error was noted. The procedure was repeated 20 times to cover all possible combinations of groups and from the 20 misclassifications errors obtained, an average error (16.25%) and a standard deviation (9.98%) were calculated. The classification errors obtained in this way are larger than the classification errors obtained on the complete set of data (0.25%). This is explained by the strong dispersion of the observations belonging to different varieties. Thus, observations quite far from their class centre which did not participate in learning led to the decrease of the dispersion of this class and their misclassification to an adjacent class with a larger dispersion. When k = 400 it is as if one excludes a single observation for the test and use the others for the construction of the discriminating function. This technique is very effective and often used in cross-validation of different classifiers, it bears the evocative name "leave one out".

The robustness of a classifier is related to the number of descriptors included in the model. It is well known that keeping non-informative descriptors in the model increases the classification error rate of new observations [START_REF] Verron | Fault detection and identification with a new feature selection based on mutual information[END_REF]. The objective is to obtain the lowest classification error of observations which did not participate to the construction of discriminant functions with the smallest number of descriptors. In table 4 the result of an ANOVA (Analysis of Variance) test for the 18 descriptors used is given. This test is designed to check whether a descriptor included in the model is significant from a statistical point of view or not. Some descriptors are more important than others for the discrimination of 10 varieties of apples. In general, the descriptor is as more important for the discrimination as the value on the column "F exclusion" is higher. Thus the amplitude of the third maximum on the spectral curve is the most discriminative variable for the chosen set of descriptors (F = 20.96). Then follow in order Fmax1 (absolute maximum frequency on the spectral curve), Energy4 and Energy3 (the energy absorbed in areas 4 and respectively 3 of the spectrum), etc.

Conclusion

The work presented in this article is only a first step in a major study on the evaluation of fruit quality by non-destructive tests. We chose to focus our attention on the acoustic measurements and we worked only on apples. A capability study has been done on the experimental device we used. This R&R study confirmed that our experimental device is quite capable to measure different key points of the spectrum of the signal recorded after the impact of a small hammer on the fruit. The use of 18 carefully chosen spectral characteristics allows to discriminate among 10 different varieties of apples. This means that each type of apple has its own spectral signature permitting to unambiguously identify the belonging varieties of any fruit. Among the applications considered in this work we can mention, for example, the automatic sorting of apples.

We also proved that there is a "side effect" for apples that manifest itself by different spectral characteristics according to the chosen survey direction. This "side effect" was never highlighted before by other studies using acoustical measurements because they took into account only the frequency of the maximum pick on the spectra. At this moment no clear explanation about the cause of this side effect can be given, but several assumptions, that future studies will maybe confirm, can nevertheless be made: the propagation of sound waves is very dependent on the direction of propagation because of the non-homogeneities of the internal environment of the apple (shape of the nucleus, circularity, etc.); the density and composition of the environment changes after exposure to the sun, and so on. As mentioned in the introductory part of this paragraph, this study is a first step in a larger program which aims to assess the quality of apples by non-destructive tests. A consistent database containing information from different sensorial tests and destructive test already exists. It is wellunderstood that each test provides, a wealth of information. We will consider undertaking further studies on the possible correlations that may exist between these tests and the acoustical technique. We will also compare the performance of the acoustical method with those of other non-destructive testing such as optical or laser tests. The goal here is to extract maximum information on fruit quality without destroying the fruit and without relying on expensive laboratory methods which require much time and dedicated resources.

Figure 1 .

 1 Figure 1. The experimental device (AFS, Aweta)

Figure 4 .

 4 Figure 4. Variability of the spectra for repeated measurements on the same side of the same fruit

Figure 5 .

 5 Figure 5. Amplitude (Amax) and frequency (Fmax) of the maximum on the spectral curve of a tennis ball

Figure 7 .

 7 Figure 7. Projection of various apple varieties on the principal discriminating plan for measures performed on the same side
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Table 1 : Results of the R&R study for the frequency Fmax Estimated standard deviation

 1 

		standard deviation	Estimated variance	% of R&R	% of Total
	Repeatability	0.84	0.71	86.04	0.66
	Reproducibility	0.34	0.11	13.95	0.10
	Piece to piece	10.34	107.10		99.22
	R&R	0.91	0.83	100.00	0.77
	Total	10.38	107.93		100.00
			Estimated	% of	% of
			variance	R&R	Total
	Repeatability	0.38	0.14	90.84	19.44
	Reproducibility	0.12	0.01	9.15	1.96
	Piece to piece	0.77	0.60		78.59
	R&R	0.40	0.16	100.00 21.40
	Total	0.87	0.76		100.00

Table 2 : Results of the R&R study for the amplitude Amax
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  5/8 classifier. The generalization ability of the classifier means its ability to classify observations that have not participated to the construction of discriminant functions. So, it is wise to test the classifier by dividing the set of observations into two groups: the group of observations used to calculate the discriminant functions (also called learning sample) and the group of observations used for testing the classifier (also called test sample). In this way the ability of the classifier to generalize (i.e. to correctly classify the observations which did not contribute to the construction of discriminant functions) was tested. In table3the results of a study, that was conducted on the different possible divisions of the data set and their impact on the misclassification rate obtained, are presented.

	k	Mean error (%)	Standard deviation (%)
	5	16.50	3.24
	10	15.25	6.06
	20	16.25	9.98
	50	14.75	10.92
	100	14.75	
	200	15.00	25.56
	300	15.00	35.77
	400	14.75	35.50

Table 3 : Misclassifications according to the size the overall learning and test samples
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