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Abstract

:

The color of wine is an important quality parameter essential for the first impression of consumers. The International Organization of Vine and Wine (OIV) recommends two methods to describe wine color: color calculation according to Glories and the determination of coordinates in the CIE L*a*b* color space. The measurement of wine color is often not feasible for winemakers because the required instrumentation is expensive and bulky. In this study, the influence of photometer settings on the calculated color was investigated based on 14 wines. Furthermore, the CIE L*a*b* and Glories system were compared using 56 red and 56 white wines. Photometer settings were found to influence the reproducibility of color determination. In addition, CIE L*a*b* system do not correlate in all wines with the Glories system and Glories probably provides less information about wine color. Using interpolation, CIE L*a*b* coordinates were calculated from single wavelength measurements taken by a small-sized and inexpensive portable analysis system, which could be used by winemakers in the future.
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1. Introduction


Color has a significant influence on the perceived quality of wine, altering the perception of aroma, taste and mouthfeel [1]. White wine dyed red was described using the olfactory attributes typical for red wine in contrast to the undyed white wine, which was perceived as having the olfactory attributes typical for white wine [2]. Given its influence on consumer perception, wineries aim to manage the wine color already during the production process to match consumer expectations with their final products. Objective methods and reliable devices are necessary to measure wine color during the winemaking process.



According to Grassmann’s laws, color can be described using three independent parameters [3]. These can be a primary color, the color intensity and the white intensity, or three primary valances, e.g., red, green, and blue [3]. There are two established methods to describe the color of wine.The first is the Glories method, which uses absorbance values at wavelengths of 420 nm, 520 nm and 620 nm, leading to a yellow, red and blue color impression for the observer [4,5]. However, variance of the human eye and the influence of surrounding light on color perception are not considered in the Glories calculations. Because of this, the Commission Internationale de L’Eclairage (CIE) defined the CIE standard system, which is a color space based on the color coordinates of X, Y and Z. The calculation of these coordinates is more complex, requiring a complete transmission spectrum in the visible range (380–780 nm). Furthermore, a standard observer [6] and a standard illuminant [7] are needed for calculation, which include the influence of the sensitivity of the human eye for different colors and the surrounding light on color perception. The standard observer is based on experimental work [8,9,10,11], where the spectral sensitivity of the eye for the three primary valances red, green and blue was investigated. The standard illuminant defines power distribution of standardized light sources, for example natural daylight on a sunny day [7]. The CIE XYZ system allows the objective and reproducible determinations of color, but colors in this system are not visually equidistant [12], meaning the Euclidean distance (ΔE) between two colors in this space does not correlate with the perceived color difference [13]. The CIE L*a*b* color space aims to achieve visual equidistance [12]. The International Organization of Vine and Wine (OIV) recommends the Glories and the CIE L*a*b* system for color determination in wine [14,15].



Regarding the CIE L*a*b* system, the OIV recommends to record transmission spectra in 5 nm steps, in the following mentioned as data intervals. However, it is unclear whether a data interval of 5 nm is optimal. While the CIE L*a*b* method, as described by the OIV, is popular in wine research, other versions of this method are used. Publications throughout the years have used data intervals of 1 nm, 2 nm or 10 nm for transmission measurements [16,17,18]. To evaluate this, an Analysis of Variance (ANOVA) and Bartletts test was used. No other requirements for technical parameters such as scan speed are given. It is not clear whether these photometer settings have an influence on the resolution, i.e., the ability to distinguish samples, and the reproducibility of the measurement.



Methods to assess wine color require expensive equipment as well as technical personnel to operate and maintain it in a laboratory environment. Therefore, a cheaper and easier, yet reliable, method to measure and calculate the color of wine is needed. In recent years, interest among wine producers in portable photometers has grown. Two basic modes of operation are available. The first mode of operation includes a broadband light source (e.g., white light LEDs, tungsten) and light dispersing elements such as prisms [19,20] and diffraction gratings [21], which are often combined with other optical elements, including lenses [20,22,23,24,25,26,27,28,29,30,31,32,33,34,35] or light guides [19]. This first mode of operation allows the capture of a complete transmission spectrum, though the optical elements required are expensive and must be aligned accurately. The second mode of operation uses a light source at a specific wavelength, such as a light emitting diode (LED) [36,37,38,39]. With this light source, an inexpensive light sensor, like a photodiode [37], -transistor [38] or -resistor [39] can be used. This second mode of operation is less costly, but such a photometer cannot be used to record a complete transmission spectrum, which is why it cannot be used for the CIE L*a*b* color calculation, as recommended by the OIV without further data processing. To calculate the CIE L*a*b*, coordinates from single wavelength measurements based on empirical methods are based on outdated standards, for example another standard observer or illuminant. Furthermore, these methods are not applicable in the same extent for every wine.



The overall objectives of this study are to specify technical parameters for reproducible wine color determination, to compare different methods for wine color determination, and to implement the CIE L*a*b* coordinate determination without expensive and bulky equipment. The first goal was to examine the influence of the photometer ‘data interval’, which must be set to record transmission spectra for the calculation of the CIE L*a*b* coordinates. Furthermore, the influence of the photometer setting ‘scan speed’ was investigated. The second goal was to determine whether the Glories and CIE L*a*b* systems are correlated, since both are commonly used and recommended. Older publications, which correlated the Glories method with the CIE L*a*b* color space, used the CIE 1931 2°-standard observer, the standard illuminant C or different pathways of cuvettes [17,40]. The current standard is the CIE 1964 10°-standard observer in combination with the standard illuminant D65, referred to a 10 mm pathway cuvette [12]. The third goal of this study was to develop a calculation method to determine CIE L*a*b* coordinates based on single wavelength transmission measurements instead of using a complete transmission spectrum. Approaches to derive CIE L*a*b* coordinates from these measurements were investigated either by direct correlation or by interpolation. For direct correlation, empirical methods after Ayala et al. [41] and Hardy et al. [42] were performed. Furthermore, different interpolation methods, namely Cubic splines and Lagrange and Sprague interpolation were investigated”. To reach the best approximation to the method according to the OIV, the calculated values were compared with data from the established laboratory method. The calculation methods were transferred to an inexpensive portable analysis system, which should allow portable on-site measurements.




2. Materials and Methods


2.1. Wines


The sample set consisted of 56 commercial red wines (Table S1) and 56 commercial white wines (Table S2). The red wines were produced from eight grape varieties, grown in eight countries during the vintages 2012 to 2021. The white wines were from six varieties, seven countries, and vintages from 2013 to 2021. Prices were between 5 and 20 €, a range considered average for wine on an international level [43,44]. The wines were selected to consider major wine producing countries [45], important grape varieties [46], and vintages that are currently available in the commercial wine trade, with the goal of representing the diversity of wine color.




2.2. Specification of Photometer Settings to Obtain CIE L*a*b* Coordinates


To specify technical parameters for wine color measurement, spectra from 300 to 900 nm of seven Merlot wines and seven Chardonnay wines were recorded with the data intervals of 0.5, 1, and 5 nm in combination with scan speeds of 100 and 1000 nm/min. Further technical parameters are given in Table S3. The red wines were measured in a 1 mm flow cuvette and the white wines in a 10 mm cuvette. To comply with the Lambert Beer law and with the recommendation of the CIE and OIV [7], the red wine spectra were corrected to a 10 mm pathway before CIE L*a*b* calculation. Triplicate measurements were conducted on a double beam photometer (V-730, JASCO, Tokyo, Japan). The CIE L*a*b* coordinates were extracted from the spectra between 380 and 780 nm in combination with the 10°-standard observer and D65 standard illuminant according to the CIE [7]. Experiments were repeated on another double beam photometer with a different monochromator and a different detector system (Varian Cary 100, Agilent, Santa Clara, CA, USA) but with comparable settings to investigate the influence of different photometers on the color calculation of wine.



The individual CIE L*a*b* coordinates of the seven wines of one grape variety were averaged, yielding the mean CIE L*a*b* coordinates for the grape variety (Equation (1)).


    L *  ¯  =   ∑  L i *   n  ,   a *  ¯  =   ∑  a i *   n  ,   b *  ¯  =   ∑  b i *   n   



(1)







For each wine, ΔE was then calculated from its individual CIE L*a*b* coordinates and the mean CIE L*a*b* coordinates for the variety (Equation (2)).


  Δ E =     (   L *  ¯  −  L i *  )  2  +   (   a *  ¯  −  a i *  )  2  +   (   b *  ¯  −  b i *  )  2     



(2)







To assess the influence of data interval and scan speed on the resolution, which is here the ability to distinguish wines by color, and to assess the reproducibility of measurements, the sum of squared deviations (SSD) was calculated for every repetition separately (Equation (3)). Subsequently, the mean SSD (n = 3) was calculated reflecting the ability to distinguish wines by color and the standard deviation reflects the reproducibility of the measurements (Equation (3)).


  S S D  (   Δ E  ¯  )  = ∑   ( Δ  E i  −   Δ E  ¯  )  2   



(3)








2.3. Comparison between CIE L*a*b* Color Space and Glories Color Measurement


Spectra from 300 to 900 nm of all 112 wines were recorded on a double beam photometer (V-730, JASCO, Tokyo, Japan) using a data interval of 1 nm in combination with a scan speed of 1000 nm/min. CIE L*a*b* coordinates were calculated, as described earlier. The 56 red wines were divided into two lots discriminated by their L*-values as light red wines (L* > 20, n = 22) and dark red wines (L* < 20, n = 34). The Glories absorbance values at wavelengths 420 nm, 520 nm and 620 nm were extracted from the same spectra used to calculate CIE L*a*b* coordinates. Data from these two systems was correlated using Spearman coefficients, and the comparison between the CIE L*a*b* color space and the Glories color measurement was visualized using heatmaps.




2.4. Portable Analysis System


2.4.1. Measurement Chamber


A portable analysis system, as described earlier [47], was used for transmission measurements to simplify the wine color determination. The measurement chamber (Figure 1) was 3D-printed in black acrylonitrile butadiene styrene (ABSplusTM, Stratasys GmbH, Frankfurt am Main, Germany). To avoid using optical filters or dispersing elements, LEDs of single wavelengths were integrated as the light source. Light was measured using a phototransistor. The measurement principle is based on the discharge of a capacitor by the photocurrent of the phototransistor, and the discharge time is correlated with light intensity and thus with the transmission of a sample. The in-detail description of the circuit was described earlier [47].



The LEDs and the phototransistor are placed in LED inserts by LED mounting clips (Figure 1(B1)). The circuit board is mounted in the bottom compartment of the measuring chamber (Figure 1(B2)).To perform transmission measurements, the LED is positioned opposite the light sensor. The sample is inserted into a cuvette in the middle of the measuring chamber between the light source and sensor. After the components and the sample has been inserted, the chamber is closed to avoid interference from ambient light (Figure 1(A1,A5)).




2.4.2. Data Recording


For interpolation of the transmission spectra of wine, LEDs with the required wavelengths were integrated into the system. An LED board with all required surface-mounted-device-LEDs (SMD-LEDs) was developed to avoid the installation and removal of LEDs during the measurement. The LEDs were controlled by the microcontroller via a shift register (Figure 2).



For 10 white wines and 10 red wines, measurement data obtained using the portable analysis system was correlated with corresponding transmission values from the laboratory photometer. This is important because of the varying sensitivity of the phototransistor at different wavelengths [48] and with this, the different correlations for the measured values with the portable analysis system and the laboratory photometer for different wavelengths. Subsequently, transmission values of the remaining white and red wines were calculated. Red wines were measured in a 4 mm glass cuvette, and white wines were measured in a 10 mm glass cuvette. Afterwards, the spectra of wine were interpolated, and CIE L*a*b* coordinates were calculated according to the OIV.




2.4.3. Data Processing of Single Wavelength Measurements to Retrieve CIE L*a*b* Coordinates


In one approach, transmission values at single wavelengths were used directly in the empirical formulae to predict the CIE L*a*b* coordinates. In another approach, the transmission spectra of wine samples were interpolated based on transmission values at single wavelengths. Completed spectra were then used to calculate CIE L*a*b* coordinates. To determine the accuracy of each method, ΔE was calculated between the predicted CIE L*a*b* coordinates and those calculated according to the OIV (Equation (4)).


  Δ E =     (  L  m e a s u r e d  *  −  L  p r e d i c t e d  *  )  2  +   (  a  m e a s u r e d  *  −  a  p r e d i c t e d  *  )  2  +   (  b  m e a s u r e d  *  −  b  p r e d i c t e d  *  )  2     



(4)







These investigations were performed for 56 red and 56 white wines. Spectra of all 112 wines were recorded on a double beam photometer (V-730, JASCO, Tokio, Japan) using a data interval of 1 nm in combination with a scan speed of 1000 nm/min.



Empirical Formulae to Calculate Wine Color


Two empirical formulae from Hardy et al. [42] and Ayala et al. [41] were compared. Both methods allow the calculation of CIE L*a*b* coordinates from transmission values at single wavelengths. Hardy et al. prescribed the balanced ordinates method, according to which the CIE XYZ color valances are calculated by four transmission values at 445 nm, 495 nm, 550 nm and 625 nm. These calculated color coordinates are related to the standard illuminant C and the 2°-standard observer as reference points. The method published by Ayala et al. is based on characteristic vector analysis, where CIE XYZ color valences are calculated from three transmission measurements at 440 nm, 530 nm and 600 nm. These color coordinates are related to the D65 standard illuminant, the 10°-standard observer, and a 2 mm path length. Both methods calculate the CIE XYZ color valances, which can be used to determine the CIE L*a*b coordinates [12].




Interpolation Methods


Three different interpolation methods were compared to generate complete transmission spectra subsequently used to calculate CIE L*a*b* coordinates. Interpolation according to Lagrange [49] delivers a polynomial with a degree of n − 1, where n is the number of supporting points. With the interpolation according to Sprague [50], polynomials of the fifth degree are calculated to describe the course of a function between two supporting points. Consequently, n − 1 polynomials are required to describe the function between n supporting points. For the calculation of the coefficients, data from outside the data set is needed, thus extrapolation of data is necessary. The interpolation with cubic splines [51] yields n − 1 polynomials of third grade. Like the interpolation according to Sprague, the function between two supporting points is described by this polynomial. For interpolation with cubic splines, two assumptions must be made due to double overdetermination of the equation system. In this case, the first derivation at the upper and lower bounds of reconstructed spectra were set to one for 380 nm and zero for 780 nm.




Selection of Supporting Points for Interpolation


Eight supporting points were chosen at extreme points, inflection points, and other points of interest in the transmission spectra of red and white wine (Figure 3) for interpolation.



The transmission spectra from red wine show a local maximum in the range of 400–440 nm, an inflection point in the range of 440–510 nm, a local minimum in the range of 510–560 nm, an inflection point in the range of 560–620 nm and a plateau in the range of 620–650 nm. To ensure the spectra were interpolated correctly between these ranges, supporting points were selected in these regions. Therefore, considering the commercial availability of LEDs, the transmission of wine samples was measured at the wavelengths 420 nm, 525 nm, 560 nm and 625 nm (Table 1 II, IV, V and VI). Because the distance between supporting point VI and the end of the spectrum is quite large and would likely cause errors, an additional supporting point was added in this range for greater accuracy of interpolated spectra (Table 1, VII). Lastly, supporting points at the upper and lower bounds of the transmission spectra were chosen, since the slope here varied from wine to wine (Figure 3 and Table 1, I and VIII). No additional LED was chosen between VII and VIII because the transmission in this region does not change from stable without any further points of interest.






2.5. Statistical Analysis


Calculations using the empirical methods and Lagrange interpolation were conducted in Excel (Microsoft, Redmond, WA, USA). Cubic splines and Sprague interpolation were implemented in MATLAB (R2020b, MathWorks, USA). To evaluate the normal distribution of data, the Shapiro-Wilk test was conducted in Origin (Pro) (2020b, OriginLab, USA), where H0 states that the data follows a normal distribution. To verify significance of the results, an ANOVA, where the H0 is accepted if there are no differences between the mean values of the observed factor, was conducted in combination with Tukey’s HSD post hoc test. Here, the H0 states that two observed means are equal. Both tests were also conducted in Origin(Pro) (2020b, OriginLab, USA). XLSTAT (2020, ADDINSOFT, France) was used for Bartlett’s test to verify the significance between variances. H0 is accepted, if the variances are equal. Correlation matrices depicting Spearman coefficients were programmed in Python using the pandas [52], numpy [53], matplotlib [54] and seaborn [55] libraries.





3. Results and Discussion


3.1. Influence of Photometer Settings on the Ability to Distinguish Wines and to Obtain Reproducible CIE L*a*b* Coordinates


For both photometers, H0 of the ANOVA and Tukey HSD test is accepted and therefore the setting of the data interval and scan speed did not significantly affect the mean SSD (ΔE). Regarding Bartlett’s test, H0 is rejected and the photometer settings have a significant impact on the variances of SSD(ΔE). Hence, the investigated photometer settings did not affect the ability to distinguish wines by the CIE L*a*b* coordinates of red and white wines (Figure 4 and Figure 5). However, a high data interval of 5 nm in red wine resulted in the lowest reproducibility. Accordingly, data intervals lower than 5 nm are recommended for the CIE L*a*b* measurement of red wines.



The investigation of data interval and scan speed on different photometers revealed similar mean SSD(ΔE) for red wines, but not for white wines. The different mean SSD(ΔE) between the photometers suggest that different devices have different sensitivities in their detector systems in the limit of detection area, as demonstrated for white wine with unsaturated color. For red wines, the mean sum of squared deviations showed only differences for an extremely low data interval of 0.5 nm. Depending on the machine and its detector system, an extremely low data interval could lead to increased noise, consequently reducing the ability to distinguish the wine color. Therefore, a data interval higher than 0.5 nm is recommended.



For red wines, the mean sum of squared deviations showed only differences for an extremely low data interval of 0.5 nm. Depending on the machine and its detector system, an extremely low data interval could lead to increased noise, consequently reducing the ability to distinguish the wine color. Therefore, a data interval higher than 0.5 nm is recommended.



As for the scan speed, no differences between 100 and 1000 nm/min could be observed. Overall, data recording with 1 nm data interval and the faster scan speed of 1000 nm/min is suggested to obtain the best results for CIE L*a*b* coordinates.




3.2. Correlation between CIE L*a*b* and Glories Method


After determining the specific photometer settings that yield reproducible CIE L*a*b* coordinates, the spectra of 56 red wines and 56 white wines were recorded to examine whether the CIE L*a*b* coordinates are comparable to Glories absorbance values. A good comparability between the two methods would prefer the Glories method over the CIE L*a*b* color space, since the Glories method does not require a complete transmission spectrum. The measured CIE L*a*b* coordinates and Glories parameters were correlated in a correlation matrix displaying the Spearman coefficient. For dark red wine, the CIE L*a*b* coordinates and Glories absorbance values show a strong negative correlation (Figure 6A(I)). Additionally, the L*a*b* coordinates correlate positively with itself (Figure 6A(II)) as well as the Glories absorbance values at wavelengths 420 nm, 520 nm and 620 nm (Figure 6A(III)).



A different observation was made for light red wine (Figure 6B). The coefficients in Figure 6B(I) are very low, indicating a weak correlation between the CIE L*a*b* coordinates and the Glories absorbance values. Furthermore, a weak correlation between the L*-, a*-, and b* coordinates was observed (Figure 6B(II)), while the Glories absorbance values demonstrate a strong positive correlation with each other (Figure 6B(III)).



Visualizing the Spearman coefficients for white wine, a strong negative correlation between the L* and b* coordinates and the Glories absorbance values was observed (Figure 6C(I)). However, the a*coordinate showed a weak correlation with all three Glories absorbance values (Figure 6C(I)). In white wine, the L*, and the b* coordinate correlated positively with each other (Figure 6C(II)). Furthermore, the a*, and the b* coordinate correlated positively with each other, but not the L* and a* coordinate (Figure 6C(II)). The Glories absorbance values, correlated well with each other (Figure 6C(III)). However, in white wine the absorbance at 620 nm was under the photometric accuracy and therefore could not be used in the correlation (Figure 6C(III)).



The observations demonstrate that the Glories and the CIE L*a*b* method can be used interchangeably for dark red wine, but not for white wine and light red wine. The Glories absorbance values in dark red, light red, and white wines correlated strongly among themselves, indicating a violation of Grassmann’s first law, which states that three independent parameters are needed to completely describe color. In dark red wines, the CIE L*a*b* coordinates correlate with each other as well, but since this is not the case in white wines and light red wines, it could be argued that the CIE L*a*b* coordinates are more independent than the Glories absorbance values. Therefore, the CIE L*a*b* color space is better suited for use in wine than color measurement, according to Glories.



Additionally, the Glories color measurement violates Grassmann’s first law in white wine because, without absorbance values at 620 nm, the remaining two absorbances at 420 and 520 nm cannot sufficiently describe color.




3.3. Simplification of Wine Color Measurement


Different empirical and interpolation methods were investigated to determine the color of wine using single wavelength transmission values measured using a laboratory photometer. For each wine, CIE L*a*b* coordinates were calculated from complete spectra and from spectra derived from single wavelength transmission values via empirical and interpolation methods. The accuracy of the derived CIE L*a*b* coordinates was determined by their ΔE in relation to the CIE L*a*b* coordinates calculated from the complete spectra (Figure 7).



For red wine, the lowest color difference between measured and predicted CIE L*a*b* coordinates was achieved using the interpolation via cubic splines. The method of Hardy et al. yielded the highest color difference for both red and white wine. Regardless of the method, the color difference for white wine was lower than for red wine. For white wine, using the method recommended by the OIV, the lowest deviation was attained by the interpolation of spectra according to Lagrange. In general, a color difference under 3 is not perceivable to the observer [56], but there are different data for the threshold value for visible color, ranging from 1 to 14 [57]. This suggests that differences between results obtained using these color determination methods and those from the official method of the OIV likely cannot be perceived by the observer, except for the method according to Hardy et al. for red wines. Therefore, the methods are suitable for the determination of wine color. Because the interpolation with cubic splines and interpolation according to Lagrange demonstrated the best results for red and white wine, these methods were integrated into the portable analysis system. The difference in color measured using this system and the color calculated using the OIV method was determined (Figure 8).



The Euclidean color distance determined by the portable analysis system was higher as compared to that determined by the laboratory photometer alone. To establish the interpolation methods, the required transmission values were extracted directly from the measured spectra. Therefore, the same data set was used for all color determination methods. For implementation into the portable analysis system, the measured data had to be correlated with the transmission at the laboratory photometer in an extra step to be suited for color determination. In contrast to the laboratory photometer, a 4 mm cuvette was used for the color calculation with the portable analysis system. It could be shown that the use of a cuvette with a longer pathlength leads to a greater deviation of the interpolated spectra from the spectra, recorded with the laboratory device (Figure 9). Therefore, an adapter for usage of 1 mm cuvette should be integrated.



The lowest Euclidean color distance, calculated with the portable analysis system from the color measured with the laboratory photometer for red wine resulted from interpolation with cubic splines, in agreement with the previously shown investigations. There is a total of 72% of the 46 red wines below ΔE of three. For white wine, all methods resulted in similar color differences, which were below a value of three. These findings indicate that wine color can be determined using a portable low-cost photometer by interpolation of transmission spectra, for the majority of the sample set closely approximating results from the laboratory photometer.





4. Conclusions


This study demonstrated the significant influence of the photometer settings data interval and scan speed on the reproducibility of measurements. The CIE L*a*b* coordinates were found to correlate with the Glories absorbance values in dark red wine (L* < 20), but not in white wine and light red wine (L* > 20). However, Glories absorbance values correlated with themselves in all three wine categories, which indicates a dependency between parameters in violation of Grassmann’s first law. The CIE L*a*b* color space is potentially more reliable for color calculation in wine, but further research is required to investigate which of the two systems correlate better with the human color perception. The calculation of CIE L*a*b* coordinates for wine color based on single wavelength measurements instead of complete transmission spectra is possible. The best results using a laboratory photometer were achieved using the cubic splines (for red wine) and Langrange (for white wine) methods of interpolation. Implementation of the portable analysis system resulted in a higher color difference between measured and predicted CIE L*a*b* coordinates. The determination of white wine color was more successful than in red wine. Furthermore, color determination could be improved using an adapter for a 1 mm cuvette in the portable analysis system. With this investigations, color inexpensive determination of wine is possible. The portable analysis system can be built with low-cost components for about 100€. In comparison to that, laboratory photometers are available from 1.000 to more than 10.000€ This color calculation is highly specialized on wine and cannot be performed with other matrices due to different maxima and minima throughout the spectra. Here, other supporting points are needed. Furthermore, color of sparkling wine or turbid samples cannot be determined due to light scattering. These samples have to be degassed or filtered. Therefore, these investigations could be focused on in future studies.
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Figure 1. CAD model of the measurement chamber of the portable analysis system. (A): Front view. (B): Bottom view. A1: Lid to cover inserted LEDs and phototransistor, A2: Socket for SMD-LED board. A3: Place for a 10 mm-cuvette, A4: light path from LED to phototransistor, A5: Cover for the measuring chamber, B1: Place for LED or phototransistor B2: Bottom compartment for storage of a microcontroller and the circuit board, and B3: Path for cables to connect inserted LED and phototransistor [47]. 
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Figure 2. (A) Developed LED board for color measurement with the portable analysis system. Eight SMD-LEDs with the needed wavelengths (Table 1) were placed in a circle (D1–D4). The required series resistors were connected (R1–R9). The LEDs were controlled by a shift register (U1). The board was developed in KiCAD (KiCAD version 5.1.9, Jean Pierre Charras, France). The LED board can be placed into the portable analysis system (B). 
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Figure 3. Transmission spectra of two red wines and two white wines to illustrate the choice of supporting points for color determination based on interpolation of transmission spectra. The position of supporting points is marked by numbers (I—VIII, Table 1). 
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Figure 4. Influence of the photometer settings data interval and scan speed on the CIE L*a*b* coordinates on the JASCO V-730 double beam photometer. The mean sum of squared deviations are shown with error bars (SD; n = 3; α = 0.05). 
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Figure 5. Influence of the photometer settings data interval and scan speed on the CIE L*a*b* coordinates on the Varian Cary 100 double beam photometer. The mean sum of squared deviation is shown with error bars (SD; n = 3; α = 0.05). 
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Figure 6. Correlation matrices depicting the Spearman coefficients for dark red wine ((A), n = 34), light red wine ((B), n = 22), and white wine ((C), n = 56). Evaluated were the correlations between CIE L*a*b* coordinates and Glories absorbance values at wavelengths 420 nm, 520 nm and 620 nm (A[420 nm], A[520 nm], A[620 nm]) (I), between L*, a*, and b* coordinates (II), and between Glories absorbance values (III). 
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Figure 7. Mean Euclidean color distance in the CIE L*a*b* color space based on different empirical methods and the reconstructed transmission spectra, determined by different interpolation approaches compared with the color determination method according to OIV [51]. Transmission data were measured with a laboratory photometer. Mean and 95% confidence interval of 56 red and 56 white wines are shown. 
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Figure 8. Mean Euclidean color distance in the CIE L*a*b* color space based on different empirical methods and the reconstructed transmission spectra, determined by different interpolation approaches compared with the color determination method according to OIV [51]. Transmission data were measured with a portable photometer and compared to data measured with the laboratory photometer. Mean and 95% confidence interval of 46 red and 46 white wines are shown. 
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Figure 9. Influence of pathlength of the cuvette on the interpolation of the transmission spectrum via cubic splines for a red wine. Measured was a Pinot Noir (2019) from Germany. The measured spectrum (solid line) and the interpolated spectrum (dashed line) for different pathlengths of glass cuvettes are shown. The spectrum was recorded with a 1 mm, 4 mm, and 10 mm glass cuvette. 






Figure 9. Influence of pathlength of the cuvette on the interpolation of the transmission spectrum via cubic splines for a red wine. Measured was a Pinot Noir (2019) from Germany. The measured spectrum (solid line) and the interpolated spectrum (dashed line) for different pathlengths of glass cuvettes are shown. The spectrum was recorded with a 1 mm, 4 mm, and 10 mm glass cuvette.



[image: Processes 10 02707 g009]







[image: Table] 





Table 1. Supporting points chosen in transmission spectra for color determination of red and white wine based on interpolation methods. Supporting points were chosen based on transmission spectra of red wine (Figure 3(I–VIII)).
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	Number
	Region
	Wavelength Region
	Wavelength of Commercially Available LED





	I
	Lower bound ultraviolet region
	380 nm
	380 nm



	II
	Local maximum
	400–440 nm
	420 nm



	III
	Gap filler 1
	440–510 nm
	460 nm



	IV
	Local minimum
	510–560 nm
	525 nm



	Î V
	Gap filler 1
	560–620 nm
	590 nm



	VI
	Strong increasing slope
	620–650 nm
	625 nm



	VII
	Gap filler 1
	650–775 nm
	675 nm



	VIII
	Edge infrared region
	780 nm
	775 nm







1 Gap fillers to bridge areas in transmission spectra.
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