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HAL is a

INTRODUCTION

Conditioning stations need very fast apparatus to sort fruit according to the organoleptic quality. The organoleptic quality can be determined by the sugar content. [START_REF] Alavoine | La Qualité des Fruits: Méthodes Pratiques d'Analyse[END_REF] Several authors have used NIR to measure the sugar content. Dull and his team have been working on sugar determination by NIR for years: determination of the sugar peaks 2 thanks to model mixtures mimicking dehydrated apples, similar work on aqueous solutions, 3 and studies on real fruits (onions 4 and melons 5 ). Kawano et al. in Japan have measured the sugar content in peaches [START_REF] Kawano | Measurement of Sugar Content in Intact Peaches by NIRS[END_REF] and in oranges. [START_REF] Kawano | Determination of Sugars in Satsuma Orange Using NIR Transmittance[END_REF] In France, we have been working for eight years on nondestructive sugar content measurement in fruits, working without fiber optics on apples [START_REF] Davenel | On-Line Infrared Measurements in Food Processing[END_REF] and with fiber optics on peaches. [START_REF] Bellon | Remote Near Infrared Spectrometry in the Food Industry with the Use of Silica and Fluoride Glass Fibers[END_REF] All these studies show that the interest in NIR for sugar content prediction must not be neglected. However, at present, these experiments have always been done with slow and expensive laboratory apparatus.

In parallel, some authors have developed very fast (700-1100 nm) spectrometers based on diode array technology. 1011 But these spectrometers have still not been applied to on-line analysis.

Our aim is to develop a fast and robust spectrometer that could be used on-line in conditioning stations in a nondestructive way. In order to satisfy these constraints, we have chosen a very widely used array camera coupled to a flat-field monochromator and to fiber optics. Our purpose is to develop this system in order to equip the conditioning stations and to be able to sort the fruits into three sugar content groups (<9°Brix, from 9 to 12°Brix, >12°Brix) at a rate of five fruits a second.

EXPERIMENTAL

Material. Spectroscopic Unit. A block diagram of the system is given Fig. 1. The lighting is provided by a 150-W tungsten halogen lamp (Zeiss) in the 350-2500 nm range. The light is then guided toward the sample by a fiber-optics Y-bundle. This bundle contains 100 silica fibers having a 250-iim core diameter. At the other extremity (i.e., the interface with the fruit), the emitting and collecting fibers are randomly mixed together. They comprise 22 collecting fibers and 78 emitting fibers. At the other extremity Y-bundle, the collecting fibers are arranged in a 7-mm-high slit. A 50-/tm-wide slit is set in front of the fiber connector at the entrance of the spectrometer. The slit support is also fitted with a small second-order cutting filter (Kodak No. 87C) that cuts off wavelengths higher than 600 nm. The monochromator is the Jobin Yvon CP200 equipped with a flat-field grating (Jobin Yvon 523 01 040). The benefit of such a grating is that there is no astigmatism, so that a column of fiber in the entrance slit will be imaged as a column of fibers of same dimensions on the camera. The CCD camera (Micam HRS) has been selected by taking this consideration into account; the size of the camera is 6.6 mm x 8.8 mm, so that it completely fits the grating exit. The number of pixels is 500 (h) x 582 (v) with a pixel size of 17 /¿m x 11 fim. The sensitivity is 1 Lux for f/1.4. The detectivity of the camera is still high in the near-infrared range (relative response around 0.6 from 800 nm to 1000 nm, 0.3 at 1050 nm).

The diverse components have been chosen in order to optimize the system. The fibers have been chosen to give the maximum throughput with the grating. They have a numerical aperture of 0.2 whereas the grating has one of 0.18 (focal length: 190 mm, diameter: 70 mm). Thus, only a minimal part of the light is out of the grating. The 133lines/mm grating ranges from 600 and 2500 for a 25-mmlong detecting area. This means that the range that we want to measure, 800-1050 nm, roughly lies in a 6.5-mmlong area. This length fits with the size of the camera (6.6 x 8.8 mm). The fibers are arranged in a slit at the entrance of the monochromator. The image recorded by the camera shows bright rows. Each row corresponds to one fiber, and 20 rows are present. Each column corresponds to a wavelength, the gray level giving the measure of the intensity of the spectrum. So each row represents a spectrum. The images are then transmitted to a Vipix acquisition and processing board set in a PC/AT. The signal is converted into 512 x 512 pixel images with 256 gray levels.

Samples. The 79 samples were a set of peaches acquired from the local grocery store. The peaches were taken from different varieties in order to get a sugar content range as wide as possible. The peaches were divided into a calibration (54 samples) and a validation set (25 samples). The sugar content of the sample was measured with a refractometer. The precision was 0.2°Brix. The total variance of the sugar content in the peaches set was 3.76°Brix.

Methods. The performance levels of an apparatus includes: [START_REF] Stark | Methods for Evaluating the Performance of a Diode Array Spectrophotometer[END_REF] 1. The wavelengths performance: accuracy, stability, spectral bandpass shape. 2. The photometric performance: responsivity, electronic noise, signal-to-noise ratio. 3. The optical performance: throughput (numerical aperture, slit area), stray light. 4. The time performance: response time. We will first discuss the different performance levels of our system.

Wavelengths Performance. Wavelength Accuracy. The apparatus is tuned in order to optimize the signal-tonoise ratio. First the camera is focused. A mercury calibration lamp is put in place of the optical fibers, and the position of the camera along the grating axis is adjusted in order to get better-defined rays. Then the lateral position of the camera is roughly tuned in accordance with known LEDs (890 and 930 nm) in order to get the area of interest (i.e., 800-1050 nm). In a third step, the wavelength is precisely calibrated. Two calibration lamps are used: a Hg and a Cd lamp. The second-order visible lines (indicated by the sign " x2") of the two spectra are used (see Table I).

The spectra are recorded, giving a relation between 7 pixels and 7 wavelengths. Then, a linear regression is applied to calculate the wavelength corresponding to each pixel. Photometric performance. Responsivity. The responsivity is important because it indicates that there is no Wood's anomaly in the spectrum. Wood's anomaly occurs when, at a wavelength, another order of this wavelength is diffracted with an angle equal to 90°. If the spectral responsivity is smooth, there is no Wood's anomaly.

Responsivity is calculated by multiplying the grating with the detector spectral characteristics. Both are provided by the grating and camera suppliers.

Electronic Noise. The electronic noise is the noise of the system when not lighten. A spectrum is recorded and the noise is given in gray levels units.

Signal-to-Noise Measurement. In order to reduce the noise, the final spectrum of intensities is the addition of the gray levels of the 512 rows. This can be described by: 70') = 2;(G(i, ;))

(1) where /(/) is the intensity of the spectrum at wavelength j, and G(i, j) is the gray level of pixel (i, ;), i.e., row i and column j.

The noise is evaluated as following: A reference spectrum S o is recorded on a ceramic standard plate. Then, without moving the fiber bundle, one records a spectrum S r of the same reference in reflectance unit. The reflectance spectrum is computed by dividing each wavelength of the spectrum S 1 by each wavelength of the reference S o . This operation gives the noise. This operation is repeated 10 times, and the noise is the standard error of the 10 curves. The signal-to-noise ratio is given by dividing by the reference curve S o .

Optical Performance: Straight Light Measurement. The integrated stray light is the sum of energies of whatever wavelengths, other than those within the desired 1025 1030 where Y true is the measured sugar content; Y pred is the predicted sugar content; n is the number of samples; and p is the number of terms in the regression equation.

The standard error of prediction (SEP) is given by: spectral bandpass collected at a particular wavelength or pixel. [START_REF] Stark | Methods for Evaluating the Performance of a Diode Array Spectrophotometer[END_REF] It can come from the "ghost" in ruled gratings, from scattering of light on a piece of the optical system, or from undesired orders in the blocking region. It is measured by blocking the transmission (less than 10~5) in the blocking band. In our case, we chose a blue filter having a transmission of 10~5 in the NIR area. Then, six spectra were recorded. They are the spectra of the stray light.

Quantitative Study. The absorbance spectrum is computed from the gray level values of a spectrum S and of a reference S o . For each wavelength i, the absorbance value is: i) = log(S 0 (0/S(i)).

(2)

If at wavelength i, S{i) is equal to zero, then A(i) = A(i -1). If S o is equal to zero, then

A(i) = 0.
Three circles are drawn on each peach and numbered, each circle being a sample. Each sample is scanned once. The first step is to pre-process the data. The data are smoothed in accordance with a moving average on 15 pixels. The new data set then ranges from 809 to 1090.4 nm. These data are then averaged with a points step, so the final spectra variables are 118, ranking from 809 to 1090 nm.

Partial least-squares (PLS) is applied on the calibration set. The standard error of calibration (SEC) is calculated as follows:

SEC = n -p -1 (3) SEP = -V 12 J predJ n (4)
where Y true is the measured sugar content; Y pred is the predicted sugar content; and n is the number of samples.

RESULTS

Wavelengths Performance. Wavelength Range and Accuracy. The range of this spectrometer is 796 to 1103 nm. Each pixel corresponds to a 0.6-nm step. However, since the border pixels are less efficient, they are not recorded, and the final spectrum counts only 484 pixels, from 805 to 1095.4 nm. But, as we saw above, after an average, there are finally only 118 wavelengths ranking from 809 to 1082 nm with 2.4-nm steps.

Wavelength Stability. Longterm Stability. During this experiment, the 13 spectra recorded show that there was absolutely no drift of wavelength during the 2-day experiments. The correspondence between pixels and wavelengths is still the same as in Table II.

Temperature Stability. Seven spectra were recorded at seven different temperatures spaced from 5°C. The four lines of mercury are detected exactly at the same place as indicated in Table II. We can see that these values are very close to the one acquired three weeks before, during the calibration of the apparatus. Only one band is shifted from 1 pixel from the original ones. This observation is another proof of the long-term stability of the instrument. There is no wavelength shift over a long period of use of the instrument. Bandpass Shape. The bandpass shape is given in Fig. 2. The bandpass at mid-height is 4 nm. The bandpass information is not crucial in the case of fruit analysis because the curves are so smooth that even an average bandpass can be acceptable.

Photometric Performance. Responsiuity. The responsivity curve given in Fig. 3 is smooth, showing that there is no Wood's anomaly.

Signal-to-Noise Measurement. The signal-to-noise ratio is given in Fig. 4. At the extremity of the spectrum the signal is very low and the noise is high. The maximal S/N is 90,000:1. The noise is around 0.0001 at all other points of the spectrum except at the extreme areas, where it is higher.

Electronic Noise. The electronic noise is very low; it is better than 2 x 10 6 :l in the middle of the spectrum and increases only at 1045 nm (S/N = 45,000:1 at 1060 nm).

Optical Performance: Stray Light Measurement. All the six spectra are flat zero spectra, indicating that there is absolutely no stray light.

Quantitative Results. The spectra of the peaches are shown in Fig. 5. The first calibration is done on the whole spectrum. The results are not satisfying, with a coefficient of correlation equal to 0.5 and an SEP equal to 2.96. From observation of the loadings (Fig. 6), we notice that the areas from 809 to 845 nm and from 979.4 to 1090 nm show severe decreases in loadings 1 and, more particularly, 2. This pattern can mean that these areas are not of interest in our application. They were removed from the variable set. In a second experiment, we ran the PLS software on 54 wavelengths, from 847.4 to 977 nm (2.4-nm steps). In this case, the coefficient of correlation is equal to 0.82, the SEC is 1.25°Brix, and the SEP is 1.05°Brix. The advantage of this calibration is that no bias correction is needed, the equation linking the predicted and true values being: where Y true is the measured sugar value, and Y pred . predicted sugar value.

The graph of predicted vs. true °Brix values is given in Fig. 7. The three different groups for sorting are: <9°Brix, from 9 to 12°Brix, and >12°Brix. The good and poor classified samples are gathered in Table III. Finally, the well-classified peaches represent 56/74 = 76% of the fruits.

DISCUSSION AND CONCLUSIONS

This study has shown the capabilities of a new, inexpensive, robust, and fast instrument that fulfills all the requirements of fruit and vegetable conditioning stations.

This instrument is reliable; the calibration equation enables fruit to be sorted between three groups with a reliability of 76%, which is sufficient for conditioning stations. This instrument is also robust, because there are no moving parts, the beam being diffracted on a diode array. It is nondestructive for the fruit because the reflectance is observed through the skin and collected by the fibers. It may be used in a harsh environment thanks to the use of fiber optics. As an aside, the capabilities of fiber optics must be emphasized in this special case:

1. They allow remote control, the spectrometer and the camera being isolated in a waterproof box free from moisture, dust, etc. 2. They avoid specular reflexion. The specular component of reflection biases the spectrum by the addition of values that contain no useful information. The optode as described above is directly applied on the skin of the fruit. Therefore, all the light being collected by the fibers comes from inside the fruit. 3. They allow light to be easily directed to, and collected from, the samples. The samples may have different sizes and different shapes. The only task is to apply the optode on the skin of the fruit. 4. They allow multiplexing. The 20 collecting fiber optics that are arranged in a slit and detected can come from different points of measurement. For instance, five groups of four fibers can come from five different points. In this case, we can get five pieces of information every 40 ms, i.e., one piece of information every 8 ms. The time requirements are thus fulfilled in the acquisition point of view thanks to this multiplexing capability.

The measurement time has still not been optimized for on-line control. But we can use new processing units, the transputers, that have a parallel architecture and can process signals very rapidly. Work must still be done in this field, but a good potential is foreseen.

The price of such an apparatus will be relatively low since the components have been chosen in order to reduce the price. A low-cost, widely used camera has been tested according to this constraint.

This preliminary feasibility study has shown that this diode array spectrometer combines the different features required by conditioning stations' units. Future goals will be to more precisely study the spectra acquired with fruit and then to develop an on-line prototype by working according to this principle.
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 526 FIG.5. Peach NIR spectrum in the 700-1100 nm spectral range; full line: original spectrum, dashed line: 2nd-derivative spectrum.
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  FIG. 7. Predicted vs. true sugar content values predicted by PLS for the calibration and validation sets.

TABLE I . Correspondence between the pixel number and the emissions rays of Hg and Cd lamps (in nm).

 I 

	Pixel	Mercury	Cadmium
	FIG. 1. Block diagram of the spectroscopic unit: (a) source; (b) emit-		
	ting fibers; (c) receiving fibers; (d) monochromator grating; (e) camera		
	sensing surface.		

TABLE II . Correspondence between pixels and wavelengths in the wavelength stability experiment.
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	Transmittance (arbitrary units)				
	Pixel	20	123	357	486
	Wavelength	809.5	870	1014	1092

TABLE III . Classification of predicted by NIR.
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