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ABSTRACT 

BACKGROUND: Vacuum packed broccoli stems and florets were subjected to heat treatment (60 – 99 

°C) for various time intervals. The activity of peroxidase was measured after processing. Thermally 

processed samples were then stored at 4 °C for 35 days and the color of the samples were measured every 

7 days. Effects of parameters (heating temperature and duration, storage time) on the color of broccoli 

were modeled and simulated by artificial neural network. 

RESULTS: Simulations confirmed that stems were predicted to be more prone to changes than florets. 

More color loss was observed at longer processing or storage combinations. The simulations also 

confirmed that higher temperatures during heat processing could retard color changes during storage. For 

stems treated at 80 ºC for short durations, color loss was more predominant than both 65 and 99 ºC 

probably due to the incomplete inactivation of enzymes besides more tissue damage, with increased 

enzyme access to the substrate. 
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CONCLUSION: The greenness of both stems and florets during storage can be better preserved at higher 

temperatures (99 °C) and short times. The simulation results revealed that ANN method could be used as 

an effective tool for predicting and analyzing the color values of heat treated broccoli.  

Key words: artificial neural network (ANN), broccoli, color, thermal processing, optimization. 

 

INTRODUCTION 

Appearance is the first attribute that attracts the attention of consumers in choosing a product. 

One of the most important aspects of appearance, especially for fruits and vegetables, is the color of the 

product which should be within an acceptable range. If this is not the case, other quality factors such as 

flavor and texture will not come into consideration by consumers, thus leading to product rejection 1. In 

many situations, it is needed to process vegetables before their consumption i.e. heat treatment. The main 

purpose of heat treatment of vegetables is tenderizing the texture for consumption or inactivation of 

enzymes and removing air prior to freezing or canning 2. However, heat treatment could impose adverse 

effects on the color forming compounds in the product, exerting undesired changes in the appearance of 

the products. 

Compared to fruits which are consumed in their raw form, vegetables are processed prior to 

consumption 3. Broccoli has been considered as one of the main vegetables consumed all around the 

world 4. There have been research regarding the influence of different thermal processing on the 

nutritional quality of broccoli 5, 6. Among different thermal processing of vegetables, sous-vide processing 

has gained a special attention due to its advantages over other methods. In this process also known as 

vacuum cooking, the product is vacuum sealed in a heat-stable plastic bag and is subjected to 

conventional heating 7. Vacuum sealing has several advantages such as increased shelf life due to the 

elimination of the possible risk of contamination during storage, inhibition of the oxidation, prevention of 

the moisture loss, leakage of solutes into the heating medium, and evaporation of flavor volatile 8. The 

green color of plants is mainly caused by the presence of Chlorophyll (a and b) pigments 9. One of the 

factors causing chlorophyll degradation is heat treatment 10, therefore, in designing thermal processes, this 

issue should be taken into account. Hence the aim of the thermal processes is usually to combine the 

maximum reduction in the activity of enzymes with minimum thermal degradation of chlorophyll. 

Inactivation of the most heat stable enzyme is used as an indicator of blanching adequacy in food 
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products. Peroxidase has been considered as the most stable enzyme during thermal processes in 

vegetables, therefore it has been used as a blanching indicator 11. 

It is important to predict the color changes of products during storage for different purposes 

including shelf life estimation and storage conditions optimization. One of the widely used methods for 

modeling color changes during thermal processes is the kinetic approach 2, 12, 13. In this approach, 

experimental data are fitted to a model (usually fractional first order kinetic model in the case of color 

change) and the constants (usually rate constant) are calculated. The relationship between the rate 

constant with the studied variables (usually temperature) is investigated and a package could be 

introduced for predicting the variables during processing. This method is only applicable when the kinetic 

rate constant is a function of one variable. In the case of multiple variables this method would not be 

sufficient to predict the color change behavior. Artificial neural networks (ANN) is a modeling and 

prediction technique that can be used to study the effects of processing parameters on the properties of 

food products 14. This technique has gained its importance in the food industry due to its ability to model 

complex relationships between processing variables. Furthermore, this technique has been successfully 

applied to model the kinetics of color changes during processes such as drying and dehydration 15-17. The 

main difference between this method and other modeling techniques is that ANN method learns from a 

set of given data and finds the complex and non-linear relationship between the inputs (independent 

variables) and outputs (dependent variables). Then an appropriate network of mathematical functions is 

given to predict the outputs for the input values. This modeling technique could be valuable to predict 

complex relationships between food quality and factors affecting the properties of the product that cannot 

be usually analyzed effectively by other methods 18.  

The kinetics of broccoli color changes during thermal processing has been studied previously by 

Tijskens, et al. (2001). However, there is no information in the literature regarding the color changes of 

thermally processed broccoli stem and floret during storage. Moreover, in most studies the broccoli 

samples were subjected to the heating medium directly, which may cause oxidation (for hot air treatment) 

or leakage of coloring substances (in the case of water bath treatment). Therefore, the purpose of this 

research was to study the behavior of color changes during cold storage of vacuum packed broccoli stem 

and floret processed at various temperatures and durations, as well as, to evaluate the possibility of 

predicting the color of foregoing samples by the application of artificial neural networks with a more 

practical and industrial point of view. The overall outcome of this research can be used in industrial 
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applications for controlling the process conditions in order to maintain the quality of processed broccoli 

stem and florets. 

 

EXPERIMENTAL 

Materials 

Broccoli (Brassica oleraceae L. cv. Italica) was supplied by Bama Storkjøkken Stavanger, 

Ålgård (One day after harvest they were processed). Dipotassium phosphate (K2HPO4), monopotassium 

phosphate (KH2PO4), hydrogen peroxide (30%), and guaiacol (99.5%) were purchased from Merck 

(Germany).  

Sample preparation 

Florets and stems were separated and cut into pieces with the diameter of 4-5 cm and length of 

3-5 cm, respectively. Then, all samples were vacuum-packed at 95% vacuum (38 mmHg) by FH-S 

Webomatic Vacuum packaging machine (Bochum, Germany) in Sous-Vide plastic pouches (20 µm 

polyamide inside layer and 70 µm polyethylene outside layer, O2 permeability: 45 cm3 (m2 d bar)-1) with 

the size of 15×15 cm. The mass of sample in each package was in the range of 25-30 g. Samples were 

kept cold (4 °C) throughout the preparation stage until they were processed. 

Thermal processing 

Vacuum-packed samples were subjected to heat treatment in a water bath (Lauda E200, Lauda-

Königshofen, Germany) at various combinations of time-temperature. Then, they were taken out from the 

water bath at each time step and immediately submerged in the ice and water mixture. After cooling, 

samples were stored at 4 °C and were analyzed for color at different periods. Three replicates for each 

combinations of time-temperatures were carried out. 

The surface temperature of the samples was measured by placing a mini logger (TrackSense Pro 

Mini-Wireless Data Loggers, Ellab AS, Hilleroed, Denmark) on the surface of vacuum packed samples. 

The time (lag phase) needed for the surface temperature of a sample to reach to the processing 

temperature was excluded form processing time calculations. 

Color Measurement 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
Hunter parameters of a* and b* were measured for broccoli sample by a digital photo imaging 

color-measuring system (DigiEye full system, VeriVide Ltd., Leicester, UK). The samples were placed in 

a standardized light-box with daylight (6500 K) and photographed with a calibrated digital camera (Nikon 

D80, 35mm lens, Nikon Corp., Japan). The pictures were analyzed with DigiPix software (VeriVide Ltd., 

Leicester, UK) and the color was quantified. L* describes the products lightness (L* = 100 = white, and 

L* = 0 = black), a* describes the intensity of color on the red–green axis (a*> 0 = red, and a* < 0 = 

green) and b* the intensity of color on the yellow–blue axis (b* > 0 = yellow, and b* < 0 = blue). Some 

researchers have reported the ratio of a to b (a / b) for monitoring the changes in chlorophyll content for 

canned green peas 19 and can green beans 20. This method has also been employed for reporting the 

greenness of broccoli 2, 21, 22 which is an indicator of visual color in green vegetables. Therefore, in this 

study, the greenness of broccoli samples was reported by the normalized ratio of a to b as follow: 

ܽ∗ܾ∗ = (ܾܽ)(ܽ଴ܾ଴)																																																	(1) 

where, a*/b* is the normalized ratio of a to b. a0 and b0 represent the initial color values of broccoli before 

processing. 

Peroxidase activity analysis 

Buffer solution was prepared according to Morales et al. (2002). Briefly, for 0.1 M phosphate buffer with 

a pH value of 6.5, the solutions of 1M dipotassium phosphate (K2HPO4) and monopotassium phosphate 

(KH2PO4) were prepared separately by mixing 174.18 g K2HPO4 and 136.09 g KH2PO4 with distilled 

water, respectively, until the volume reached to 1 L for each solution. Then, 32.95 and 67.05 mL of 1M 

K2HPO4 and KH2PO4 solutions were combined, respectively and diluted to 1 L by distilled water. 

Substrate solution was prepared daily by mixing 0.1 mL H2O2 (30%), 0.1 mL guaiacol (99.5%), and 99.8 

mL potassium phosphate buffer (0.1 M, pH=6.5). 

Broccoli samples were cut into small pieces. Distilled water was added (1:4 w/w) and the mixture was 

homogenized to obtain the juice. The juice was filtered to remove solid particles, and subsequently 

centrifuged (18000 g, Rotina 420 R, Hettich centrifugen, Germany) for 30 min at 4 °C to eliminate the 

remaining turbidity. For measuring the initial activity of enzyme extract, the resulting supernatants were 
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mixed with 0.1M potassium phosphate buffer (4°C) with the ratio of 1.5:25 (v/v).  The final ratio of 

broccoli to phosphate buffer was 1.5:100 as was proposed by Morales et al. (2002).  

Peroxidase activity of broccoli juice was measured according to the method described by 

Morales et al. (2002), and Hermeda and Klein (1990). In a glass tube, 0.12 mL of enzymatic extract was 

added to 3.48 mL of substrate solution and mixed with a vortex. Then, the absorbance was measured at 

470 nm for 2 min, using a spectrophotometer (UVmini-1240 -UV-VIS Spectrophotometer, Shimadzu, 

Japan) by blank (mixture of 0.12 mL distilled water with 3.48 mL substrate solution). The activity of 

enzyme was recorded based on the ΔA/min (A = absorbance at 470 nm). The ratio of enzyme activity 

(A/A0, A = after heat treatment, A0 = before heat treatment) was expressed for the effect of thermal 

process on the inactivation of enzyme. 

For inactivation study of enzyme, 0.6 mL of the supernatants was poured into a glass reagent 

tube with a diameter of 4 mm before mixing with phosphate buffer solution. The tubes were immersed 

into the water bath at various combinations of time-temperature. For each time-temperature point, at least 

two replicates were carried out. Immediately after heat treatment, tubes were immersed into a mixture of 

ice and water. The treated extracts were mixed with potassium phosphate buffer with the mentioned 

proportion before measuring the activity. 

Artificial neural networks (ANNs) modeling 

The data of 108 experimental runs were used for developing the ANN. The independent 

variables were process temperature (°C), process duration (min) and storage time (day) and the output 

variable was broccoli color (a*/b*). The combination of process temperature-duration and storage time is 

shown in table 1. For each combination, 3 replications were investigated. 70, 15, and 15 % of the data 

were randomly selected for training, cross-validation, and testing, respectively. Multilayer perceptron 

(MLP) ANNs (Fig. 1) were used for modeling broccoli color. Various number of neurons (1 to 30) in the 

hidden layer were investigated in order to find the best ANN for predicting the color of stem and floret. 

Levenberg-Marquardt (LV) back propagation (BP) was selected as the training algorithm of the ANNs. 

The applied transfer functions in the hidden and output layers were Tangent-Sigmoid (tansig) and linear, 

respectively. To evaluate the goodness of fit for each topology of ANN, two statistical error criteria 

namely coefficient of determination (R2) and root mean square error (RMSE) were taken into account: 
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ܴଶ = 1 − ∑ ൫ݕ௣௥௘௜ − ௘௫௣௜ݕ ൯ଶே௜ୀଵ∑ ൫ݕ௣௥௘௜ − ത൯ଶே௜ୀଵݕ 																																			(2) 
ܧܵܯܴ = ඨ1ܰ෍ ൫ݕ௣௥௘௜ − ௘௫௣௜ݕ ൯ଶே௜ୀଵ 																									(3) 
where, ypre and yexp represent the predicted and experimental outputs, respectively. ӯ indicates the average 

of experimental output. N is the total number of experimental runs. ANN modeling was carried out by 

MATLAB (version 2013a, MathWorks, Massachusetts, United States) software. 

RESULTS AND DISCUSSION 

The results of heating process temperature and time on the color of broccoli stems and florets are 

shown in Fig.2. As can be seen in Fig. 2, at the beginning of the heat treatment, the color of the samples 

increased slightly and then a decreasing trend was observed.  

Initial increase in the greenness of the samples at the early stage of processing has also been 

observed and explained by other researchers. Mackinney and Weast (1940) and Woolfe (1979) attributed 

this behavior of green vegetables to the removal of air from the space between the cells and around the 

tiny hairs present on the surface. By increasing the temperature (to 99 °C), the initial increase in the 

greenness became larger compared to lower temperatures (60 °C) (Fig. 2). Similar results were obtained 

by Tijskens et al. (2001). This could be explained by the higher rate of evaporation at the surface of the 

broccoli samples at higher temperatures, associated with higher removal rates of air. 

 

After about 39 minutes of processing at 60 °C, the visual greenness of stems and florets dropped 

to 50% of their initial values. With further increase in the process duration, the green color of the samples 

was significantly reduced. This observation indicated that processing at 60 °C should be conducted at 

durations shorter than 40 minutes. After 35 minutes of processing at 80°C, the greenness of broccoli 

stems and florets reached to 50 % of their initial value and at 99 °C this happened after 15 minutes. The 

change from 80 °C to 99 °C was sharper, probably because, in the latter, the temperature was close to the 

boiling point of water. 
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The change in the color of processed samples during cold storage (4 ºC) is shown in Figure 3. A 

decreasing trend was observed for all samples. As mentioned before, for every temperature, different 

samples were obtained at different time steps and each sample was stored at refrigerated temperature and 

was analyzed during the storage.  

Samples processed at 60 °C, lost their greenness rapidly during the first 10 days of storage with 

a very slow rate afterwards, except for samples processed at a shorter duration (< 2 min) (Fig. 3). This 

observation might be due to the fact that processing at longer durations would cause the integrity of cell 

structures to be destroyed. Therefore, the non-inactivated enzymes at 60 °C (table 2), would have a better 

access to chlorophyll, resulting in its degradation and accelerated loss of color. As shown in Table 2, the 

activity of the enzymes could not be inhibited at 60 °C even after longer treatment times. Another 

hypothesis explaining this observation can be the enzymatic browning phenomenon. This reaction occurs 

with the oxidation of phenolic compounds by polyphenol oxidase (PPO) 27. Ansorena et al. (2014) 

reported the browning potential of minimally processed broccoli during storage. They used a hurdle 

technology (heat, ultrasound, citric acid) to retain the visual (color), nutritional and microbiological 

quality of broccoli samples during storage. According to their results, heating (50 °C) time had a positive 

effect on the browning potential of broccoli samples. The wound-inducing effect of thermal process may 

result in an increase in the phenylalanine ammonia lyase enzyme which is involved in the production of 

major phenolic compounds 28. These compounds can be subjected to oxidation process by PPO and 

subsequently, browning substances are produced. 

 

At higher processing temperatures (80 and 99 °C) the changes in the color of the samples was 

linear throughout the storage period, probably owing to the absence of enzymatic activity in these 

samples after processing, as confirmed by the enzymatic activity analysis results (Table 2). According to 

the residual greenness after storage for 35 days at 4 °C, samples treated at 99 °C for durations shorter 

than 7 minutes gave a better result than processing at 80 °C for all studied process durations. Therefore, 

the best process conditions in terms of final residual color can be heating at 99 °C for a duration of 

maximum 7 minutes depending on the desired goal. However, it should be noted that if in addition to the 

inactivation of enzymes, the purpose of heating is to reach to a specific texture or nutritional value, 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
further analysis is necessary to find the optimum condition. However, investigations for finding those 

optimum conditions is recommended to be carried out at higher temperatures (> 80 °C). 

ANN modeling 

As stated in the introduction section, the use of kinetic approaches for modeling the color 

changes in broccoli samples was a challenging issue due to the complexity of the problem. Because, the 

rate constant of kinetic models for modeling the color change during storage was not only dependent on 

the processing temperature, but it was also dependent on the processing duration. Preliminary 

investigations (data are not shown) revealed that it is very difficult to find a suitable relationship between 

the rate constant and processing temperature and duration by using kinetic methods for both stem and 

floret and a rough prediction was obtained for all cases. Therefore, because of the capability of artificial 

neural networks method in modeling the processes in which there are complex relationships between 

processing variables, this modeling and simulation technique was applied to predict the color of thermally 

processed broccoli samples at different times during storage. The prediction model was considered to be 

dependent on both processing temperature and duration. 

In order to obtain the best ANN for predicting the color of stems and florets, 108 experimental 

runs with their corresponding color values were analyzed with various number of neurons in the hidden 

layer. Starting from 1 to 10 neurons, the investigation was carried out for this purpose. Therefore, 10 

different networks, each containing different numbers of neurons in the hidden layer (1 to 10 neurons), 

were analyzed. The outcome of each ANN was evaluated based on R2 and RMSE. It should be noted that 

the result of each specific ANN would not be constant if repeated. For example, if we get a specific result 

by training a set of data with an ANN containing 10 neurons in the hidden layer, we would not 

necessarily get the same result if we repeat the training of the same data with the same ANN. This is due 

to the fact that the initial conditions vary for each software run and the program randomly selects and 

divides the data for each part of ANN development procedures including training, cross-validation, and 

testing. Accordingly, for getting more accurate results in the step of finding the best number of neurons in 

the hidden layer, it is better to repeat the software run several times for each ANN and report the average 

of replicates. For this reason, the development of ANN with various number of neurons in the hidden 

layer was repeated 10 times for each ANN and the average R2 and RMSE was reported (Fig. 4). For both 

stem and Floret, 6 neurons in the hidden layer gave the best results and shaped the optimal network. 
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Moreover, for stem, there was no large difference between performance of ANNs containing more than 4 

neurons in the hidden layer. This is valid for floret among ANNs containing more than one neuron in the 

hidden layer. Comparison between experimental and predicted color values by the optimal network is 

presented in Fig. 5.  

 

In order to examine the ability of optimal ANN obtained for stems and florets for predicting new 

data, or in other words, unseen data, 102 experimental runs were simulated by the optimal ANN. The 

simulated color values of stems and florets were compared with the data obtained by experiments (Fig. 6) 

and a relatively high correlation coefficient for both stems and florets was obtained indicating the 

capability of the model to simulate the color of broccoli samples. Other researchers have also stated the 

ability of ANN in prediction of food color change during processing 15, 29. 

 

The obtained ANN was employed to simulate a wider range of processing parameters. 

Simulation results shown in Figure 7 can be used for optimization and process design purposes, as the 

contours could give practical and useful information in this regard. First of all, Fig. 7 shows that the color 

changes in florets and stems were different. Stems were predicted to be more prone to changes than 

florets probably because of smaller surface area of the samples. Secondly, for all temperatures, more 

color loss was observed at longer processing or storage combinations, as confirmed by the diagonal 

pattern of the contours.  Despite a similar pattern for color change at different temperatures, the extent of 

color change was totally different and different behaviors could be detected. At lower temperatures, 

process-storage time lines tend to be concave shaped but by increasing the temperature they were changed 

to linear or convex patterns. This observation confirmed that at higher temperatures color could be better 

preserved as the enzymes were inactivated effectively. The contours also confirmed that higher 

temperatures during heat processing could retard color changes during storage. For stems treated at 80 ºC 

for short durations, color loss was more predominant than both 65 and 99 ºC at the final stages of storage. 

This might be due to the incomplete inactivation of enzymes at these conditions (Table 2) beside more 

tissue damage than the samples treated at 65 ºC, that could increase the enzyme access to the substrate. 

CONCLUSION 
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Temperatures higher than 80 °C gave a better result in preserving the color of broccoli stems and 

florets during storage. This was mainly due to adequacy of these conditions to inactivate the enzymes. 

Moreover, the results of enzyme activity revealed that the adequacy of blanching can be obtained easily at 

temperatures higher that 80°C. Therefore, in thermal processing of broccoli, higher temperatures are 

preferred in terms of color retention during storage. The result of modeling the changes of color by ANN 

revealed that this technique can be used as an effective tool in predicting the color of broccoli processed 

at different temperatures (60 – 99 °C) and durations at any time during storage. This observation can be 

an important matter, especially for industrial purposes in which the control of process conditions is a 

crucial task. 
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Table 1. The combination of process temperature-duration and storage time which were taken into 

account in the experimental design. 

  Process Temperature (ºC) 

60 80 99 

Process Duration (min) 1.57 - 79.57 0.34 - 54.34 1 - 44 

Storage Time (Day) 0 - 35   0 - 35   0 - 35 

 

 

  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
Table 2. Peroxidase activity in broccoli samples (average and standard error) processed at various 

temperatures and durations.  

60 (°C)   80 (°C)   99 (°C) 

Time 

(min) 
Activity (A/A0) Time (min) Activity (A/A0) Time (min) Activity (A/A0) 

2 0.975 ± 0.000 1 0.384 ± 0.000 
 

1 0.000 ± 0.000 

10 0.856 ± 0.000 7 0.000 ± 0.000 
 

3 0.000 ± 0.000 

20 0.728 ± 0.002 15 0.000 ± 0.000 
 

7 0.000 ± 0.000 

40 0.526 ± 0.001 25 0.000 ± 0.000 
 

14 0.000 ± 0.000 

60 0.380 ± 0.000 34 0.000 ± 0.000 
 

24 0.000 ± 0.000 

80 0.275 ± 0.001   55 0.000 ± 0.000 
 

44 0.000 ± 0.000 
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Fig. 2. Effect of processing temperature and time on the color (average a*/b* and standard error) of broccoli 

stem and floret. 

 

 

 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e 0 10 20 30 40
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30 40
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

60 °C

 

 

a*
/b

* 
(S

te
m

)

Time (Day)

 1.57 min
 9.57 min
 19.57 min
 39.57 min
 59.57 min
 79.57 min

60 °C

 

 

a*
/b

* 
(F

lo
re

t)

T ime (Day)

 1.57 min
 9.57 min
 19.57 min
 39.57 min
 59.57 min
 79.57 min

 

0 10 20 30 40

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30 40
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

80 °C

 

 

a*
/b

* 
(S

te
m

)

Time (Day)

 0.34 min
 6.34 min
 14.34 min
 24.34 min
 34.34 min
 54.34 min

80 °C

 

 

a*
/b

* 
(F

lo
re

t)

Time (Day)

 0.34 min
 6.34 min
 14.34 min
 24.34 min
 34.34 min
 54.34 min

 

0 10 20 30 40

-0.6

-0.4

-0.2
0.0

0.2

0.4

0.6

0.8
1.0

1.2

1.4

1.6
1.8

0 10 20 30 40

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

99 °C

 

 

a*
/b

* 
(F

lo
re

t)

Time (Day)

 1 min
 3 min
 7 min
 14 min
 24 min
 44 min

 

 

a*
/b

* 
(S

te
m

)

T ime (Day)

 1 min
 3 min
 7 min
 14 min
 24 min
 44 min

99 °C

 

Fig. 3. The change in the greenness of vacuum packed broccoli stem and floret processed at various 
temperatures (°C) and durations (min) during storage (Day) at 4 °C. 
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Fig. 4. Average and standard error results of 10 software runs for obtaining the best number of neurons in the 

hidden layer of feed-forward back propagation ANN with tangent-sigmoid and linear transfer function in hidden 

and output layer, respectively. 
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Fig. 5. Comparison between predicted values of a*/b* obtained by the best ANN topology and experimental 
values used for constructing ANN. 
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Fig. 6. Comparison between simulated values of a*/b* obtained by the best ANN topology and unseen 
experimental values during testing step. 
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Fig. 7. Simulated color change of broccoli stem and floret during storage which have been processed at various 

temperatures and heating durations. 
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