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Abstract 
 
Thermal treatments can diminish the quality of products affecting its sensorial and 
nutritional characteristics if these are not kept to the minimal necessary. This study 
evaluates the dependence in temperature of the inactivation of pectinesterase (PE), 
ascorbic acid degradation, color changes and cooked flavor development (CFD) in 
mango puree and nectar. Differences obtained in z values for PE and CFD allows 
the optimization of thermal treatments in mango products. 
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Introduction 
 
Among tropical fruits, mango it’s one of the most popular fruits in Mexico because of 
its particular taste, aromatic and nutritive qualities (high content in vitamin A, B and 
C) [1]. Mango harvest in Mexico is such abundant, that it’s world ranked in the third 
position with 1.46 millions of tons per year. Nevertheless there are big losses on 
mango harvest because it’s a perishable fruit. Among mango products, Mexico 
produces purees, jams, juices and nectars, a drink containing 25- 40% of the fruit 
pulp or puree. 
 
Thermal treatments it’s one of the most common technologies for fruit products 
because it extends shelf-life. Most of the times, with the application of this 
technology, the products are over-processed in order to guarantee microbiological 
stability, therefore nutritional values and some sensory characteristics (taste, color, 
odor and consistency) are diminished. The latest is a big disadvantage to 
consumers, since new consumption tendencies are focused to eat fresh-like and 
nutritive products [2]. 
 
Food engineers concerned about fruit quality during thermal treatments work to 
optimize pasteurization processes of fruits, studying heat transfer and kinetic 
changes focusing in the dependence of temperature on the degradation of nutritional 
attributes, inactivation of deteriorative microorganisms and enzymes [3]. 
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Materials and Methods 
 
Mango var. Ataulfo was washed, peeled and the core was removed. Edible portion of 
the fruit was pulped and homogenized (Speed-Trol, Stering Electric) in order to 
obtain mango puree. Mango nectar was adjusted to contain 40% of mango puree, 
13,0 °Bx and a titrable acidity of 0,24% (citric acid). 
 
Thermal treatments were done using a heating bath (Imperial IV, Lab-line, U. S. A.), 
merging tube glasses containing 10ml of the mango product. Thermal treatments 
were applied at 75, 80, 85 or 88 °C as long as the PE was inactivated. Temperature 
development was registered using thermo couples positioned at the center of the 
tube glasses. When the thermal treatment was finished, the samples were cooled 
with ice. 
 
Physicochemical properties were measured and ascorbic acid (AA) was determined 
by 967.21 AOAC method. Pectinesterase (PE) activity (meq / min ml) was measured 
by the static pH method described by Argaiz [4]. Color parameters (Lh, Hue and ∆E) 
were determined with a colorimeter Colorgard System / 05 (Gardener Lab., U. K.) in 
the Hunter Lab scale. The cooked flavor development (CFD) was analyzed applying 
R-index test with trained judges [5] using tables of two tails with α=0,05.  
 
 
Results and Discussion 
 
Inactivation of the PE on mango puree and nectar for each thermal treatment 
showed a first order kinetic, as it is presented on Figure 1. PE activity followed an 
important diminish at the beginning of the process slowing down with the time. This 
behavior suggests the presence of isoenzymes in these mango products. The 
inactivation constants (k) obtained were of 0,0909 – 0,4151 min-1 for mango puree 
and 0,0869-0,300 min-1 for mango nectar. These values are similar to the ones 
obtained by Argaiz [4] for papaya puree and nectar. The inactivation constants in 
mango nectar were lower than in mango puree, the reason could be because of 
sucrose concentration which stabilizes the structure of the enzyme therefore, 
increasing the resistance to thermal inactivation. D and z values of the treated 
mango products are presented in Table 1. The CUT for each trial of treatments are 
considered for the calculus of D values. The z values obtained for PE in puree and 
mango nectar were of 19,3 °C and 22,4 °C respectively while Argaiz and Lopez-Malo 
[6] reported z values of 10,5 °C and 11.1 °C for mango puree and nectar respectively 
when studying thermal treatments with mango var.  Manila. 
 
 
Table 1. D and z values for the inactivation of PE in mango products with thermal treatments 
 

 D (min) z (°C) 

Temperature (°C) 75 80 85 88  

Puree 24,6 14,1 6,9 5,5 19,3 

Nectar 27,0 18,3 8,9 7,7 22,4 
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Figure 1. PE inactivation kinetics by thermal treatment at 75°C, in mango (●) puree and (▲) nectar 
 
 
 
AA diminish during thermal treatments was better adjusted to a first order kinetic, 
showing the decrease of AA content as the temperature of thermal treatment 
increased. In Figure 2 are presented the kinetics of AA degradation in both mango 
products during thermal treatments. In mango puree k values varied from 0,0056 – 
0,0272 min-1 for 75 °C and 88 °C respectively, meanwhile, in mango nectar the 
obtained k values were of 0,128 and 0,0354 min-1 at the same temperatures (Table 
2). In mango puree AA degradation was more affected by thermal treatments than in 
nectar puree since z values were 21,19°C and 28,33°C respectively. 
 
 
Table 2. k values for ascorbic acid degradation by thermal treatments in mango products 
 

Temperature thermal 
treatment (°C) 

Mango puree Mango nectar 

75 0,0056 0,0128 

80 0,0070 0,0181 

85 0,0096 0,0299 

88 0,0272 0,0354 

 
 
 
Color degradation in parameters H and ∆E followed a cero order kinetic, while Lh 
degradation was better described by a first order kinetic. In Table 2, k (min-1) values 
for mango puree demonstrates few changes among the studied temperature 
treatments while in mango nectar, color parameters degradation was more evident.  
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Figure 2. First order kinetic of ascorbic acid degradation by thermal treatments in mango puree (A) 
and nectar (B)., where  (●)75°C, (▲) 80°C, (■) 85°C and (×) 88°C 
 
 
Table 2. k (min-1) values for color parameters degradation of mango products with thermal treatments 
 

Puree 
 

Nectar Treatment  
temperature (°C) 

 
Lh H ∆E Lh H ∆E 

75 0,0038 0,3046 0,2707 0,0012 0,0815 0,0758 

80 0,0039 0,3496 0,2877 0,0013 0,1062 0,1029 

85 0,0040 0,3469 0,3178 0,0015 0,1131 0,1022 

88 0,0041 0,3717 0,3190 0,0017 0,1386 0,1257 
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The diminish in the color parameter Lh during thermal treatments in both mango 
products can be due to non-enzymatic browning reactions since mango has a high 
content of carbohydrates and amino acids. 
 
Trained judges evaluated the different thermal treatments applied to mango 
products, for all the studied temperatures and with different time of residence. They 
got familiarized with the cooked flavor of mango products usually pasteurized and 
fresh mango puree and nectar, in order to detect differences between the treated 
mango products. This kind of test determines the probability (α=0,05) to identify 
differences between samples by the judges, calculating the R-index as described by 
O’Mahony, [5]. To determine the kinetic of the cooked developed flavor (CDF) in 
mango products, two different times of the thermal treatments were chosen for each 
temperature, one of them was the minimum time at which the judges could detect 
the CDF and the other one was the maximum time at which CDF was not detected 
by the judges. With a linear regression of the log time of these two selected 
treatments for each temperature, z values were obtained for both mango products. 
Results demonstrated that mango nectar’s flavor is easily affected by temperature in 
comparison to mango puree since z value for mango nectar was of 22,03°C and 
30,86°C for mango puree. 
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Figure 3. Cooked flavor development by thermal treatments in mango (-) puree and (▲) nectar 

 
 
 
Conclusions 
 
The inactivation of PE and AA degradation were described by a first order kinetic 
when subjected to thermal treatments (75 – 88 °C). The z values obtained for PE in 
puree and mango nectar were of 19,3 °C and 22,4 °C respectively. The k values 
obtained for the AA degradation are proportional with the increase of temperature, 
obtaining lower values for mango puree in comparison with mango nectar. Color 
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parameters changes demonstrated that mango puree was more affected in ∆E than 
mango nectar. And the CFD resulted in z values of 30,86 °C and 22,00 °C for mango 
puree and nectar respectively. 
 
Results in this study demonstrated that optimization of thermal treatments in mango 
products, in order to maintain good sensory qualities, can be achieved controlling PE 
inactivation, taking into account the minimum diminish of ascorbic acid content and 
fresh-like flavor. 
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1. Abstract 

Whey fat concentration was related to light sidescatter or transmission using a fiber optic 
spectrometer (300-1100 nm). Whey samples (0-0.9% fat) were analyzed for light sidescatter and light 
transmission at different distances. Normalized spectral response versus whey fat concentration 
followed a power function for both light sidescatter and transmission. The results suggest that optical 
on-line measurement of whey fat is technically feasible.  
Key words: On-line sensor, process control, fiber optic, fat concentration, whey.  
 
 
2. Introduction 
 Process control and automation in food industry increases yield, homogeneity and quality of 
final products, improves process optimization and saves raw materials, waste disposal and energy (1). 
Improved automation requires the development of suitable sensors for characterizing the properties of 
liquid foods such as dairy products. Fiber optic sensors capitalize on the miniature size of 
optoelectronic components (optical fibers, microprocessors, etc), the small light penetration distances 
into liquid food materials and the robustness of new data acquisition systems. Several important 
applications of fiber optic sensors technology have been developed for dairy industry and cheese 
manufacturing. Acid- and rennet-induced milk coagulation has been monitored using optical fiber 
sensors to predict cutting time (2) (3) and clotting time (4) in both cows� and goats� milk. Similar types 
of sensors are been developed to detect transitions from water to product as they flow thought the 
pipelines during liquid food processing (5). Cheese manufacturing consists of a coagulation step which 
converts milk into a gel, a cutting step which cuts the gel into small pieces, and a syneresis step in 
which the coagulum water (whey) weeps out of the pieces (6). Whey separation is promoted by 
applying mechanical and/or thermal treatment. At the end of the syneresis, the two-phase mixture 
consists of approximately 10-20% curd and 80-90% whey. The curd is separated from the whey and 
further processed into cheese. The final curd moisture content depends on pH, syneresis duration and 
mechanical/thermal treatments applied (7). Rate and extent of syneresis regulate the moisture, mineral 
and lactose content of the curd, which in turn affects cheese ripening (7) (8) and subsequently the final 
cheese pH, texture and flavor. There are currently no sensors available for monitoring curd syneresis. 
A sensor technology that is able to control curd moisture content would have a large impact on cheese 
manufacturing worldwide in terms of product quality, consistency and production efficiency. Two recent 
developments suggested that syneresis control is feasible. It has been shown that fat content of whey 
changes during the syneresis process follows a logarithmic response (9) and that small quantities of 
milk fat (0.05 to 0.2 %) are detectable using an optical fiber sensor in the transmission mode (1). Then, 
successful development of a technology for syneresis control will require three developments. The first 
required development is a sensor technology to measure low fat concentrations in whey. The second 
required development is characterizing the fat dispersion in whey as a function of syneresis kinetics. 
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The third required development is predicting the curd moisture as a function of whey fat concentration 
at time t. The goal of this work was the development of a reliable sensor technology capable of 
measuring low fat concentration in whey and detecting small changes in fat concentration during curd 
syneresis.   
 
 
3. Materials and Methods  
 
3.1. Experimental design and data analysis 

During this experiment, three different batches of industrial goats� cheese whey were collected 
from La Algodonera Cheese Plant (Manuel Vivancos Navarro, Alhama de Murcia, Spain) and their fat 
content was determined. Part of the whey was skimmed and combined in different proportions with the 
remaining raw whey to obtain whey samples with a wide range of low fat concentrations (0.00, 0.15, 
0.30, 0.45, 0.60, 0.75 and 0.90 wt %). Three series of fat dilutions were prepared from each batch (3 
replications). A prototype-sampling cell was designed for measuring sidescatter (at 90 degrees) or 
transmission. It was used in combination with a dual spectrophotometer and optical fibers. The 
spectral data were analyzed to determine if waveband ratios were accurately correlated to whey fat 
concentration. The backscatter and transmission spectra were divided into 50 nm wavebands with 
mid-wavelengths of 375, 425, 475, 525, 575, 625, 675, 725, 775, 825, 875, 925, 975, and 1025 and 
the response averaged. Thus, each normalized spectral scan was reduced to 14 averages. Ratios 
were calculated by dividing the response at one waveband by another for all tests. All ratio 
combinations were calculated and simultaneously tested using REG procedure of the Statistical 
Analysis System (SAS, 1999) to determine the 13 ratios with the higher R2 using the following model: 
 

[ ]Log Fat Ratio= +α α1 2 log   
 
 
3.2. Sample preparation 

Goats� cheese whey was collected from industrial manufacturing of �Ripened Murcia Cheese�. 
Goats� milk was pasteurized at 72-75°C for 15 s and CaCl2 was added to the milk (0.3 mL kg-1) to re-
establish the levels of colloidal calcium phosphate. A mesophilic lactic culture (Streptococcus 
thermophilus, Lactococcus lactis spp. lactis y L. lactis spp. cremoris) supplied by Chr. Hansen 
(CHN22, Chr. Hasen S.A., Madrid, Spain) was added to the milk as a pre-acidifying agent. After 20 
min (pH ∼6.4), gelation was induced by adding 0.3 mL kg-1 of calf rennet (80% chymosin; 144.5 IMCU 
mL-1) supplied by Caglio Star España S.A (Murcia, Spain). After cutting the gel, the mix of curd and 
whey was stirred for 40 min. During this time a smooth increase of temperature from 30 to 38ºC was 
typical. After curd cooking process, mix of curd and whey was poured through nylon cheesecloth (1 
mm2 pores) that was placed over a stainless steel whey drainer used to remove casein fines from the 
whey. The drained whey was collected into an aluminium large pitcher and transported to our 
installations within the first 30 minutes after pouring. Five-litre batches of whey were collected each 
testing day. Whey batches were sampled and fat concentration of each batch was determined three 
times by the Gerber method (Standard: FIL-IDF, 152A, 1997). The average of the three measurements 
was reported as the batch fat concentration. Then, batches were split into two parts. One portion was 
used as fat source while the other portion was skimmed. The skim whey was obtained by 
centrifugation (4000 rpm for 15 min) and subsequent filtration (Whatman, Cat No: 1006 110, 2.5 µm 
of pore diameter). Fat concentration of skim whey obtained was measured (3 reps) to confirm that fat 
concentration was less than 0.05%. Batch fat concentration was used to calculate mixture proportions 
of skim and raw whey to obtain 50 g samples. Skim and raw whey were then used to reconstitute 
whey samples with the desired fat level. Using skim whey instead of de-ionised water to dilute the 
whole whey allowed keeping constant the signal background.  

 
3.3. Optical configuration and normalized response 
  Optical response as a function of whey fat concentration was investigated using a dual 
miniature fiber optic spectrometer (model S2000, Ocean optics, Inc., Dunedin, FL, USA) constituted of 
master and slave units. The master unit had a 25 µm slit, a 300-lines/mm diffraction grating with a 
range of 300 to 2000 nm and a detection bandwidth of 200 to 1100 nm. The slave unit had a 100 µm 
slit, a 300 lines/mm with a range 300 to 2000 nm, a L2 lens and a detection bandwidth of 300 to 1100 
nm. The units were equipped with a 2048-pixel linear CCD-array silicon detector (Sony ILX 511, 
Tokyo, Japan) with a response range of 200 to 1100 nm (optimum detection performance between 
220-1000 nm) and a sensitivity of 86 photons per count at 1 s integration time. The light source used 

(1)
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was a tungsten halogen light source (LS-1, Ocean Optics, Inc.) with spectral range of 360 nm to 2 µm 
(limited to 360-1100 nm due to the spectral response of the detector). Light source, master and slave 
units were connected on the corresponding configuration by using optical fiber probes and cables 
manufactured by the University of Kentucky and Reflectronics Inc. (KY, USA) using 400 and 600 µm 
diameter fibers (Spectran Specialty Optics, Avon, CN, USA). Light entered the optical fiber and was 
transmitted to the spectrometer. Once in the spectrometer, a spherical mirror collimated the divergent 
light emerging from the optical fiber and the grating diffracted the collimated light. The diffracted light 
was focused and projected by a second spherical mirror onto the linear CCD array. It sent an analog 
signal (stream of voltage levels proportional to the light intensity that hits each detector pixel) that was 
converted to a 12-bit digital value by an analog to digital conversion board (ACD500, Ocean Optics, 
Inc.). The integration time was set (5 to 15 000 ms) by the computer software (OOIBase, Version 1.5, 
Ocean Optics, Inc.) according to the light intensity. Lower light intensity required longer integration 
times. The software calculated automatically each spectral scan, S(λ), by dividing the intensities at 
each wavelength by the integration time (normalized intensities, bits s-1). The sampling cell consisted 
of a 40 mL cylindrical black plastic base with three 2.54 cm diameter holes bored at 90° angle and  
180°. A black plastic cap avoided external light interferences. A series of calibration rod spacers were 
used to adjust the distance between the fiber optic probes. Figure 1 shows a configuration used to 
measure light transmission and sidescatter. 

Section A-A

A A

Light source

Miniature dual 
spectrometer

Sample Cell

600 µm fiber 
optic cable

400 µm fiber 
optic probe

600 µm fiber 
optic probe

400 µm fiber 
optic probe

Slave

Master

Cap

Calibration rod 
spacer

 

Fig. 1. Schematic diagram of measuring system configured for measuring of transmission and sidescatter (90°). 
 
3.4. Calculation of normalized spectral scans 
 Normalized spectral scan, SN(λ) for both light transmission and light sidescatter configurations 
were calculated according to the following equation: 
 

)()()( λλλ DN SSS −=  
 
where SD(λ) was the dark spectral scan taken with the halogen light source off.   

 4. Results and Discussion 
The typical normalized sidescatter spectral scan as a function of fat concentration is shown in 

Fig. 2a, and the typical normalized transmission spectral scan is shown in Fig. 2b. In both cases, the 
maximum intensity was observed between 500-700 nm. Our results agreed with (5) who tested the 
optical response for light wavelengths between 400 and 950 nm as a function of water dilution in milk 
and milkfat concentration in milk using a fiber optic backscatter sensor. They observed that optical 
response was largest within the range 500-800 nm. Light transmission through skim milk containing 
0.05 to 0.21% milkfat were measured for different distances (1). They found that the maximum 

 (2)
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normalized intensity appeared to occur between 700-750 nm for all separation distances. Fig. 2a 
shows that backscatter response intensity was proportional to fat concentration. Accordingly, Fig. 2b 
shows that transmission intensity decrease as fat concentration increases. 
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Fig. 2. Typical normalized sidescatter (a) and transmission (b) spectral scan as a function of fat concentration. 

 
 

A power law function was found to model both sidescatter and transmission profiles as shown 
in Fig. 3.  
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Fig. 3. Normalized optical response at 625 nm as a function of whey fat concentration (x). •,Sidescatter; I(S) ▪, 
Transmission, I(T).  Data plotted was for the entire data set (N = 57).  Skim whey with measured fat concentration 
< 0.05% was assumed to contain 0.043% whey fat which was within the measurement precision of the analytical 
method for measuring fat concentration. 
 
 

 (a) 

 (b) 
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 An ideal optical system for measuring whey fat concentration should not respond to the 
changing chemical composition during syneresis, batch-to-batch, and temperature differences. The 
use of optical waveband ratios provides normalization benefits for this application and the effect of 
background changes in the response is minimized. Since the normalized optical response as a 
function of fat concentration followed a power law for all ratios, the ratio between the normalized 
optical responses at two different wavelengths should also follow a power law function. The 
normalized spectral scans for sidescatter and transmission were analyzed using Eqn. 1 to investigate 
if a signal ratio could be determined that could be used to accurately measure whey fat concentration. 
Table 1 shows 13 selected ratios having the higher R2.   
 
 
Table 1. The best 13 fits of experimental optical response (sidescatter and transmission) as a function of fat 
concentration to eqn. 1. Codes starting with S account for sidescatter configuration. Subscripts represent the 
wavebands divided to calculate the ratios.  
 

 
 
Table 1 shows 13 regressions for sidescatter waveband ratios. This suggests that 

transmission ratios are not as precise as sidescatter ratios for measurement of low fat concentration in 
whey. The ratio denominators wavebands more frequently selected were 975 nm (S375/975, S425/975, 
S525/975 and S625/975), 925 nm (S375/925, SS775/925 and S625/925) and 875 nm (S375/875 and S775/875) while the 
more frequent ratio numerator wavebands were 375 nm (S375/975, S375/925, S375/1025, S375/875), 925 nm 
(S925/725, S925/675), 775 nm (S775/925, S775/875) and 625 (S625/975, S625/925). Crofcheck et al. (2000) (1), 
observed that the best milkfat concentration prediction equation using a ratio of the normalized 
intensities at two wavelengths corresponded to the ratio between the normalized intensity at 900 and 
at 950 nm (slope = -5.23; intercept + 3.17; R2 = 0.7714).  

 
The data in Table 1 shows slopes from -31.5 to 15.8. Slopes nearest to +1 or -1 show 

balanced response between the numerator and denominator. The ratio S375/975 had the highest R2 
(0.976) and a slope of -4.79 and may have potential for measuring low levels of whey fat 
concentration. On the other hand, it was observed that, plots of waveband ratios as a function of whey 
fat appeared to follow a first order response with an initial offset. Thus, the following model shown as 
Eqn. 3 was also regressed against the 13 waveband ratios as listed in Table1 to predict whey fat: 

 
][

21
3 FateRatio ααα −+=  

 
where α1, α2 and  α3 were constants and α1 was the initial offset. The waveband ratio S375/975 had an 
R2 of 0.9813 and a CV of 9.15%. Fig. 4 showed the prediction of whey fat concentration from different 
batches and replications by Eqn. 3 for waveband ratio S375/975. These results show that use of optical 
waveband ratios for light sidescatter may have potential for measuring low concentrations of fat (0-
0.9%) in cheese whey during syneresis.  

Order Ratio Equation Equation Waveband Waveband
Code R Squared Intercept Slope Numerator Denominator

1 S 375/975 0.9756 -0.96 -4.79 375 975
2 S 925/725 0.9727 11.82 15.81 925 725
3 S 375/925 0.9725 -2.18 -4.69 375 925
4 S 925/675 0.9724 9.85 11.44 925 675
5 S 775/925 0.9715 13.75 -23.27 775 925
6 S 375/1025 0.9709 0.00 -6.03 375 1025
7 S 425/975 0.9703 0.95 -4.53 425 975
8 S 975/575 0.9702 9.19 7.64 975 575
9 S 375/875 0.9696 -3.37 -4.93 375 875

10 S 525/975 0.9696 7.04 -6.25 525 975
11 S 625/975 0.9695 11.28 -9.43 625 975
12 S 625/925 0.9694 8.46 -9.09 625 925
13 S 775/875 0.9691 11.75 -31.49 775 875

  (3) 
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Fig. 4. Prediction of whey fat concentration as a function of the sidescatter ratio S375/975 using Eqn. 3. Regression 
coefficients used for the prediction were: (α1 = 0.57, α2 = 0.64, α3 = 2.75). N = 57. 
 
5. Conclusions 

Normalized spectral sidescatter and transmission response versus whey fat concentration 
were observed to follow a power law function. The best regressions using a power law model 
contained numerator wavebands of 975, 925 and 875 and denominator wavebands from 375 to 925. 
The analysis of the slopes showed that slopes decreased with increasing numerator wavelength. The 
highest sensitivity to fat levels concentration, which corresponded to a slope of ∼4 was observed for 
numerator wavebands of 375 and 425. A first order model was fit to the light sidescatter waveband 
ratios. The sidescatter waveband ratio, S375/975, estimated the whey fat concentration with an R2 of 
0.9813 and a CV of 9.15%. These results suggest that an optical fiber sensor based on the 
measurement of sidescatter waveband ratios could function to measure whey fat in the range 0-0.9% 
during syneresis. Such a sensor may have potential for syneresis process control.  
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1. Abstract 

A dual miniature spectrometer connected by optical fibers to a sampling cell was configured to 
measure light sidescatter (300 and 1100 nm). Industrial whey samples were obtained at different times 
after coagulum cutting and normalized spectral sidescatter response versus whey fat concentration 
was measured. Results confirmed that dispersion of fat into the whey during syneresis followed a first 
order kinetic, which could be useful for on line control of curd moisture content.  
Key words: On-line sensors, process control, fiber optic, fat concentration, whey, syneresis kinetics.  
 
 
2. Introduction 

The process of cheese making contains an enzymatic coagulation step, which converts the 
milk into a coagulum (1)(2). The coagulation step ends with the cutting of the coagulum into small 
pieces. The syneresis step allows the water in the coagulum to weep out forming a liquid (whey) and a 
solid (curd). The subsequent separation of whey and curd grains is called whey drainage (3). After 
curd drainage, curd (about 10% of the mass) is further processed into a cheese product. A 
complementary whey drainage step takes place during moulding and pressing. The whey (mainly 
water and soluble compounds such as minerals, lactose, soluble proteins) constitutes the cheese-
making by-product. Last step of cheese processing is curd ripening. Curd transforms into ripened 
cheese due to enzymatic degradation of chemical compounds. Curd is populated with 
microorganisms, which produce enzymes that transform the main curd compounds (lactose 
fermentation, lipolysis and proteolysis). All these biochemical reactions intensely modify the 
organoleptic curd characteristics (texture, color, aroma and taste). Since ripening is a consequence of 
the enzymes action on curd compounds, all factors affecting microorganisms� growth, enzyme 
production and/or enzymatic activity strongly impact this process (4). Water activity (aw) is the most 
important factor affecting microbial growth and enzyme action. A decrease of aw diminishes the 
enzymatic activity and microbial growth rate. In cheeses, aw is determined by two essential factors: 
water content and mineral content (both basically dependant on syneresis and whey drainage). The 
correlation coefficient between the curd water content and aw was found to be +0.836 (4). Curd 
moisture content is, then, a critical ripening factor (Fig. 1). The less whey drained before ripening the 
more moisture and aw in the curd and the faster the ripening proceeds and vice versa. Another 
significant factor affecting ripening is curd pH, which depends on mineral and lactose content. But the 
mineral and lactose content depend on the extent of whey drained. Many cheese defects are a 
consequence of a high aw. A better control of the syneresis process would lead to a more consistent 
aw, a more consistent concentration of minerals and lactose and a more consistent curd pH. This will 
modulate the biochemical reactions during curd ripening allowing a better control of this operation, 
which will result in an improvement of the final cheese homogeneity and quality. 

 



ICEF9-2003  
International Conference Engineering and Food 

 2

Rate and extent of syneresis

Curd water content Curd mineral content Curd lactose content

Microroganism growth

Enzyme production Enzyme activity

pH

RipeningCheese water content

Texture Aroma TasteColor

Quality Consistency Profits  
 

Fig. 1. Consequences of rate and extent of syneresis in terms of economics and product quality  
 
The methods for estimating syneresis were classified by (6) as follow: a) measuring the curd 

shrinkage; b) measuring the whey expelled from the curd; c) determining the total solids concentration 
of curd; d) determining the density of the curd grains. Several authors have investigated kinetics of 
syneresis and most of them claimed that syneresis is described by first-order kinetics (7) (8) (9) (10). 
The release of protein, fat, lactose and minerals into the whey was also demonstrated to follow first-
order kinetics (9). Control of the syneresis process is a key step for increasing the curd yield and 
improving cheese quality (5). The status of syneresis is currently not measured during cheese 
production and thus results in variation in the curd moisture content. An automation technology that 
would help the cheese manufacturers control moisture content would have a very important effect on 
cheese manufacturing in terms of economics and product consistency. Successful development of a 
fiber optic sensor for syneresis control will require three developments. The first required development 
is a sensor technology to measure low fat concentrations in whey. Recently, a sensor technology has 
been developed to measure low whey fat concentration (11). The second required development is 
characterizing the fat dispersion into whey as a function of syneresis kinetics. The third required 
development is predicting the curd moisture as a function of fat whey concentration at time t. The goal 
of this work was to: a) characterize the kinetic of fat dispersion in whey during syneresis and; b) 
validate the optical method proposed by (11) to measure low fat whey concentration. 

 
 

3. Materials and Methods  
 
3.1. Sample preparation 

Each testing day, twelve samples of industrial goats� cheese whey were collected at different 
times from La Algodonera Cheese Plant (Manuel Vivancos Navarro, Alhama de Murcia, Spain) during 
manufacturing of �Ripened Murcia Cheese�. The experiment was performed during three different days 
(three batches). Goats� milk was pasteurized at 72-75°C for 15 s and CaCl2 was added to the milk (0.3 
mL kg-1) to re-establish the levels of colloidal calcium phosphate. A mesophilic lactic culture 
(Streptococcus thermophilus, Lactococcus lactis spp. lactis y L. lactis spp. cremoris) supplied by Chr. 
Hansen (CHN22, Chr. Hasen S.A., Madrid, Spain) was added to the milk as a pre-acidifying agent. 
After 20 min (pH ∼6.4), gelation was induced by adding 0.3 mL kg-1 of calf rennet (80% chymosin; 
144.5 IMCU mL-1) supplied by Caglio Star España S.A (Murcia, Spain). Once the gel was cut, the mix 
of curd and whey was slightly cooked with continuous stirring by increasing the temperature at a rate 
of ∼0.2ºC per min. Twelve 100 mL whey samples were collected from the surface of the vat at different 
times from cutting (2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 30, 45 min) using sterile plastic containers. The 
whey samples were transported in a portable isothermal cooler and were processed in the lab on the 
same day of collection. The whey samples where poured into a nylon cheesecloth (1 mm2 pores), in 
order to remove the casein fines from the whey. Each sample was warmed at room temperature 
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(∼25ºC), stirred and split in two aliquots. One aliquot was used to measure (in duplicate) fat 
concentration by Gerber method (Standard:  FIL-IDF, 152A, 1997) while the second aliquot was used 
to measure the normalized sidescatter spectral scan in order to estimate the fat concentration of the 
samples.  

 
3.2. Optical measurement of fat concentration 
  Whey fat concentration was measured by the optical method proposed by (11) (Fig. 2). These 
authors calibrated a dual miniature fiber optic spectrometer, which was configured in sidescatter mode 
(90°; fiber optic sensors spaced apart using a 6 mm diameter calibration rod spacer) to measure whey 
fat concentration in the range 0.0 to 0.9% fat. For calibration, they fitted by non linear regression (SAS, 
1999) the measured fat concentration values (Gerber method) to the following equation:  
 

][
21975/375

3 FateS ααα −+=  
 
where S375/975 was the sidescatter ratio (as defined by 11) calculated by dividing the normalized 
sidescatter intensity at 375 nm by the normalized sidescatter intensity at 975 nm, and α1, α2, and α3, 
were the calibration coefficients having values of 0.57, 0.64, and 2.75, respectively. Rearranging Eqn. 
1 and solving for [Fat], yielded the following expression: 
 

)ln(1][ 975/37532
1

SFat ββ
β

−−=  

 
where the calibration coefficients β1, β2 and β3 were 2.75, -0.90, and -1.57, respectively. Fat content of 
each whey sample was predicted by substituting the corresponding measured S375/975 ratio in Eqn. 2. 

Section A-A
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AA

 
Fig. 2.  Schematic diagram of measuring configuration used for determining fat concentration in whey by 
sidescatter at 90°. 

 
3.3. Measurement of the sidescatter ratio S375/975 

The dual optical spectrometer (model S2000, Ocean optics, Inc., Dunedin, FL, USA) and the 
sampling cell were used as described by (11). The software automatically calculated each spectral 
scan, S(λ), by dividing the intensities at each wavelength by the integration time (normalized 
intensities, bits s-1). Each spectral scan taken for the respective whey sample, S(λ), was processed to 
obtain a normalized response, SN(λ). SN(λ) were calculated according to the following equation: 

 
)()()( λλλ DN SSS −=  

 
where SD(λ) was the dark spectral scan taken with the halogen light source off. Normalized spectral 
scans were divided into 50 nm wavebands with mid-wavelengths of 375 to 1025 and the response 

(3)

 (2)

 (1)
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averaged. The sidescatter ratio S375/975 was calculated by dividing the response at waveband 375 nm 
by the response at waveband 975nm.  
 
3.4 Kinetic of fat dispersion into the whey during syneresis 
 The dispersion of fat globules into the whey being released from the curd was assumed to 
follow a first order kinetic equation as suggested by (9). Whey samples that had been collected at 
different times from gel cutting were analysed by the Gerber method to determine the variation of fat 
concentration with time during industrial syneresis process. Kinetic data corresponding to each of the 
three days of testing (batches 1, 2 and 3, respectively) were processed separately and the kinetic rate 
constant of the process determined by fitting the experimental fat concentration data to the following 
first order equation: 
 

kteFatFatFatFat −
∞∞ −+= )][]([][][ 0  

  
where k was the kinetic syneresis rate constant (min-1), t was time after cutting the gel (min), [Fat]0 was 
fat concentration at time t = 0, and [Fat]∞ was the asymptotic whey fat concentration. 
 

4. Results and Discussion 
 During industrial manufacturing of goats� cheese, kinetic data corresponding to fat globules 
dispersion into the whey were found to follow a first order kinetic, as shown in Fig. 3. Kinetic 
parameters characterizing this process are shown in table 1. Kinetic constant values, k, were in the 
order of magnitude 10-2, in agreement with (9). As expected, there were differences between batches 
due to dissimilar progress of the syneresis phase of cheese making. It was attributed to differences on 
initial milk composition between batches and, especially, to small differences in processing conditions 
between days.  
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Fig. 3. Fit of measured change of whey fat concentration during syneresis to a first order kinetic model (Eqn. 4). 
Data obtained during three different manufacturing processes of �Ripened Murcia Cheese�. Fat concentration 
determined by Gerber method.    
 
 

Table 1. Kinetic parameters for the dispersion of curd fat into whey during syneresis 
step of goats� milk cheese manufacturing. a 

Batch number [Fat]0 (%) [Fat]∞ (%) k (min-1) R2 
1 1.19 0.66 0.072 0.90 
2 1.70 1.02 0.116 0.89 
3 2.14 1.12 0.089 0.94 

aParameters obtained by non linear fit of measured fat concentration (Gerber method) 
to Eqn. 4. 

 

 (4)
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Our results were in agreement with those results reported by (9) who claimed that release of 
fat globules from curd, during syneresis step of lab-scale goats� cheese manufacturing fitted a first 
order equation. These authors studied the changes in concentration of protein, lactose, and fat and 
observed that, in fact, most of the fat globules were liberated from curd into the whey at the moment of 
cutting and/or during the first minutes of stirring. Then, it was not surprising that fat concentration 
decreased exponentially with time, since whey was expelled from the curd following a first order 
reaction kinetic during syneresis. Main interest in these results is for its usefulness as a base for the 
development of an on-line optical sensor technology for monitoring and control of syneresis. A sensor 
able to measure the low fat concentration changes in whey may provide information that could be used 
to stop the cooking process at the desired curd moisture content. 

 
The fat concentration data measured by Gerber method were used to validate the optical fat 

measurement method proposed by (11). Eqn. 2 was used to predict the actual fat concentration of 
each sample by using the ratio S375/975 as an optical predictor parameter. As shown in Fig. 4, an 
accurate prediction (CV = 6.34%) only was possible with experimental data corresponding to batch 
number one. For batches two and three, most of the data points yielded a negative value for the term 
(β2-β3⋅S375/975) where the function �ln� does not exit. Typically, it occurred more often with data points 
corresponding to higher values of fat concentration. Fig. 4 also shows (▲) those few values from 
batches two and three that yielded a prediction value. These points were out of the calibration range 
and yielded non-accurate fat concentration prediction values. For that reason, a re-calibration of the 
measurement system were made by fitting Eqn. 2 to the measured fat concentration data. Fig. 5. 
shows that Eqn. 2 allowed to estimate whey fat concentration corresponding to the three experimental 
batches with a R2 of 0.94% and a CV of 6.48% (CV value similar to the observed in Fig. 4 for batch 
one). As it could be also observed in Figs. 4 and 5, calibration parameters obtained were reasonably 
similar to those observed by (11) on a laboratorial scale.     
 

 
  

Fig. 4. Prediction of whey fat concentration using the 
sidescatter ratio S375/975 and Eqn. 2, as suggested by 
(11). The regression coefficients used corresponded to 
β1 = 2.75, β2 = -0.90, β3 = -1.57 (11). [PFat], predicted 
fat, [MFat], measured fat. R2 and CV values 
corresponded exclusively to the prediction of fat 
concentration for batch number one (•). Only those 
data point from batches two and three that allowed to 
obtain a prediction value (▲) were plotted. 
 

 

Fig. 5. Fit of measured fat concentration to the 
theoretical data calculated by the sidescatter ratio 
S375/975 and Eqn. 2. The regression coefficients were  
β1 = 1.96, β2 = -0.94, β3 = -1.78. 

These results confirmed that sidescatter ratio S375/975 and Eqn. 2 are able to predict whey fat 
concentration levels in the range 0-2%. It also suggested that presence of other whey components 
such as soluble proteins, lactose, and ash, within their typical concentration ranges, do not interfere 
with the actual ratio values. This fat concentration measurement method may provide on-line sensor 
technology for measuring the kinetic rate of fat dispersion into the whey, which could allow to control 
curd moisture content during cheese making.   
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5. Conclusions 
 Our results shows that dispersion of fat globules into the whey after cutting the gel, with 
continuous stirring, and at industrial level, follows a first order reaction. This study also confirmed that 
a fiber optic technology was able to measure whey fat concentration and detected the small changes 
of fat concentration observed during syneresis. These two findings suggested that the development of 
an on-line sensor technology for control the syneresis step of cheese making, based on the 
measurement of the sidescatter ratio S375/975, could be feasible.      
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Abstract 

The Simplex method has been used to determine the value of process parameters, mixing duration 
and mixer rotation speed, that lead to a product with desired sensory characteristics at the end of the 
chopping step during the manufacture of meat emulsion. These characteristics are evaluated as a 
global index called chopping degree (CD). It is calculated using the theory of fuzzy sets on the basis of 
a temperature measurement and four sensory evaluations made close to the line by operators.  

Keywords 

Optimisation – simplex – sensory measurement – meat emulsion – chopping  

1. Introduction 

Sensory characteristics of food products are essential for consumers: it is a challenge for firms to 
provide products with desired sensory properties. Four components are classically encountered in the 
problem of processing optimisation: 

1. a performance function that represents the characteristic that must be targeted, maximised or 
minimised, for instance. The determination of a performance function raises problems: some 
food product properties are very difficult to quantify during food manufacture (1). Information 
captions are affected by the scarcity of suitable on-line sensors (2). It is well recognised today 
that human knowledge is widely used as a tool for evaluating the quality of food products by 
replacing sensors. In previous works, a method that fits with the formalization of human 
measurements made at-line was described (3). In this paper, the performance function is 
based on this kind of measurement, called “sensory indicator”; 

2. action variables: process parameters or formulation. In this paper we focus on this 
determination of processing conditions; 

3. constraints imposed to the system; 

4. an optimisation method. Various optimisation strategies exist: 

• indirect approaches that rely on a model; 

• direct methods: these sequential approaches are judicious since the intermediary stages 
are themselves solutions. Stopping the method is performed on the basis of criteria such as 
the maximum number of trials or closeness of the sample in comparison with the reference. 
Among them, the Simplex method proposed by Spendley et al. (4) and the modified Simplex 
methods do not require a mathematical model that links independent variables and the 
dependant variable. It is of particular interest as sensory data are difficult to model (5). 

The aim of the present investigation is to determine processing conditions using the Simplex method 
and human measurements on the product that lead to a product with desired characteristics. The 
study is carried out on the chopping step during the manufacture of meat emulsion. The action 
variables used are emulsification process parameters: mixing duration and mixer rotation speed.  

2. Materials and methods 

2.1 Materials and process 

Pork lean meat and backfat were frozen separately at –20 °C for 3 days prior to use. They were 
thawed at 4 °C for 24 h. The emulsification equipment consisted of a 30 L chopper (CDH, France) 
equipped with a temperature control system composed of a double jacket vat and a water-bath at a 
fixed temperature (18 °C). At the beginning of the trial, all the raw materials (cf. Table 1) were 
premixed in the bowl (1 min-500 rpm; 1 min-1000 rpm). The Simplex algorithm then determined 
emulsification duration and speed. 
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Materials Lean meat Fat Ice Polyphosphate Salt Seasoning Colouring 
(carmine) 

Weight (g) 1 000 1 000 600 60 50 40 3 
% (w/w) 36.3 36.3 21.8 2.2 1.8 1.5 0.1 

Table 1: Formulae of meat emulsions 

2.2 Collection, formalization and processing of the at-line sensory measurements 

2.2.1 Collection and formalization 

Expert knowledge was collected during two sessions using the method described in (3). The expert is 
an operator that has carried out chopping for about twenty years. The formal description proposed for 
the “sensory indicators” is made up of a definition, operating conditions, a measurement scale with 
anchorage points on the scale, the sampling locations and the time of the measurement, i.e. the step 
in the process when the measurement must be performed. The collected sensory indicators are used 
to classify the product at the end of the chopping step: the operator assesses a global variable called 
“chopping degree” (CD) from the combination of the sensory indicators and an instrumental 
measurement (cf. Figure 1). We recorded and formalised these combinations during direct 
observations and interviews with the operator.  

Figure 1: Optimisation of the chopping process based on human measurements 
and the Simplex algorithm 

2.2.2 Processing of the expertise 

The expertise was processed using fuzzy logic.  

2.2.2.1 Fuzzy membership function 
A fuzzy membership function links a numeric variable NV to a linguistic variable LV. Figure 2 gives the 
membership functions for four sensory indicators “fat particle size”, “firmness”, “homogeneity” and 
“adhesiveness”. A membership function is defined as the set of the membership grade of NV to LV. 
For instance, for the “fat particle size”, the numerical value 1.5 is associated with the linguistic variable 
“large” having a membership grade of 0.5 (µlarge (FPS)=0.5), with the linguistic variable “medium” 
having a membership grade of 0.5 (µmed (FPS)=0.5) and with the linguistic variable “small” having a 
membership grade of 0 (µsmall (FPS)=0). These functions stem from discussion with the expert. 

  

  

Figure 2: Membership functions of sensory indicators 
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2.2.2.2 Calculation of the chopping degree 
The calculation of the chopping degree was developed using logical equations that rely on the inputs 
and outputs of a system in a symbolic way (6). Here, the inputs are sensory indicators and an 
instrumental measurement, the temperature at the end of the chopping operation while the output is 
the chopping degree. Table 2 gives a simplified example of logical equations with two sensory 
indicators: for instance, a product that presents a firmness assessed as “firm” and a fat particle size 
assessed as “medium” has a chopping degree of 4.  
 

Firmness 
Fat particle size 

Soft (FIR soft) Firm (FIR firm) 

Large (FPS lar) Equation E11 
CD = 1 

Equation E23 
CD = 3 

Medium (FPS med) Equation E32 
CD = 2 

Equation E44 
CD = 4 

Table 2: Combinations between Fat Particle Size and Firmness 

An activated grade αEij is associated to each equation Eij where i is the number of the equation and j 
is the conclusion of the rule. For example, E32 is the third equation and its conclusion is “chopping 
degree equals 2”. αEij is the product of the membership grades of the variables associated to Eij. For 
instance, in the case of Table 2:  

softlar11 FIRFPSE µ×µ=α  
The chopping degree is then calculated according to:  

( ) ∑α=
i

ijEjCD     (1) 

A defuzzyfication carried out by the calculation of the barycentre allows determining the chopping 
degree:  

jECD
i

ij ×α= ∑    (2) 

The logical equations were implemented using Visual Basic and a user interface was developed. A 
validation stage was carried out to verify the consistency of the results supplied by the support system: 
the CD value appraised by the operators and the CD value calculated by the support system were 
compared. 

2.3 Simplex algorithm 

Let us consider a process depending on n continuous explanatory variables. The response of a trial is 
represented in an n-dimensional factorial space as a point whose coordinates are the values of the n 
parameters for the corresponding trial. A simplex is a group of points that frames a regular geometric 
figure. It represents the responses of (n+1) different trials (7). The progression is performed by the 
elimination of the worst point, which is replaced by its symmetrical point with respect to the hyperface 
containing the other simplex points. The first (n+1) trials are chosen by the experimenter. The 
following experiments are proposed by the Simplex algorithm. If the symmetrical point is the worst 
vertex of the (i+1) simplex, the (i) simplex is considered again and the next-to-worst point of this 
simplex is eliminated. This allows changing the direction of optimisation (7).  
Several criteria must be defined: 

• the criterion to be optimised: the chopping degree; 

• the explanatory variables are the mixing duration and speed; 

• the initial simplex that establishes, on the one hand, the initial position in the experimental 
space and, on the other hand, the progression step between two trials. The duration step 
was set at 1 min and the speed step at 500 rpm. The initial simplex composed of trials T1 
(1000 rpm; 3 min), T2 (1500 rpm; 2 min), T3 (1500 rpm, 3 min) is called S0. 

• the stopping criterion. Two criteria were determined: the number of trials was limited to 20 
and we sought a CD from 4.5 to 5, and in this range for the value closest to 5. 

The experimental domain was bounded: the mixing speed was set from 500 rpm to 3500 rpm, which is 
the maximum speed of the chopper, while the duration was set from 1 min to 10 min. 
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3. Results and discussion 

3.1 Calculation of the chopping degree 

3.1.1 Definition and evaluation of sensory indicators 

Four sensory indicators were collected and formalized. Two stem directly from expert knowledge: fat 
particle size (FPS) and size homogeneity (HOM). Two others were adapted in the laboratory: firmness 
(FIR) and adhesiveness (ADH). Table 3 presents the formal description for these sensory indicators. 
The sampling location and the time of measurement were the same for all the sensory indicators: 
samples were taken at the periphery and at the centre of the vat at the end of the chopping operation. 
An optimal batter is firm, tacky and has small FPS and tight HOM. Figure 2 shows the membership 
functions of the four sensory indicators used in the calculation of the chopping degree.  
 

Sensory 
indicators 

Definition Operating conditions Scale with 
anchorage 

Fat particle 
size  

Mean of the fat 
particles size in 
the batter 

Take a sample of product (about 5 g) 
between forefinger and thumb. 
Bring the particles out of the batter by sliding 
the thumb on the forefinger. 
Assess fat particle size. 
Repeat the measurement three times. 

Ordinal scale with 6 
marks 
0: large (>10 mm) 
3: medium (= 5 mm) 
6: small (no particle 
perceptible ) 

Firmness Force required 
to achieve a 
given 
deformation of 
the batter 

Insert the spatula vertically into the batter.  
Turn the spatula round a quarter. 
Assess the firmness by the strength needed 
to move the spatula. 
Repeat the measurement three times. 

Ordinal scale with 6 
marks 
0: soft 
3: firm 
6: hard 

Size 
Homogeneity 

Distribution of 
the particles 
size in the 
batter 

Insert the spatula into the batter.  
Lift the batter at three different places. 
Assess the distribution of the particle size in 
the batter. 
Repeat the measurement three times  

Ordinal scale with 6 
marks 
0: large 
3: medium 
6: tight 

Adhesiveness force required 
to remove the 
batter from the 
spatula 

Take a sample of product (about 5 g) 
between forefinger and thumb. 
Move the two fingers close together as far as 
they are separated by 1 mm 
Assess the strength necessary to spread the 
forefinger and the thumb as far as they are 
separated by 2 cm.  
Repeat the measurement three times 

Ordinal scale with 6 
marks 
0: sticky 
3: tacky 
6: gooey 

Table 3: Sensory indicators used at the end of the chopping operation 

Two operators performed the evaluation in the laboratory. The repeatability and reproducibility of the 
operators was tested using the method presented in (3): the results showed good agreement between 
both operators and that no significantly different scores were obtained between replicates. During the 
evaluation, the operators first evaluated the product separately. They then compared their results: if 
they differed, the evaluation was carried out again and consensus was achieved.  

3.1.2 Calculation of the chopping degree 

The chopping degree results from the combination of the four sensory indicators and the end 
temperature (TEM). The introduction of temperature is important: temperature raises during chopping 
despite the use of a temperature control system and this parameter has a considerable influence on 
textural variables FIR and ADH. To overcome this influence, the operator corrects the CD value by 
taking into account the temperature value. These corrections were introduced in the logical equations: 
for instance, a product characterized by a firm firmness, average/medium homogeneity and small fat 
particle size has: 

• a chopping degree of 3-, if the temperature is high, 

• a chopping degree of 4-, if the temperature is medium. 

This difference in notation is explained by the fact that the operator evaluates the firmness the batter 
would have if the temperature was medium. Figure 3 shows the membership function of this variable.  
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Figure 3: Membership function of the end temperature 

The use of fuzzy logic allows obtaining sensory and instrumental data presented with the same shape. 
Consequently, they can be combined more easily as inputs in the classification system. 
Thirty-four logical equations allow the calculation of CD expressed from 1 (poor degree of chopping) to 
5 (excellent degree of chopping). Moreover, a – or + sign is associated with the CD value: it expresses 
the two terms of under-chopping (sign -) and over-chopping (sign +) commonly used in industrial 
practices (8). In factories, these states are usually characterised by using the mass losses after 
cooking: under-chopping is characterised by water and fat losses and over-chopping mainly by water 
losses, an optimally chopped batter has the lowest mass losses (8). For the operator, the chopping 
degree should be from 4.5- to 5 in order to consider the batter as optimal.  
The user has to indicate the value of the sensory indicators and then click on the menu “Calculate 
chopping degree” of the interface. Once this has been done, a window opens and indicates the 
numerical value of the chopping degree. 

3.2 Optimisation process 

In our experimentation, the simplexes are triangles; each vertex of these triangles corresponds to a 
trial. The worst vertex is the point with the lowest CD value. The progression of the optimisation of the 
CD value is shown on Figure 4; CD values are indicated in brackets. It was carried out by height trials. 
Stopping the algorithm made it possible to obtain a local maximum point (T6). The batter obtained at 
T6 has a CD value of 4.8- out of 5: 

• the five first trials (T1 to T5) are under-chopped and have a CD value lower than 4.8; 

• several additional trials coded Ai in Figure 6 were performed all around the optimum point: 
T6 is the best result out of all these points. All the Ai values are lower than value T6. 

Figure 4: Progression of the Simplex - Ti: trials of the Simplex- Ai: additional points – CD value 
is indicated in brackets 

The optimal conditions established at the end of the Simplex algorithm are the following: a mixing 
duration of 3 min and a speed of 2000 rpm. 
Trial 5 shows an example of the power of Simplex when a wrong direction is chosen: the worst point of 
the second simplex (T2, T3, T4) is T2 with a CD value is equal to 3.6-. The new point is T5 whose 
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conditions are the same speed as T4 with a lower duration. As T4 is under-chopped, the conditions of 
duration and/or speed should have been increased to go towards the optimum state. Indeed, T5 has a 
lower CD value than T4: the second worst point of the second simplex is considered and leads to T6, 
already shown to be the maximum CD value. This wrong direction is probably due to a problem with 
the CD evaluation of T2. When looking at Figure 6, it can be seen that T2 falls between T3 and T11: 
T3, whose duration is lower, has a higher CD value. T2 was probably evaluated incorrectly.  
Trials can be graded according to their CD: 

• 2-<=CD<=3.6-: this group, composed of T1 and T5, corresponds to the under-chopped 
batters. The processing conditions are: speed <= 1000 rpm and duration <=1 min; 

• 4.1- <=CD<=4.8-: this group, composed of T3, T4, T6 and A11, corresponds to the optimal 
state. The processing conditions are: speed from 1500 to 2000 rpm and duration from 2 to 4 
min. T2 raises a problem as seen before; 

• 3+ <=CD<=4.1+: this group composed of T7, T8, A9, A10 and A11 corresponds to the over-
chopped batter. The processing conditions are high speed (>=2500 rpm) or medium speed 
(= 2000 rpm) and long duration (>=4 min). 

This classification is logical since a certain quantity of energy must be supplied to the system to mix 
the various elements, allocate the raw materials and create the interfaces. If the energy is too high, 
over-chopping occurs: the proteins are partially distorted by the temperature and can no longer act as 
emulsifiers (8). 

4. Conclusion 

The application of the Simplex method to a manufacturing step of meat emulsion, i.e. the chopping 
operation, allowed determining the processing conditions assessed as two process parameters, 
mixing duration and mixer rotation speed, which produce the product targeted. The Simplex method is 
a very interesting approach that enables rapid localisation of the optimum in the domain explored: in 
our study, the processing conditions were established by height experiments. 
The data were processed using fuzzy logic: this mathematical tool allows the introduction of graduality, 
the use of continuous measurement scales and the possibility of using the same shape for 
instrumental and sensory measurements. Symbolic data were combined to obtain a multidimensional 
diagnosis of the product at the end of the chopping operation. This combination allows the 
optimisation of several sensory properties concerning visual and textural aspects. This is of particular 
interest in the food industry where simultaneous optimisation must be carried out frequently, since 
each quality component is multidimensional.  
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Abstract 
A classification algorithm based on Fourier transform and SVM for shape grading of pizza bases is 
presented. A Fourier transform was developed to reduce the dimensionality of the edge points. Seven 
Fourier coefficients were used as input to three SVM classifiers for separating pizza bases. The 
experiments showed that 87% classification accuracy was achieved with a linear SVM classifier, 95% with 
a polynomial SVM classifier, and 98% with a Gaussian radial basis function SVM classifier. 
Keywords: classification, Fourier transform, pizza base, shape, support vector machine. 
 
 
1. Introduction 
The pizza base is a key component of pizzas because it forms the basis for visual quality evaluation, 
which is normally performed manually. Manual grading is tedious, time-consuming, costly, and 
inherently unreliable due to its subjective nature. If inspection can be achieved automatically, 
production speed and efficiency should be improved in additional to the increased inspection 
accuracy, with an accompanying reduction in production costs [1]. Computer vision is a novel 
technology and can be employed as an objective, rapid and non-contact quality evaluation tool for the 
food industry. With the developments in hardware and software for image analysis/processing, 
computer vision is expected to replace human vision for the purpose of providing quantitative 
information and automating certain processes according to their visual appearance [2]. 
Classification is a procedure for sorting each element of a data set into two or more classes utilising a 
decision criterion, i.e. classifier. In the training phase, the classifier is induced by learning the training 
set, i.e. a collection of observations of known classes. In the application phase, the classifier is applied 
to the test set, i.e. a collection of unknown classes, to make decision on what their classes are likely to 
be. A wide variety of approaches have been taken towards this task in the food quality inspection. 
Statistical and neural network are the two main methods developed for classification of food products. 
Statistical approaches are generally characterised by having an explicit underlying probability model, 
which provides the probability of being in each class rather than a simple classification. Several 
statistical classification methods have been developed to sort food products such as poultry carcasses 
[3], apples [4], cereal grains [5], and muffins [6]. Neural network approaches combine the complexity 
of some of the statistical techniques with the machine learning objective of imitating human 
intelligence. For food product classification, very general functions can be modelled to transform 
physical properties into quality factors. The artificial neural networks have applicability to a number of 
types of food product classification including grains [7], fruits [8], poultry carcass [9], and vegetable 
[10].  
Besides classical classification approaches, Support Vector Machine (SVM) is a currently emerging 
classification technique. SVM is based on the structural risk minimisation principle and has a good 
theoretical foundation in statistical learning theory [11]. SVM performs binary classification problem by 
finding maximal margin hyperplanes in terms of a subset of the input data (support vectors) between 
different classes. It has been successfully applied to some classification problems, such as electronic 
nose data [12] and bakery process data [13]. 
The aim of this paper was to develop an approach to classify pizza base using Fourier transform and 
SVM. Firstly, a Fourier transform algorithm was developed to characterise the shape of pizza base 
with seven coefficients of the Fourier transform result. Then the SVM classification techniques were 
applied to grade pizza base into unacceptable and acceptable levels. 

2. Materials and Methods 
2.1 Pizza base samples 

The pizza bases used in this study were provided by Green Isle Foods (Naas, Ireland). The samples 
were previously categorised into four classes by the qualified inspection personnel in the company, i.e. 
flowing base, poor alignment, poor pressing, and standard. A typical image of each class of pizza 
bases is shown in Fig. 1. For this study, 120 pizza bases were selected for classification, including 40 
standard, 32 flowing base, 24 poor alignment, and 24 poor pressing. Sixty pizza bases were randomly 
chosen for training and the remaining 60 for testing.  
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2.2 Image acquisition 

The image acquisition system used in this study consisted of a Dell Workstation 400 equipped with an 
IC-RGB frame grabber (Imaging Technology, US), and a high quality 3-CCD Sony XC-003P camera 
as shown in Fig. 2. Pizza base images were captured on a white background under two fluorescent 
lamps with plastic light diffusers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.3 Shape representation 

The contour of pizza base was extracted using a sequence of image processing algorithm. Based on 
the extraction shape of pizza base, a Fourier transform was developed to reduce the dimensionality of 
the edge points. The radius ( r(i) ) as illustrated in Fig. 3 is the distance from a point on the boundary 
to the centre of gravity ( xc, yc ). The length of the radii was measured by calculating the Euclidean 
distance between boundary point i and the centre of gravity. The expression of radius r(i) has 

(a) 

(c) 

(b) 

(d) 

Fig. 1. The typical images of pizza bases. (a) Standard; (b) flowing base; 
(c) poor pressing; (d) poor alignment.  

Fig. 2. The image acquisition system used to capture the images of pizza bases. 
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advantages over representation in sine and cosine functions in signal transform and rotation 
consideration. To characterise the pizza base shape, the radius ( r(i) ) was transformed from the 
spatial domain to frequency domain:  

2/...2,1,0)(1)(
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2
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N
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fij

== ∑
=

− π
  (1) 

where |F(f)| is the magnitude at frequency f in the Fourier domain and N is an integer number of 
powers of two depending on the amount of boundary points. A fast Fourier transform algorithm [14] 
was applied to calculate the Fourier coefficients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.4 Classification using support vector machines 

The classification of pizza bases into acceptable and unacceptable quality levels can be looked as a 
binary categorization problem. Suppose there are l pizza base samples in the training data. Each 
sample is denoted by a 7 dimensional vector 7Rxi ∈r

, i.e. the Fourier transform coefficients of the 
pizza base shape from F(1) to F(7). Pizza base classification can be described as the task of finding a 
classification function }11{,: +−∈→ , yyxf iii

r
 using training data. Subsequently, the mapping 

function f is used to classify the unseen test data. If 0)( >ixf r
, the input vector ixr  is assigned to the 

class yi = +1, i.e. the standard quality level, otherwise to the class yi = -1, i.e. the unacceptable quality 
level.  
For the linearly separable training vectors ixr , the classification function has the form  

)()( bxwsignxf T += rrr
   (2) 

where wr  is the normal to the hyperplane and b is a bias term, which satisfies the following conditions:  
libxwy i

T
i ,...,2,11)( =≥+rr

  (3) 
The SVM is trying to find the optimal separating hyperplane that maximises the margin between 
positive and negative samples. The margin is wr/2 , thus the optimal separating hyperplane is the 

one minimising wwT rr

2
1

, subject to constraints (3), which is a convex quadratic programming problem. 

For the linearly non-separable case, the constraints (3) are relaxed by introducing a new set of 
nonnegative slack variables },,2,1{ lii K=ξ as the measurement of violation of the constraints [11] 
as follows: 
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The optimal hyperplane is the one that minimises the following formula: 
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where C is a parameter used to penalise variables ξi, subject to constraints (4). 

r(i)

( xc,yc) 

Fig. 3. The edge of pizza base.
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For nonlinear case, the training vectors ixr  can be mapped into a high dimensional feature space Η by 
a kernel function ).,( yxk rr

 The polynomial kernels and Gaussian radial basis function (RBF) kernels 
are usually applied in practice and are defined as: 

dbyxyxk )(),( += rrrr
    (6) 

)2/exp(),( 22 σyxyxk rrrr −−=   (7) 
where b is the bias term and d is the degree of polynomial kernels. 
The classification function then has the following form in terms of kernels:  
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where αi can be obtained by solving a convex quadratic programming problem subject to linear 
constraints. The support vectors are those ixr  with αi > 0 in Eq. (8). 

3. Results and Discussion 

The Fourier transform was performed to characterise the magnitude of shape frequency changes in 
spatial domain r(i). It was found that the coefficients from F(1) to F(7) contain most of the information 
about the shape of pizza base, and were adequate for representing the shape information. The seven 
Fourier coefficients from F(1) to F(7) of each image were used as input to the classifiers. 
The SvmFu [15] implementation of SVMs was used for shape classification of pizza bases in all 
experiments. Besides a linear SVM classifier, a polynomial classifier and a RBF classifier were trained 
and tested using the kernels defined in Eq. (6) and Eq. (7) respectively. The polynomial kernel with b = 
2.0 and d = 2 and the RBF kernel with σ = 0.5 resulted in the best classification accuracy on the test 
experiments. The penalty parameter C in Eq. (5) was set as the default value 1.0 by the SvmFu 
algorithm [15]. The classification results with aforementioned three SVM classifiers are listed in Table 
1. Here, two different support vectors are compared, i.e. the unbounded support vectors and the 
bounder support vectors, where the former are those points that satisfy the margin requirement with 
equality and the latter are those points that fail to satisfy the margin requirement [15]. As shown in 
Table 1, the more the bounded support vectors are, the lower the classification accuracy of the 
correspondent classifier. In intuitive, the systems that give fewer support vectors give better 
performance. However, in many situations, the actual error increases even though the number of 
support vectors decreases [16], which is demonstrated in the current experiments. Although the 
polynomial classifier only has 16 support vectors, while the RBF classifier has 27 support vectors, the 
classification accuracy of the latter is higher (98.3%) than the former (95%).  

Table 1. The classification results with three SVM classifiers. 

Classifier Classification 
accuracy 

Support 
vectors 

Unbounded support 
vectors 

Bounded support 
vectors 

Linear SVM 86.7% 34 5 29 
Polynomial SVM 95.0% 16 7 9 
RBF SVM 98.3% 27 19 8 

Table 2. Summary of classification results. 

 

 

 

 
A k-nearest neighbour statistical classifier and a RBF neural network classifier were compared with 
SVMs classifiers for evaluating the classification performance of SVMs. The classification rule used in 
the k-nearest neighbour classifier is the minimum Euclidean distance between the unseen sample and 
the mean values of the other class [17]. The RBF neural network classifier is a type of artificial neural 
network associated with radial basis functions [18]. The results of the classification are summarised in 
Table 2. Among the classifiers, the polynomial SVM and RBF SVM classifiers perform better than all 

Classifier Accuracy Time(s) 
K-nearest neighbour 93.3% 0.25 
RBF network 93.3% 0.48 
Linear SVM 86.7% 0.36 
Polynomial SVM  95.0% 0.38 
RBF SVM 98.3% 0.55 
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the other classifiers with classification accuracy of 95.0% and 98.3% respectively. In the SVMs, the 
best overall classification accuracy result achieved is 98.3% using the RBF network classifier. 
Comparing the time consumption of the classification, the classifiers of SVMs are roughly comparable 
to the RBF network classifiers. However, the efficiency of SVMs classifier is likely to be improved by 
further research. 

4. Conclusions 

A Fourier transform was developed and seven Fourier coefficients were identified to be efficient and 
used as input to three SVM classifiers for classification of pizza bases. Both theoretical and empirical 
evidence shows that the classifiers of SVM are very suitable for shape classification of pizza base. 
SVM classification classifiers have a good theoretical foundation in statistical learning theory. For their 
good ability of classification in high dimensional space, it need not to reduce the feature space, which 
makes it easier to be used for shape classification of pizza base. The experimental results have 
proven that SVM classifiers outperform other classifiers significantly and are very promising for shape 
classification of pizza base.  
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ABSTRACT. A pilot decision support system was developed, on the basis of a know-
how formalization, to help the operators to control the aeration of a sponge finger 
batter. The system was implemented with an expert system tool (CLIPS) and was 
evaluated by comparing its outputs to the corrective actions proposed by an expert 
operator. Total or partial matching was obtained in 22 cases out of the 27 
tested (82 %). 
�

Keywords: aeration, knowledge-based decision support system, operator, sensory 
measurements, sponge finger batter. 
 
 
1. INTRODUCTION 
 
To satisfy the consumers, food industry engineers have to guarantee that the quality 
of their products is constant. The control of many unit-operations relies on the 
operators know-how, both for measurement and control tasks. The aeration of cake 
batters with a rotor-stator system is one of those unit-operations. The aim of this 
study was to develop, on the basis of a know-how collection, a decision support 
system to control the aeration of a sponge finger batter, in a sponge finger biscuits 
production process. The first part of this paper presents the operator's know-how 
collection and formalization, the second part deals with the design and the evaluation 
of the pilot decision support system. 
 
 
2. KNOW-HOW COLLECTION AND FORMALISATION 
 
2.1. Method 
 
The know-how collection consists in identifying, organising into a hierarchy and 
formalising all the measurements completed on the production line and the decision 
rules (heuristics) used by the operators to control the process. Measurements can be 
instrumental or sensory, i.e. completed by the operator with his own senses. Know-
how collection involves 4 steps : observations and discussions with the operator on 
the production line ; identification and organization into a hierarchy of the elements 
needed for the process control ; formalizations of these elements ; validation [1]. At 
first, we worked with the 4 operators of the process line, who are in charge of the 



ICEF9 – 2004 

International Conference Engineering and Food 

process every day for 8 hours. This allowed to determine the measurements and the 
decision rules commonly used by all the operators. Subsequently, only one operator 
was selected to have a reference and to limit the know-how collection in time. This 
operator has been controlling the process for 13 years and his skill was undisputed. 
 
2.1.1. Measurements formalization 
The "sensory indicators" formalism was used to formalize the sensory 
measurements [2]. It is a formalization grid used to describe the sensory 
measurements performed by the operators, to assess the sensory quality of the 
product during the manufacturing. It is composed of seven criteria in three categories 
as it is shown in Table 1. 

 
 
The sensory measurements were validated by two approaches. The first approach 
was formal and consisted in submitting a textual description of the measurements to 
the operator. The second approach was quantitative and consisted in assessing the 
"repeatability" and the "reproducibility" of the sensory measurements.  
 
2.1.2. Control of the process 
The operators generally follow a heuristic resolution process to determine the actions 
suited to correct a quality defect.�An appropriate corrective action is associated with a 
given situation. These heuristics are classically represented with "if-then" type rules. 
The identification and the formalization of these rules, is a crucial step for the 
development and the structure of a knowledge-based decision support system. The 
strategy used here for the rule collection, consisted in asking the operator what 
corrective actions were appropriate when a defect was observed for a given property. 
Then the situation considered was progressively complicated by combining 
successively  other properties quality defects. The order of the combinations was 
determined on the basis of the hierarchy of all the properties established during the 
measurements formalization. So, it appeared important to properly collect, formalize 
and organize the measurements into a hierarchy prior to perform the rules collection. 
The rules collected were formalized and presented to the operator between the 
different discussions. By this mean, we ensured that we have explored most of the 
conceivable situations. 
 
2.2. Results 
 
2.2.1. Analysis of the process 
The sponge finger production process is composed of 8 unit operations: weighing, 
mixing, aeration, moulding, sugar sifting, baking, cooling and packing (Figure 1). A 
batch part and a continuous part can be distinguished in this process. The part of the 
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Categories Criteria
Name
Definition
Operating conditions
Scale
References
Time of measurement
Location

Measurements modalities

Localization on the variation range

Dynamic of the temporal and spatial variations
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process operating in a batch mode includes the transport of the raw materials, 
weighing and mixing, which are entirely automated.  
 

 
 
The operator can take control of the weighing at any time, to modify the amount of 
some components of the recipe to maintain constant the product properties such as 
batter's "body" (its viscosity), sponge fingers moisture-content and "thickness". The 
product is accessible for sensory measurements at two points in the process line: 
after aeration where it is a liquid aerated batter, and after the cooling unit where it 
consists in solid sponge fingers (Figure 1). 
 
2.2.2. Measurements 
The measurements used for the control of the aeration and the other unit operations 
of the process, was identified and formalised, they are presented in decreasing order 
of importance in table 2.  

  
 
Four instrumental and ten sensory measurements are performed on the line (4 
sensory measurements on the batter and 6 on the sponge fingers). A table 
describing the 10 sensory measurements using the "sensory indicators" formalism 
was built and then validated by the operator. 
 
2.2.3. Control of the process 
A single operator has to control all the operations of the process. Instrumental and 
sensory measurements are performed by the operator at two points of the process. 
He has to anticipate the effects of the modification of an actuator setting on the next 
operations. Thus, the operator performs both control and supervision tasks. There 
are strong interactions between the actuators of the different operations. Operators 
identified the influence of actuators on the key properties of the product and therefore 
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Weighings Mixing Aeration Moulding Measurements Baking Cooling Measurements PackingSugar 
sifting

WeighingsWeighings MixingMixing AerationAeration MouldingMoulding MeasurementsMeasurements BakingBaking CoolingCooling MeasurementsMeasurementsMeasurements PackingPackingSugar 
sifting
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Measurement Nature Product state
density instrumental batter
"thickness" sensory spongefingers
moisture-content instrumental spongefingers
"regularity" sensory spongefingers
"moulding" sensory batter
weight instrumental spongefingers
"colour of the sucrage" sensory spongefingers
"colour of the sole" sensory spongefingers
temperature instrumental batter
"body" sensory batter
"surface" sensory batter
"colour" sensory batter
"crumb porosity" sensory spongefingers
"firmness" sensory spongefingers
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on the quality of the intermediate product, the batter and on the finished product the 
sponge fingers. Four actuators  are available for the control of aeration: the gas flow-
rate which is the most frequently used, batter flow-rate, rotor speed rate and head 
pressure. The main goal of aeration, is to lower and maintain the density of the batter 
to a predefined value which corresponds to a batter viscosity allowing a proper 
moulding and a batter gas hold-up allowing to obtain a proper thickness of the 
sponge fingers. The other goals of the aeration operation are to control the sponge 
fingers weight and others properties which also depends on the other unit operations 
such as "crumb porosity" and moisture-content of sponge fingers. 
The operator is perpetually confronted with multicriteria decision-making problems 
with conflicting constraints :  the correction of a product property can lead to the 
destabilisation of an other one. Thus, the control of aeration is complicated by the 
necessity to take into account the properties of the product at the level of all the 
operations of the process. The control of the aeration is also complicated by the fact 
that several properties of the product could be corrected by the actuators of different 
unit operations. For instance, the sponge fingers "thickness" can be corrected with 
the amount of raising agent, the gas flow-rate or the batter flow-rate in the aerator 
vessel or with the oven temperatures. Thus the problem is to determine what 
actuator, or combination of actuators, must be used to correct a property without 
destabilising the others. A decision support system would be useful to deal with this 
type of control problem.   
Combining systematically all the levels of the 14 properties would give 314 theoretical 
and conceivable situations; that represents a very large number of questions to ask 
the operator. To reduce this number and consequently the time spent for the 
consultations, we applied a strategy which consists in combining  the different levels 
of properties progressively, according to the hierarchy of the properties established 
previously. The irrelevant situations were spontaneously identified and eliminated. 
With this strategy, we obtained from 2 to 8 conceivable situations for each of the 14 
properties. 
 
 
3. DESIGN AND EVALUATION OF THE PILOT DECISION SUPPORT SYSTEM  
 
3.1. Method 
 
3.1.1. Design  
This pilot decision support system was designed to accurately reproduce the control 
of the process as it is performed by the operator. The system was developed using 
an expert systems tool named CLIPS (for C Language Integrated Production 
System). The inputs of the system are the 10 sensory measurements and the 4 
instrumental measurements, used on the production line by the operators to 
characterize the batter and the sponge fingers. The current setting values of the 
actuators are ignored by the system. The outputs are the corrective actions suited to 
the current situation. The system includes three sets of rules: 

• diagnosis rules, which performs the organization into a hierarchy of the quality 
defects observed by the operator; 

• control rules, which determine the suitable corrective actions; 
• interfacing rules. 
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Control and diagnosis rules sets are directly issued from the know-how collection. 
The control rules set is made up of 47 rules split into 14 modules. A module of rules 
was built for each of the properties set, each module containing 2 to 8 rules. Each 
rule is composed of a premise and a conclusion. The premise contains the values of 
the different relevant properties which describe the current situation, and the 
conclusion contains the suitable corrective actions. The inference engine is provided 
by CLIPS, it determines whether the conditions of activation of a given rule are 
satisfied or not. 

 
 
3.1.2. Evaluation 
The objective of the tests, was to determine how accurately the system could 
reproduce the operator control of the process. Two complementary approaches were 
used to test the system: 

• Real situations collection. We recorded during 4 times 8 hours the corrective 
actions applied by the operator and the corresponding values of the product 
properties when quality defects were observed; 

• Simulated situations. We simulated situations frequently or less frequently 
encountered, to cover a wide range of cases. 

In each cases, the corrective actions proposed by the system were compared to 
those those of the operator.  
 
3.2. Results 
 
The corrective actions applied or proposed by the operator and the system can differ 
about: their total number, the selected actuator(s), their directions (increase or 
decrease) and their magnitudes. 
Real situations collection : 6 corrective actions were collected with differences 
observed between the operator and the system for one or more of this aspects: total 
number, selected actuator(s), directions and magnitudes. 
Simulations : for 27 simulations, we obtained, 

• 12 cases of total matching (same total number of corrective actions, selected 
actuator(s), direction(s) and magnitude), 

• 10 cases of partial matching (same selected actuator(s), direction(s)) , 
• 3 cases where the system proposed correctives actions and the operator did 

not; 
• 2 cases of total discrepancy. 
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3.3. Discussion 
 
Since the number of real recorded situations was too small, the comparison of the 
operator behaviour to the system proposals was made on the basis of the 
simulations. The observed differences mainly concerned actions on the gas flow-rate 
in the aeration vessel and on the oven temperatures. We noticed that the decision of 
the operator is not systematic: sometimes, the operator proposed two corrective 
actions differing by the magnitude for the same situation. This is probably due to the 
lack of quantitative knowledge of the interactions existing between the different input 
variables of the process. Thus we proposed to consider as matching cases, the 
situations where all the corrective actions proposed by the operator for a given 
simulation were also proposed by the decision support system, with the same 
actuators and the same direction. The total number and the magnitude of the 
proposed actions could be different. It was the case for 22 simulations out of 27 (82 
%). We asked the expert operator to comment on the 10 partial matching cases. The 
corrective actions proposed by the system were judged insufficient to correct the 
defects for 4 simulations and sufficient for 6 simulations. So, we can consider that the 
system reproduces correctly the control of the process as it is performed by the 
operator. 
 
 
4. CONCLUSION 
 
We achieved the formalization of the control of the aeration of a sponge cake batter, 
taking into account the properties of the product at the level of the different unit 
operations of a sponge finger production process. A pilot decision support system 
was developed on the basis of this know-how collection. Its evaluation showed a 
good agreement between the corrective actions of the decision support system and 
those of the operator. Thus, by modelling and stabilizing the control procedure of the 
aeration of the sponge finger batter, this system could contribute to keep the sponge 
finger quality constant. It would be of interest to test this system by comparing the 
performance of the process when it is controlled by the operator with or without the 
help of the decision support system. Nevertheless, in this context where many 
properties have to be controlled under conflicting constraints, the process control 
procedure could be improved, by taking into account some quantitative knowledge 
about the aeration of the sponge cake batter. At present, this point is being 
investigated in our laboratory. 
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Abstract 
 
In this paper, the dynamic response of various process variables of a twin screw food extruder was 
studied. As a first approximation, the food extrusion is simplified into a single input, single output 
dynamic system. Its dynamic characteristics are obtained with step tests on different operating 
variables. As a starting point for the development of a dynamic model, a state-space model were used 
that predicts the dynamic response of motor torque and die pressure to changes in moisture content. 
 
Keywords: food extrusion; dynamic modelling; dynamic analysis; 
 
1. Introduction 
 
Over the past several decades, twin-screw extrusion has become a popular method to manufacture 
ready-to-eat cereal products such as breakfast cereals and snack foods. However, the food extruder 
combines several unit operations-mixing, cooking, kneading, shear, cooling, and/or final 
shaping/forming. The combination of operations is possible because of a multitude of controllable 
variables such as feed rate, total moisture in barrel, screw speed, barrel temperature, screw profile, 
and die configuration [1]. The resulting complex interactions between operating variables, formulations 
and process variables and biopolymer transformations make food extrusion processing not only 
difficult to describe mathematically, but also difficult to operate in a stable and reproducible manner 
[2][3]. Fig.1 illustrates the critical processing parameters and dependent variables for a twin screw 
food extruder.  
From the automatic point of view, a food extrusion processes are truly multivariable, meaning that 
there are strong interactions between process inputs and outputs; such processes often have long 
delays (dead time), input constraints, show non-minimum phase behaviour, and have time-varying 
dynamic behaviour [2-5]. In addition, due to the large variability of raw materials and the complex 
physicochemical reactions that occur during processing, food extrusion systems are characterized by 
non-linearities and uncertainties that cannot be handled by classical linear feedback, making the 
design of a proper controller a difficult task [6]. Consequently, extrusion processing is still often 
manually and empirically controlled.  
The control of such a process is directly linked to economic, qualitative and scientific interests. As far 
as control is concerned, the process has to be modelled. Colonna and Della Valle [1] presented an 
excellent detailed analysis of the state-of-art in food extrusion modelling, discussed the main operating 
principles, and gave a through analysis of the main system variables. As a first step toward developing 
a food extrusion process control and monitoring system, a thorough understanding of the dynamic 
behaviours of the food extruders is needed. In the present work, the dynamic response of various 
process variables of a twin screw food extruder was studied.  
 
2. Materials and Methods  
 
2. 1 Extrusion 
The experiments were conducted on a Clextral BC-21 corotating and intermeshing twin screw extruder 
with a 900 mm long barrel. A barrel length to diameter (L/D) ratio of 36 was used for this study. The 
die had a circular section (diameter 4 mm) and a 14 mm length. The extruder barrel was segmented 
into nine sections, all sections being thermoregulated by magnetic induction heating and the set points 
are given by Table 1.  
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Table 1:  barrel temperature set points  

 
 
2. 2 Feed 
Corn starch (FARIGEL , WITHSTOV) was used as the feed material for all the experiments. Initial 
moisture content of the corn starch was 8.2%. Total moisture content during extrusion was adjusted by 
adding water at the feed throat of the extruder with a volumetric pump (FMV1108, LEWA) to obtain the 
various tested levels of moisture content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig.1. The food extrusion process 
 
 
2. 3 Instrumentation, hardware and software 
Die pressure and product temperature were measured with a Dynisco probe (PT 415-5M-6-B460). The 
extrusion platform was connected to a microcomputer equipped with DS1102 PowerPC 603e/250 
MHz, Texas Instruments’DSP TMS320F240. Screw speed, feed rate and moisture content during 
extrusion were selected as control variables and were automatically set through the dSPACE 
software. The screw speeds of both the extruder and the feeder were checked with on-line 
tachometers. The dynamical behaviour of the process was studied through the following outputs: 
motor torque, die pressure and product temperature. 
 
2. 4 Experimental procedures  
All experimental data were taken from corn starch extrusion. Before any intentional perturbation was 
introduced to the extrusion system, the system was brought to the initial steady-state condition. The 
system was considered at steady-state when all of the measured process variables became stable. 
The initial operating conditions were as follows: screw speed: 110 rpm; feed rate: 4kg/h; feed 
moisture: 25%. The corresponding experimental design is presented in Fig. 2. Disturbances were 
performed by a series of successive step tests of increasing amplitude. Each disturbance was 
introduced after the extrusion system had operated under the steady-state for at least 10 min. The 
corresponding series were successively implemented, going from the less to the more influencing 
variables in order to minimize any destabilizing effect on the process. This explains why the negative 
tests concerning water content, which has been found previously to be the most influencing variable, 
were systematically performed at the end of the experiments.  
 
 

Sections 1 2 3 4 5 6 7 8 9 

Set points (°C) 22 22 25 30 35 40 50 55  70 
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3 Response dynamics evaluation 
 
3. 1 Effect of screw speed 
The dynamic response of motor torque, die pressure and product temperature to the positive and 
negative step changes in screw speed are shown in Fig. 3. Motor torque and die pressure increased 
with increases in screw speed (1) initially and then decreased to a lower steady-state level. Inverse 
phenomenon was observed when decreasing of screw speed (2). Thus, both motor and pressure 
displayed the phenomenon of the dynamic system with inverse response, in which the initial response 
is in the opposite direction of where it eventually ends up [7]. Globally, screw speed increase and 
decrease caused almost reversed changes in motor torque and die pressure. The effects of screw 
speed on motor torque, die pressure and product temperature as well as steady-state gains for step 
changes in screw speed are summarized in Table 2. The steady states following the step tests were 
obtained 5 min after the perturbation. The steady-state gain ( G ) was defined as:  
 

                                                                
)(
)(

tU
tYG

∆
∆

=                                                                          (1) 

 
Where )(tY∆ is the change in steady-state output and )(tU∆ is the change in steady-state input. 
Thus, the higher the steady-state gain, the more effective the control of operating variables exerted on 
the extrusion system. Particularly for die pressure, its steady state gain is tiny.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. Dynamic characteristics of responses of (a) motor torque (%), (b) die pressure (bar) and 
 (c) product temperature (°C) to positive (1) and negative (2) tests of screw speed. 

 Moisture content: 25%; feed rate:4kg/h 

Fig.2. The experimental procedure 
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 Step test magnitude 
(%) 

Gain for motor torque Gain for die 
pressure 

Gain for product 
temperature 

 +9.1 -0.50 -0.01 +0.20 
 +18.2 -0.45 -0.01 +0.03 
 +27.3 -0.48 -0.00 +0.03 

Step test on screw speed -9.1 -0.20 -0.00 -0.10 
 -18.2 -0.40 -0.00 -0.12 
 -27.3 -0.33 -0.00 +0.10 
 +8.5 15.00 +0.37 3.70 
 +18.6 17.50 +0.31 4.37 
 +35.6 14.28 +0.35 3.57 

Step test on feed rate -10.17 -12.50 +0.625 -7.50 
 -18.6 -2.85 +0.57 -6.28 
 -32.2 +5.83 +0.58 0.54 
 +3 -0.66 -0.00 -0.25 
 +7 -0.93 -0.04 -0.33 
 +15 -1.00 -0.08 -0.52 

Step test on moisture content -3 -2.17 -0.03 -0.33 
 -7 -2.3 -0.05 -0.62 
 -10 -2.33 -0.09 -0.63 

 
3.2 Effect of feed rate 
The dynamic responses of motor torque, die pressure and product temperature to positive and 
negative step changes in feed rate are shown in Fig. 4. Motor torque, die pressure and product 
temperature were affected by positive (1) and negative (2) step change in feed rate. With increasing in 
feed rate, both torque and pressure decreased at first, followed by very steep increases. Similar 
phenomenon was also described in [7]. Product temperature reacted in the same direction as the feed 
rate but with reduced proportions. To maintain a constant moisture content of feed when varying the 
feed rate of corn starchl, the amount of added water also needed to be changed. As an increase of 
feed rate implies an increase of the filling ratio, it leads to an increase in die pressure, the steady state 
gains of this variable is positive. It is noticeable that the gains are different for positive and negative 
step tests. Moreover, gains vary with the magnitude of the step test.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3. 3 Effects of feed moisture content 
The dynamic responses of motor torque, die pressure and product temperature to step changes in 
feed moisture content are shown in Fig.5. Moisture is a key factor in the flow properties of food dough 
in extrusion cooking [1]. Indeed, added moisture decreased the viscosity of food dough very quickly 
and hence reduced the rotating friction of the screw. Increasing the moisture content decreased motor 
torque, die pressure and product temperature. Inverse phenomenon was observed when decreasing 
the moisture content. For the variations in moisture content, the gains vary relatively in a way 
proportional with the step magnitude. 
 
 

Fig. 4  Dynamic characteristics of responses of (a) motor torque (%), (b) die pressure (bar) and 
 (c) product temperature (°C) to positive (1) and negative (2) tests of feed rate. 

 Screw speed: 110rpm; moisture content: 25%  

 

Table.2. Steady-stat gains for step test experiments on the different control variables  
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3.4 Modelling 
State-space models were used to model the food extrusion dynamic responses. Indeed, the state-
space models are common representations of dynamical models. They describe of linear difference 
relationship between the inputs and the outputs. To achieve this, some extra variables, the state 
variables, are introduced. They are not measured, but can be reconstructed from the measured input-
output data. The order of the state-space model relates to the number of delayed inputs and outputs 
used in the corresponding linear difference equation. The state-space representation looks like. 

 

                                                      ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )tetDutCxty

tKetButAxtx
++=
++=+1                                                   (2) 

 
Where ( )tx  is the vector of state variables, ( )ty  is the measured output, ( )tu is the measured input and 
( )te  is the noise source. The matrix K determines the noise properties. The various parameters are 

estimated by using the MATLAB System Identification Toolbox. The state-space models were used for 
describing the dynamic response of motor torque and die pressure to changes in moisture content 
(Fig.6). 
 
4. Results and discussion 
From these results, the behaviour of the extruder has verified the conditions of the BIBO stability which 
postulate that a Bounded variation of the Input induces a Bounded variation of the Output. From these 
experiments, the process can be considered to be stationary. Indeed, a process is stationary if all the 
means of its outputs are independent of time, i.e. of the size and beginning of the sample. The steady 
state gains calculated for the different couples of variables tested in the present experiments show that 
it is clear now the system is non-linear. However, the hypothesis of linearity is an implicit and 
necessary prerequisite to most of the classical techniques of process control. By comparing the 
response to positive step test in moisture content and to model predicted by state-space of motor 
torque and die pressure, one can conclude that the system can be considered as linear in these 
conditions. 
 
 
 
 
 
 
 

Fig.5. Dynamic characteristics of responses of (a) motor torque (%), (b) die pressure (bar) and 
 (c) product temperature (°C) to positive (1) and negative (2) tests of feed rate. 

 Screw speed: 110rpm; feed rate: 4kg/h 
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5. Conclusion 
 
The results presented in this study showed that the dynamic responses of die pressure, motor torque 
and product temperature were influenced by step changes in the screw speed, moisture content and 
feed rate. The moisture content appeared to be the most effective control variable for motor torque 
and die pressure. Motor torque and die pressure obtained by changes in screw speed or in feed rate 
are relatively very noisy. These instabilities correspond to instabilities in product quality, but these 
aspects are not discussed here. On the other hand, the steady state gains obtained by change in 
moisture content were relatively less sensitive to step direction change. This means that the 
modifications performed during extrusion are relatively reversible in these conditions. 
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Abstract 

Plant optimization and control usually rely on detailed first principle mathematical models and must be 
first calibrated and tested by extensive long-term tedious experiments. This contribution presents a 
number of tools to check system identifiability conditions that will allow us to select the appropriate 
process variables to do parameter estimation. 

Keywords: Parameter Identification, Thermal processing, Plant-wide estimation 

1. Introduction. 

Monitoring and control are two fundamental aspects in food industry to efficient and recursively 
reconstruct of physical parameter of the plant. These objectives need a mathematical representation 
of the physical and chemical phenomena of the process. They can be carried out via two different 
approaches [1]: the experimental, behavioral or black box approach and the theoretical, 
phenomenological or white box approach. In the first case the relationship between inputs and outputs 
are determined by a generic mathematical system that can be fitted by means of variable 
measurements obtained under disturbances. In the second one this representation is usually given in 
terms of a set of differential or algebraic mathematical equations over a continuous time [2,3,4]. 

However, both studies have serious disadvantages, i.e. the need for large sums of measurements in 
the black box case and complete knowledge of the physical equations in the white box case. To 
circumvent these disadvantages, a grey box approach is implemented, so that only a few 
measurements are needed to obtain the parameter estimates.  

This last approach is the most interesting and useful when the implementation of the model must be 
fitted with accuracy. The selection of the structure of the theoretical model (characterization), the 
criterion used to fit it, the optimization algorithm, the selection of the best set of data and the critical 
analysis of the results are the basic steps to build a parametric model, i.e., in order to the system 
identification. 

In this work an algorithm is proposed wherein a systematic methodology is used to estimate physical 
parameters relevant in control and modeling from the available sensor-actuator of the plant. 

 

2. Process modeling and identification models. 

The characterization of the system is one of the most important steps in identification, but not 
systematic and therefore difficult. In spite of this, a general structure is proposed. The optimization 
algorithm and the selection of data set bound this step.  

The mathematical representation of the phenomenological model provides a basic structure to 
produce the characterization especially in food processing where the model is always built from basic 
principles with constitutive laws and property balance. Constitutive laws are a set of algebraic 
equations, while the property balances are set of partial or/and ordinary differential equations 
depending on whether the variables are distributed or lumped respectively. Partial differential 
equations can be transformed into a set of ordinary differential equations by means of projection 
methods [5]. Hence the traditional tendency is to employ models described by ordinary differential 
state-space models and algebraic equations such as: 

)()0(),,,( 0 θθ xxtuxh
dt
xd

==  

),,,(0 tuxg θ=                                                                  (1) 

where x  is the state vector and dt/xd  its time derivative. θ  represent the parameter vector, u the 
control or manipulated variable and t the time. 
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The measurements of the systems are usually converted into digital form and sampled by the 
computer at times tk. Such systems are called discrete-time systems and are represented by 
difference equations, in contrast with the differential equations, which is used for phenomenological 
models.  

Within this study, a discrete model is obtained and used for estimation purposes by approximating the 
derivatives of the continuous model by finite differences. Taking the previous state-space model, 
equation (1), and using the Taylor approximation, the discrete model can be built. If the first order is 
chosen the continuous model can be expressed by means of measurements of state variables at 
times tk and tk+1 and then the general form of the equations can be expressed as: 

)()0(),,,,( 011 θθ xxttuxhx kkkkk == ++  

),,,(0 kkk tuxg θ=                                                                (2) 

where the computed values are linear function of the unknown parameters (LP), i.e., the structure 
complies with the condition [4]: 

( ) ),,(),,(),,(,,, 2121
2 utyutyutyt mmm θµθλθµθλµλ +=+ℜ∈∀ℜ∈∀ +                       (3) 

Seeing that in food processing the system is always LP then it can be expressed as the next general 
structure: 

0),,,,(...),,,,( 111111 =++ ++++ kkkkkmmkkkkk ttuxxttuxx ϕθϕθ                               (4) 

where ϕ  are discrete functions and θ the parameters. 

This structure is the feature that makes the characterization a non-intuitive and non-problematic step 
in identification that can be divided in two steps: find an equation where at least one of the summand 
is known and try to estimate the other functions ϕ  by means of measurements and the other balance 
and algebraic equations. This methodology must be putted into practice with each equation and 
choose that one that needs the more accessible measurements. The structure is always expressed 
as: 

),,,,(...),,,,( 111111 ++++ ++= kkkkknnkkkkk ttuxxttuxxy ϕθϕθ                               (5) 

 where y are the known summands.  

Therefore LP property and the completely knowledge of y and the functions ϕ  will permit the 
implementation of the least square method (LSM) as the optimisation algorithm and the identification 
of the parameters θ.  

3. The standard LSM 

3.1 Criterion used and optimization algorithm 

Gauss pioneered the theory of optimal estimation for time series in 1809. He defined the LSM as: “the 
sum of the squares of the differences between the actually observed and computed values multiplied 
by numbers that measure the degree of precision is a minimum”.  The method is based on the LP 
structure and then the estimated function can be represented by the next matrix expression:  

θϕθϕθϕθ Φ=+++= )(...)()(ˆ 2211 xxxy nn  
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where ϕ1,  ϕ2, …,ϕn are the known functions, θ1, θ2,…, θn are unknown parameters and  the 
estimated function by means of pairs of observations  {(x

ŷ
i, yi),I=1,2,…,N} obtained from the 

experiment. The problem is to determine the parameters in such a way that the variables ŷ , computed 
from the parallel model and the experimental values xi agree as closely as possible with the measured 
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variables yi. Assuming that all measurements have the same precision, the principle of recursive least 
squares says that the parameters should be selected in such a way that minimize the loss function or 
criterion: 

∑
=

− −=
N

i

T
i

iN iyJ
1

2))((
2
1)( θϕλθ                                                   (7) 

where 0≤λ≤1 is the forgetting factor that acts like a filter. If the first data have not a good accuracy or 
the parameters can change between certain stages, the forgetting factor is low and if all the data set is 
good this factor is closed to one.  

If ΦΦ T  is non-negative and with N measurements, the next equality can be deduced from the 
previous equation (7). 
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In the recursive form the measurements of systems increase with the time of sampling and then the 
matrix must be dimensioned to each interval. For a new measurement: 
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The recursive least-squares with time-varying system is given by [2,4]: 
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Being the matrix P the covariance matrix: 

( ) 1
)()()(
−

ΦΦ= NNNP T                                                    (11) 

From a mathematical point of view, P(t) estimate converges to zero when the functions ϕ are 
persistently exciting, i.e. the method attempts to fit all the data up to the current time, while, in reality, 
the old data is generated by old parameters. 

3.2 selecting the best set of data  

Three principal reasons make this method robust: the recursively update of the parameters, the 
guarantee that the optimization algorithm converges at the global minimum if the system is excited 
persistently [6] and the forgetting factor. The robustness makes possible the algorithm implementation 
with uncertainties and parameters that sometimes change of value by means of the forgetting factor. 

Before starting data collection and parameter estimation, it seems natural to ask how to take 
measurements with enough information and accuracy for the estimation of θ.  

The discrete nature of the measurements and the high non-linearity makes necessary the use of high 
order finite differences with short intervals to approximate the derivatives. Moreover the discrete 
measurements must be taken in such a way that the Shannon’s sampling theorem be true [2]. 
However the addition of these measurements with short interval in the algorithm produces singularity 
problems and therefore non-invertible matrixes. The solution is a wide sampling interval where the 
algorithm is evaluated and a fine interval to calculated the derivatives. Last one only must be 
measured so many times as the order of the derivative approximation suggest in each wide interval. 

Since the optimisation algorithms are better when the initialisation is good, this is other important 
factor to analyse. In this problem was implemented the classical least squares at the firsts 
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measurements iterations (minimum one more than the dimension of θ to guarantee that the 
parameters are identifiable and the method can be employed) and then the recursive algorithm. 

4.  Application example: thermal process. 

Thermal sterilisation is a very common example of food processing in bioproducts sector. This process 
has an operation cycle divided in several stages, namely venting, heating and cooling which 
description can be looked at [3]. 

The importance of sterilisation and the time varying nature of its dynamics make the identifiability of 
this kind of process important from a monitoring and adaptive control point of view, specially if the 
parameters, as effective geometry and heat transfer parameters, are difficult to measurement directly 
in the plant.  

As in the last section was explained, the estimation needs measurements of the state variables and a 
persistent perturbation of the process. So this method make necessary not only the installation of 
measurements machines sometimes expensive as mass sensors, but the perturbation conditions can 
need the stop or unusual use of the plant. In spite of this a scene that almost does not disturb the plant 
has been implemented. 

The usual measurements that can be obtained are intensive state as temperature and pressure. Other 
variables as the air, water and steam mass and flow are unknown. But the different nature of the 
stages makes straightforward the selection of one of them to identification without change the plant 
conditions.  It can be observed that in the heated stage is a good scenario where the Antonie law and 
the gases equation can be applied. If the air and water inlet flow are zero, the water outlet valve is 
sufficiently open to evacuate the water, the steam inlet valve and the gases outlet valve are opened 
and the autoclave has no cans, the mass and energy balance are [3, 7]: 

ψ  F - F  
dt

dn
bs

s +=  

λψ−−−⋅⋅−⋅+−⋅⋅⋅=−⋅⋅ RTQTQTRbFTRTiTsPMCpsF
dt
dTRsPMCpsn &&)())(()(         (12) 

dt
dTCpMQTTAhTTAQQQ RTRTRTextRTcextRTconvradT =−⋅+−⋅⋅Θ=+= &&&& )()( 44ε  

where n are moles, F flows, T temperature, Q absorbed heat, ψ equilibrium mass flow between water 
and steam, Cp specific heat, PM molecular weight, R gases constant, Θ Stephan Boltzmann constant, 
ε emissivity of the retort shell, A area, hc convective heat transfer coefficient and M mass. The 
subscripts s, b, i and RT are referred to steam, bleeder, input flow and retort respectively.   

If the study is centred in the energy balance, which has the large number of interesting parameters, it 
can be observed that the variable ψ is unknown. This one can be calculate by means of the mass 
balance and therefore the problem can be represented as: 
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dt
dT)RsPMCp(sn

dt
dn

y s −⋅⋅+= λ                                              (13) 

Therefore it can be estimated the valve characteristic parameters (Figure 1.a, 1.b and 1.c), retort area 
ART (Figure 1.d), convective heat transfer coefficient hc (Figure 1.e) and retort mass MRT (Figure 1.f). 
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Figure 1: Estimated parameter dynamics and real value. 

Persistent excitation was insured by introducing a PRBS (pseudo random binary signal) superimposed 
on a sinusoidal signal (SS) that is used to smooth the temperature response represented in Figure 2. 
This trick allows to calculate the approximate derivatives with more accuracy.  

 The manipulated variable is the input steam flow that departs to a PI control as can be seen in Figure 
3 where the dashed line represents the possibility to use the estimation to adaptive control [3].  
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Figure 2: Temperature evolution in the heating      
stage 

Figure 3: Position steam valve when the 
perturbation is added to the control variable. 
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Figure 4: Block diagram depicting the estimation procedure. 

 

6. Conclusions. 

A grey box model approach is justified to account for the dynamic variability of the plant and valve 
interactions and its possible use to implement adaptive control. This work describes a methodology 
that takes advantage of the underlined structure and physical principles to systematically and 
recursively estimate physical process parameters relevant to the plant. A straightforward equation 
structure with balances and constitutive laws has been expounded, that permits the implementation of 
a common least square method. This characterization has allowed us to estimate the parameters 
without the need of tedious and long experiments in the plant.  
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ABSTRACT 
 
Prerequisite of TTI application is that the TTI response and the food quality loss reaction have the 
same activation energy (EA). Estimating the effect of this “error” in quality prediction, this requirement 
can be overcome by the use of multiple-component TTI systems. Such systems, with time range at 
5°C from 2d to few weeks were experimentally studied in the temperature range 0 to 15° C and the 
established kinetic models were validated under dynamic conditions.  
Key words: shelf life prediction, TTI, multiple response, temperature profiles 
 
 

INTRODUCTION 
 
Practice and industrial studies have shown that temperature conditions in chill distribution, handling, 
transport and storage often deviate from the recommended ones. Thus, monitoring, recording and 
controlling them becomes crucial for product’s safety and quality as well as for shelf life predictions 
and expiration date labeling [1]. A cost-effective way would be the application of suitable Time 
Temperature Indicators (TTI). TTI are small, inexpensive devices that show an easily measurable, 
time-temperature dependent change that reflects the full, or partial temperature history of a food 
product to which it is attached. The principle of TTI operation is a mechanical, chemical, 
electrochemical, enzymatic or microbiological irreversible change, usually expressed as a visible 
response, in the form of a mechanical deformation, color development or color movement [2]. Since 
the rate of change depends on temperature, TTI response offers an integrated representation of the 
storage conditions. Prerequisite for application of TTI is the development of a correlation scheme, 
which would translate TTI response to the quality status of the food at any point of the distribution 
chain. Basic structural elements of this scheme are validated kinetic models of TTI response and 
kinetics of the degradation indices of the food, such as predictive models of microbial growth. By 
translating their response to the respective temperature handling throughout the chill chain, TTI can 
serve as temperature monitors and tools for the optimization of stock management [3,4]. 
In the present study, enzymatic TTI were kinetically studied in a wide range of chill temperature 
conditions and the established kinetic models were validated in dynamic storage conditions. The 
importance of the (EAfood-EATTI) difference in the accurate prediction of food status and remaining shelf-
life was assessed. An objective of this work was to develop a procedure for using multiple-component 
TTI systems, with different kinetic characteristics. 
 

MATERIALS AND METHODS 
 
Enzymatic TTI (VITSAB AB, Malmö, Sweden), Type M and L were kinetically studied in the range 
between 0 and 15°C, in isothermal incubators (Sanyo MIR 153, Sanyo electric Co., Ora-Gun, Japan), 
with temperature being constantly monitored by type T thermocouples and a multichannel datalogger 
(CR10X, Campbell Scientific, Leicestershire, U.K.). For the validation of the established models, 
experiments under non-isothermal conditions were also performed in the aforementioned 
programmable incubators, applying different dynamic time-temperature cycles. These TTI are based 
on a color change caused by a pH decrease, due to a controlled enzymatic hydrolysis of a lipid 
substrate. Before the activation, the lipase and the lipid substrate are in two separate minipouches. 
The activation is realized by mechanically breaking the barrier that separates them, and the enzyme is 
mixed with the substrate, leading to the initialization of the enzymatic reaction. The progression of this 
chemical phenomenon is visualized by a gradual color change from deep green to bright yellow, via a 
transparent window. Tested TTI were of Type M4-5, M4-10 and M4-20, with different enzyme 
concentration. Similarly, Type L10-1, L10-3 and L10-5, with different expiration times, were kinetically 
studied at the same temperature range. 
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TTI response measurement 
Color change can be visually graded on a 6-point reference scale constructed from TTI inactivated at 
a certain level or quantitavely measured on the CIELab scale, with the Minolta CR-200, Chromameter. 
The TTI response, Xc (normalized chroma) was then calculated from eq. (1): 

22
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c baC where ,
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X +=
−

−
=                                                                                         (1) 

                                     
where Cmin is the minimum measured chroma value at the time of TTI inactivation and Cmax the chroma 
value that corresponds to the value reached after the endpoint of the TTI.  When Xc is plotted as a 
function of time, it has a sigmoidal shape, rather similar to a Gaussian function (with general equation 
X=1-exp[-(kt)2]). Thus, use of the former generalized equation leads to the following form of linearized 
response function (eq.(2)): 
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where kI is the response rate of the tested TTI. 
  
TTI application scheme 
An algorithm, illustrated in Fig.1, is introduced that allows the correlation of the TTI response to a 
characteristic quality or safety index A of the food. Assuming the applicability of the Arrhenius law for 
describing the temperature dependence of the response rate of TTI, eq. (2) becomes (eq3): 
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where the constant kIo and the activation energy EAi are the Arrhenius parameters. For a non-
isothermal temperature distribution T(t), the term of the effective temperature Teff, which is the 
constant temperature that causes the same response (or change) as the variable profile T(t), is 
introduced and the response function can be expressed as follows (eq. (4)) [5]: 
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Similarly, the change of the parameter A of the food needs to be modelled, following a similar 
methodology, in a way that a linearized model f(A)=kt, is established. For a TTI going through the 
same temperature distribution T(t) as the attached food in question, the value of F(Xc)t can be 
calculated from the measured response. The value of Teff is then estimated from the second part of eq. 
(4), which combined to the kinetic parameters of the food spoilage model, the quality and safety status 
of the food, described by the corresponding f(A)t value can be assessed. 
 

 
 
Fig.1: Schematic illustration of the correlation algorithm for the application of TTI as food quality 
monitor 
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As it is depicted in Fig. 1, the estimation of the effective temperature Teff is the ultimate information 
obtained from the TTI response, which will be translated to food remaining shelf life. Consequently, 
TTI reliability is related to the error in Teff. An important source of error is the uncertainty in the 
Arrhenius equation, statistically expressed by the confidence limits of the regression values of EAi and 
kIo. Secondly, any difference between the activation energies of the TTI and the food poses a 
systematic error, that is reflected in the shelf-life remaining prediction. As it is depicted in Fig1, a 
significant prerequisite for successfully “mimicking” food handling and distribution with TTI, is to select 
a TTI with an activation EAi close to that of the food spoilage (EA).   
 

  
 

RESULTS AND DISCUSSION 
 
Kinetic analysis of TTI 

According to eq. (2), the response rate kI at each experimental constant temperature can be 
calculated by plotting F(XC)t vs time, by linear regression analysis (Fig2a). The temperature 
dependence of the response rate of TTI, Type L10-3 was modelled by the Arrhenius equation (Fig 2b). 
Similarly, Type M was also kinetically studied. Arrhenius results for the parameters EAi, including the 
95% confidence range of all types of TTI studied are summarized in Table 1. Shelf life of all TTI is also 
estimated from the established models at 2 temperatures in the range of interest (Table 1). 

 
Fig 2: (a) Response vs time at 6 constant temperatures and (b) Arrhenius plot of the response rate for 
TTI type L10-3. 
 
Table 1: Arrhenius kinetic parameters for enzymatic TTI, type M and L 

Total response 
time (h) 

 
Type of TTI 

 
EAi (kJ/mol) 

 
R2 

0°C 10°C 
M4-5 69.0±13.8 0.988 181 62 
M4-10 76.0±18.0 0.972 432 133 
M4-20 75.2±20.2 0.964 836 260 
L10-1 151.0±4.9 0.995 174 17 
L10-3 160.1±21.9 0.991 646 54 
L10-5 155.7±51.9 0.946 1649 146 

 
In all cases of studied TTI, the established kinetic equations were validated at different time-
temperature profiles, with stepwise temperature shifts, within the range studied. Such a profile, shown 
in the interior of Fig.3, with an estimated effective temperature, Teff= 4.9°C represents temperature 
shifts, that frequently occur in the real chill chain. The agreement between prediction using the 
established kinetic model for TTI, Type M4-10 and experimental results was satisfactory, since closed 
circles lie in between the 95% confidence limits, that were estimated using SYSTAT 8.0® (CLECOM, 
Software specialists; Birmingham, U.K). In the case shown, the predicted rate, according to joint 
confidence contour analysis, was found to have an upper and lower limit of 5.32*10-3 and 8.82*10-3   
(h-1) respectively and the experimental value was estimated kexp=6.92*10-3 (h-1), (R2=0.953). Results 
for all types of TTI, Type M and L were similarly satisfactory when different temperature profiles were 
used, with different Teff (Teff≅ 7.5 and 11.8°C). 
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Fig. 3: Comparison of experimental (closed circles) and predicted results of Type M4-10 response for 
exposure at the shown variable temperature profile. The solid line represents the linear fit of the 
response measurements and dotted lines depict the upper and lower 95% confidence band of TTI 
response predicted for the estimated Teff 
 
In order to assess the significance of the difference between EAfood and EATTI, an indicative temperature 
scenario of chill distribution for a food with EA ≅ 70kJ/mol was assumed and the Teff was calculated  
based on the responses of TTI of a wide EA range (Fig.4).  

 
Fig. 4: Effect of the difference (EAfood-EATTI) on the prediction of Teff for the illustrated temperature 
profile. 
 
To evaluate the effect of the error in Teff estimation on quality prediction, a case study is assumed, 
where different TTI are attached on MAP (20% CO2) ground lamb products. Microbial growth data 
were collected and studied within the SMAS project [5], and the respective Arrhenius parameters were 
estimated, giving a value of EA of lactic acid growth of 70.3 kJ/mol, which is almost identical to the one 
calculated for the response of TTI, type M. Based on collected kinetic data i.e. initial population, logNo 
≅ 2.5, population at the expiration time logNs≅  8, shelf life@0°C≅ 305h, exponential growth (N=Noekt) 
and the Arrhenius law temperature dependence, one can estimate the effect of the error in Teff 
evaluation (assessed by the attached TTI response) on the microbial population prediction and, 
consequently, on the remaining shelf life evaluation (Fig 5). 
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Fig.5: Effect of the error in the prediction of Teff on the estimation of the microbial population 
 
Using TTI of Type M, there would practically be no error in the estimation of the microbial population. 
With TTI of Type L, Teff is overestimated (∆Teff ≅ 2.2°C), leading to an error of approximately 1.6 log 
cycles, which is translated to about 25h underestimation of the actual shelf life of the product, under 
the specific temperature conditions illustrated in Fig 4. Consequently, the necessity of minimizing this 
error in the prediction of Teff is crucial for the systematic application of TTI as quality and safety 
monitors in the chill chain. In this context, the potential use of a multi-component instead of single TTI-
system was tested, where the prediction was made by the appropriate combination of the response of 
tags of different EA.  A similar approach has been proposed for thermal process TTI [6]. 
According to Fig.4, for the specific food studied, ∆Teff estimated is proportional to the ∆EA between the 
food and the attached TTI (eq 5): 

Aeff ET ∆α=∆                                                                                                                    (5) 
Applying the same temperature profile for different EAfood ranging from 60 to 170 kJ/mol, the same 
linearity between ∆Teff and ∆EA was observed, and parameter α, was found to be practically 
independent of the EAfood. The value of α is actually a correction factor that minimizes the error in Teff 
prediction and it can be estimated quite accurately using two TTI of different kinetic characteristics, 
from the following equation (eq.6): 

)TTI(E)TTI(E
)TTI(T)TTI(T

2A1A

2eff1eff

−
−

=α                                                                                               (6) 

 Then, the Teff could be better predicted, using the following equation (eq. 7): 
( ))TTI(E)food(E)TTI(T)predicted(T 1AA1effeff −•α+=                                             (7)       

In Table 2, predictions of Teff by single TTI (of the two types M and L available) are compared to the 
ones made by the double system TTI, using the temperature profile of Fig. 4, showing the significant 
improvement accomplished. The EAfood used was approximately 83 kJ/mol, corresponding to the 
microbial spoilage of chilled fish (boque), studied by Taoukis et al, 1999 [7].   
 
Table 2:  Comparison of Teff prediction, based on single or double TTI response, for fish boque, using 
TTI of Type M and L 
 EA (TTI) (kJ/mol) Teff predicted (°C) ∆∆∆∆Teff (Teff(act)-Teff(TTI)) 

69 8.58 0.39 Single TTI 
151 10.76 -1.79 

Double TTI (69-151) 8.95 0.02 

 
 

CONCLUSIONS 
In this study, the applicability of TTI as reliable tools for chill chain monitoring was studied and their 
effectiveness was assessed in predicting the temperature history of food. A prerequisite for TTI use is 
a thorough isothermal kinetic study, followed by validation of the established kinetic model under 
dynamic conditions. The use of a multiple system offers a sound alternative to the single TTI, 
minimizing the error in the prediction of the Teff of the food.   
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Based on TTI application, the principles of a safety management system for the optimisation of the 
distribution of chilled food products at the time of consumption are developed in a EE funded 
programme, coded “Safety Monitoring and Assurance System” (SMAS). In this system, instead of the 
conventional first in first out (FIFO) method a new approach based on actual risk evaluation at 
important points of the chill chain is used, in order to promote products to the next stage of distribution. 
This evaluation based on continuous product temperature monitoring by TTI, and the use of predictive 
models for the growth of food pathogens and quality deterioration, allow to give priority to products in 
such a way that risk at consumption time is minimized and quality optimally managed.  
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ABSTRACT 
 
In dry-cured meat products, infrared (IR) temperature has been related to the surface water 
activity (aw) and Near Infrared (NIR) spectra has been related to the aw, moisture and crust 
development at the surface. Raw and salted loin meat and cured sausages were dried in a 
drying tunnel at different conditions. IR and NIR can be applied as an on-line methodology to 
estimate product properties studied, although more research is needed to improve accuracy. 
 
Keywords: drying, meat, water activity, crust, measurement, on-line 
 
 
 

INTRODUCTION 
 
Drying of cured meat products has been made traditionally in Natural Systems, taking 
advantage of a geographic zone or a period of time of the year. In the last decades, these 
systems have been displaced by Artificial Systems where air relative humidity and temperature 
are regulated. 
The effect of drying air conditions (temperature, relative humidity, speed, turbulence) on the 
meat products maturation has been little studied (1; 2, 3). Nowadays the set points of air relative 
humidity and temperature are manually readjusted in a staggered form by an expert on the 
basis of the product evaluation (weight loss and sensory characteristics) and on his own 
experience. Sensory characteristics used are: aspect (humid or dry aspect), fungi development, 
surface texture (stickiness or crust development).The main drawback of this control system are 
the discontinuity of the sensory evaluation and the cost of the expert training. 
An on-line instrumental measurement of a parameter related with the expert evaluation could be 
used to improve this control system. In a first approach, the continuous weight loss 
measurement was used to regulate the drying process of dry cured sausages in the 
fermentation phase (4). Weight loss is simple measurement, but it provides limited information, 
particularly about the crust development at the surface, since it is a global measurement of the 
piece. Water activity at the surface (aws) in sausages was evaluated and proposed as a criterion 
for the regulation of the relative humidity of the drying air (5). 
The on-line measurement or estimation of aws could complement to the water loss information. 
However, the equipments used to measure the aw are based on equilibrium conditions, and they 
are not valid for on-line measurement of aws. Therefore, other on-line measurements must be 
related with aws. 
Under some hypothesis aws can be estimated from heat balance if relative humidity and 
temperature of air and temperature at the product surface are known. Infrared (IR) thermometry 
has been used to measure the temperature at the surface of different materials and could be 
used here. 
Near infrared (NIR) technology is used in laboratories to determine product composition. It has 
been also proposed to determine on-line protein and infiltrated fat in Iberian pork loin (6). 
The aim of this study was to determine the relationship between product properties and on-line 
measurements (IR and NIR) at the surface of meat products during drying.  
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MATERIAL AND METHODS 
 
IR and NIR were applied on the product surface during drying on raw and salted loins, and NIR 
on dry cured sausages.  

Infrared thermometry 
The surface temperature during drying was determined by an infrared sensor Raytek 
(RAYMICO2LT) calibrated at 24.6 ºC using an emissivity coefficient of 0.95. The accuracy of the 
measure was + 1 ºC.  The data was logged each minute during the 7 days of the process. 
Assuming that, due to low drying rate, accumulation of heat in meat is negligible, the aws could 
be estimated from the heat balance by equalling the sensible heat flux to the enthalpy flux of 
evaporating water. 
For convection dryers, the rate of heat transfer from air to the surface is given by:  

)( sbAQ θθα −⋅⋅=  (1) 
where: Q is the heat transfer rate (W), α is the heat transfer coefficient (W/(m2·K)), A is the 
surface area (m2), θb is the bulk air temperature (K) and θs is the solid temperature (K). It is also 
assumed that there is no temperature gradient in the solid phase. 
The transfer rate of heat used to evaporate water from the surface is given by: 

( )YYAkQ c −⋅⋅⋅=⋅= *' λφλ  (2) 
where: Q� is the transfer rate of heat used for evaporation (W), λ is the latent heat of 
vaporisation (J/kg), φ is the rate of evaporated water (kg of water/s), kc is the convective mass 
transfer coefficient (kg dry air/m2·s), Y is the absolute moisture content of drying air (kg water/kg 
dry air) and Y* is the absolute moisture content of the air in equilibrium with the surface (kg 
water/kg dry air). 
Assuming that all heat is used to evaporate water from the surface and that no heat is gained or 
lost by the surroundings, equations (1) and (2) would be equal: 

)·(·)( * YYkcsb −=− λθθα  (3) 
On the other hand, from the Lewis relationship we have: 

YCCC
k steamairdryH
c

⋅+== −
α

 (4) 

where:  CH  is the humid heat of drying air (J/(kg of dry air ·K)), Cdry-air is the specific heat of dry 
air (J/(kg of dry air ·K)), Csteam is the specific heat of steam (J/(kg of steam ·K)) and Y is the 
absolute water content of drying air (kg of water/kg of dry air). 
By applying (4) in (3) the following equation is obtained: 

)YY·())·(Y·CC( *
sbsteamairdry −λ=θ−θ+−     (5) 

Y* can be calculated from (5) and aws
h can be obtained from equation (6):  

0

0622.0*
PaP
PaY

ws

ws

⋅−
⋅⋅=  (6) 

where: aws is the water activity at the surface, P0 is the saturated vapor pressure of pure water 
(Pa) and P is total pressure (Pa). 

Near Infrared Spectroscopy 
A reflection spectral sensor Corona 45 NIR 1.7 (Carl Zeiss) with a 30 mm diameter lent and 45º 
measuring geometry was used. The spectral range was from 950 to 1680 nm. The spectra of 
the raw and salted loins surface was taken daily during 7 days of drying process. The spectra of 
dry cured sausages surface was taken every two days during 20 days of drying process. 
 
Drying experiments 
The drying experiments were carried out in an experimental tunel dryer. The dryer was 
equipped with a humidity, temperature and air velocity sensors. Accuracy of the sensors was 
±3%, ±0.4 ºC and ±0.1 m/s respectively. Sensor data were recorded continuously every minute. 
Drying experiments for raw and salted loins were developed by duplicate at 60 ±5% of relative 
humidity (RH) and 15 ±2 ºC of temperature at two air velocities, 0.55 and 2.50 m/s. Drying 
conditions for dry cured sausages were 75% (RH) and 20 ºC, 75% (RH) and 13 ºC or 85% (RH) 
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and 8 ºC, and 1.4 m/s of air velocity. Samples from the surface (external 2 mm thick slice) were 
taken every day for loins and every two days for sausages to determine the experimental aw 
(with a Testo 600 equipment), moisture (7) and crust development. Crust development was 
evaluated on a 0-10 score scale by two experts. 
The aws estimated from IR thermometry data of raw and salted cured loins were related to 
experimental aw and crust development. 
From NIR espectral data and experimental measurements of aw and moisture (of external 2 mm 
slices) and crust development, internal prediction models were obtained to estimate aw, 
moisture and crust development for loins (raw and salted) and sausages. 
Three drying experiments were developed on raw and salted meat at 2.5 m/s and dry cured 
sausage at 18º C and 85 % to evaluate the NIR estimates of moisture, aw and crust 
development from NIR spectral data. The error of prediction was calculated using Equation (7). 
 

1n

n

1i

−
=
∑

=

data estimated-  data alexperiment
 error     (7) 

 
 
 
 

RESULTS & DISCUSSION 
 
 

Estimation of aws of raw and salted loin using IR thermometry 
 
Figure 1 shows RH and T of air, surface temperature (IR), estimated aws and experimental aw 
during drying for experiment with raw loin at 2.5 m/s. The rest of the experiments showed a 
similar behaviour. 
At the beginning of the process, temperature difference between drying air and loin surface 
were around 3 ºC. While advancing the process, this difference decreased. This is due to the 
fact that at the surface, water evaporates and needs to absorb heat from its surroundings. 
When evaporation rate decreases, surface temperature increases and it is closer to that of the 
drying air. Values of aws estimated by IR are lower than experimental aw, which can be attributed 
to the fact that experimental aw was obtained from 2 mm thick meat sample, where there are 
important gradients of water as was shown in meat samples using NMR imaging (8). However, 
the tendency of aws is the same of aw, and it can be useful in control systems. 

 
 

Figure 1. Experimental aw, aws calculated by IR thermometry model at surface, relative humidity, 
air temperature and surface temperature, during drying process of raw and salted loin at 2.5 
m/s. 
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The crust development in raw and salted loins had an important increase when aws decreased 
below 0.72 at 0.55 m/s air velocity and below 0.68 at 2.5 m/s air velocity (Figure 2). Therefore, 
the on-line aws estimate by IR could be used in the control system to prevent crust formation, 
although it is important to be aware that it is slightly dependent on air velocity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Crust development versus estimated aws from IR in raw and salted loins dried at air 
velocities of 0.55 and 2.5 m/s. 
 
 
Evaluation of NIR estimates for aw, moisture and crust development  
 
Figures 3, 4 and 5 shows the NIR estimates of aw, moisture and crust development versus 
experimental aw and moisture of 2 mm external slices and crust development respectively. 
The error of prediction for aw NIR estimates were: 0.039 for raw loin, 0.035 for salted loin and 
0.037 for sausage. These errors are important enough to conclude that this NIR estimate of aw 
is not useful from a microbiological point of view and more accurate prediction equations are 
needed. 
Moisture NIR estimates fit well the experimental moisture for sausages (error of prediction: 
2.19%). However, they underestimate the experimental values for salted loins and also for raw 
loins at high moisture (error of prediction: 15.66% for salted loins and 2.19% for raw loins). 
NIR estimates of crust development fit well the experimental measurements for raw loins, but 
they overestimate the experimental measurements for salted loins.   
The cured sausage dried at 18ºC, 85% and 1,4 m/s did not show crust development on surface. 
NIR equipment estimated low levels of crust development, but it is not known its behaviour at 
medium and high levels. 
Although the NIR estimation has not been accurate in some of the measurements, there is a 
relationship with the experimental data. Therefore, if more experiments were developed, could 
be possible to improve the prediction models. The NIR methodology may be a good tool for on-
line control of the drying process of cured meat products.  
 
 
 
 
 

Estimated aws 
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Figure 3. Relationship between experimental aw and estimated aw by NIR equipment. 

 
Figure 4. Relationship between experimental moisture and moisture estimated by NIR 
equipment. 
 

 
Figure 5. Relationship between experimental crust development and crust development  
estimated by NIR equipment. 
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NOMENCLATURE 
 
A �  area, m2  
aw  �  water activity, �    
C �  specific heat,           J/(kg dry air · K)   
k �  mass transfer coefficient,kg dry air/(m2 s) 
P  �  total pressure, Pa    
Q �  heat transfer rate, W  
K �  moisture content, kg water/kg dry air 
 
Greek letters 

α �  heat transfer coefficient, W/(m2 K)  θ �  temperature, K 
λ �  latent heat of vaporization,J/kg  φ �  evaporation rate, kg of water/s 
 
Subscripts 
b �  bulk air   s �  surface 
c �  convective   0 �  pure water 
* �  in equilibrium with surface 
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Abstract: Two enzymatic Time Temperature Integrators (TTI) were developed. Both TTIs showed an up 
to now non-equaled capability to determine process-value 10°CF121.1°C in the range 3-90 min with an 
accuracy of around 10% (T°C range 100-140°C). These thermal biosensors were successfully used, alone 
or in combination, to determine thermal process impacts in solid/liquid food products (boeuf-bourguignon 
and raviolis) respectively processed in discontinuous static or continuous rotary retorts. 
 
Key words: time temperature integrator (TTI), α-amylases, sterilization, thermal impact, solid/liquid food. 
 
 
INTRODUCTION: 
 
Preservation of food represents one of the key points of the world economy. Thermal processes remain by 
far the most used technique to preserve foodstuffs between the moment of production and the moment of 
consumption. Whatever the thermal process under concern (discontinuous or continuous, rotary or not, 
conventional or non-conventional), the quantification of the thermal process impact on relevant safety and 
quality attributes of the food-products is indispensable in process design, process evaluation and control 
as well as in process optimization to obtain a safe food product with maximal quality retention. The in-situ 
method and the physical mathematical approach are commonly used for this purpose. In the in-situ 
method the level of a quality/safety attribute is measured in the food itself before and after heat treatment 
while the physical mathematical method (Equation 1) is based on the knowledge of the time temperature 
history of the product, combined with the knowledge of heat resistance parameters of the attribute under 
study (e;g., bacterial strain, enzymes activity).  
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where z targetFTref  = process value (min), ztarget = thermal sensitivity of the inactivation rate (°C), Tref  = 
reference temperature (°C), T = actual temperature in the food product (°C), t = time (min). 
 
The in-situ and the physical-mathematical methods, however, show serious limitations with regard to 
modern heating processes (1): While the first one is time consuming, expensive and exposed to detection 
limits, the second one often shows practical limitations due to the impossibility to obtain, by recording or 
heat transfer simulation, the necessary time-temperature data at the cold spot of the product during the 
process (e.g. solid/liquid food products submitted to continuous processing, aseptic or not; solid/liquid food 
product submitted to in-pack batch rotary processing). Faced to these limitations, the Time Temperature 
Integrator (TTI) concept is considered as a promising alternative because it allows fast and easy 
determination of thermal impacts without necessity to know the temperature history inside the product. 
These characteristics of the TTI concept are logically considered with great interest by food industrials, 
which are often confronted to a lack of information with regard to the thermal impact inside their heat-
treated products, especially when the latter are convective or semi-convective products (solid/liquid 
products) treated in rotary retort or aseptic processes. 
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A TTI can be defined as a « small measuring device that shows a time-temperature dependent, easily, 
accurately and precisely measurable irreversible change that mimics the change of a target attribute 
undergoing the same variable temperature exposure » (2). TTIs are wireless sensors that allow to quantify 
the integrated time-temperature impact on a target attribute without information on the actual time-
temperature history of the product (Equations 2). 
 

X
X

TDTTI o
refF log⋅=          (2) 

 
where FTTI = process value derived from TTI (min), DTref = decimal reduction time at Tref (min), X0 = initial 
level of the target attribute and X= level of the target attribute after the thermal process.  
 
Ideally, the TTI should show the same temperature sensitivity of the rate constant expressed by the z-
value (Thermal Death Time model) as the one of the target attribute under study. In the case of safety 
evaluation of sterilization processes a target z-value equal to 10°C, corresponding to heat inactivation of 
spores of proteolytic strains of Clostridium botulinum, is commonly accepted (3). Depending on situations, 
however, other safety/quality target attributes showing different z-values might be considered.  
 
More or less recently, numerous interesting enzymatic TTI systems based on protein stabilized by polyols 
or carbohydrates and/or partial dehydration, have been investigated at the laboratory scale (4-8).  
However, although showing interesting capabilities, each of these systems showed limitations in terms of 
(i) useful temperature range and/or (ii) investigable process-value range, (iii) cost of the response property 
monitoring (e.g., expensive differential scanning calorimetry technology for measurement of residual 
enthalpy of protein denaturation), (iv) time required for the response property monitoring (v) time required 
for preparation of the TTIs (vi) lack of information with regard to TTI stability during storage before and 
after use. Due to these limitations, these TTI systems could not be transferred to the food industry area, 
which however strongly asks for TTIs that allow easy, fast and reliable determination of thermal impacts 
undergone by target attributes of safety or quality interest in the particles of solid/liquid food products 
submitted to pasteurization or sterilization processes. 
 
The purpose of the present work was (i) the development of two new enzymatic time temperature 
integrators (TTI) properly designed for the quantification of thermal process impacts in heat-sterilized 
solid/liquid food products processed in an industrial environment (ii) the validation and use of these TTIs to 
quantify the process value 10°CF121.1°C in particles of solid/liquid food products submitted to sterilization 
processes in pilot-scale conditions (batch static retorting) and industrial scale conditions (continuous rotary 
retorting). 
 
 
MATERIALS AND METHODS 
 
Enzyme sources: Termamyl 120L, a liquid preparation of Bacillus licheniformis α-amylase (BLA) was 
purchased from Novozyme (Denmark). A freeze-dried preparation of Bacillus subtilis α-amylase (BSA) 
was also obtained from Fluka (n°10069). 
 
Enzymatic activity reading: The easiest, fastest and most economic way to monitor thermal impacts on 
an enzyme is to monitor its heat inactivation. Hence, in the present work, heat inactivation was considered 
as TTI response property and was monitored spectrophotometrically at 30°C and 405 nm according to 
procedure n°.577 of Sigma Diagnostics. Activity was expressed in Unit/L (U/L) based on absorbance 
readings. 
 
Standardization of the enzymes environment: Two standardized solutions of BLA and BSA were 
prepared based on commercial preparations. The standardization was performed by dilution (in case of 
BLA) and solubilisation + dilution (in case of BSA) in a buffer bis-tris 0.005M at pH=6.9 completed with 
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20g/l sucrose, 15.24g/l NaCl, 2.56 g/l CaCl2 and 1.27 g/l KCl up to achievement of a protein concentration 
of around 1 mg/ml. Protein contents were measured with procedure TPRO 562 from Sigma-Diagnostics 
(kit BCA-1 n°B-9643). The buffered solutions were ultra-filtered-centrifugated (4400g, at 4°C) using a 
Macrosep centrifugal device (Pall Life Sciences, USA) and the concentrated solutions were finally diluted 
again in bis-tris buffer up to achievement of a volume activity of 400 kU/L. 
 
Adsorption on an inert filler, dehydration and encapsulation: 0.281 ml samples of the standardized 
enzyme solutions were mixed in 1.5 ml Eppendorf tubes containing 1.35 g of 0.250 mm diameter non 
porous glass beads (BDH Chemical Ltd, Poole, England) up to achievement of an homogeneous and 
clear brown mix. A high level of dehydration of the mix was subsequently achieved in two steps. The mix 
was firstly freeze-dried by use of a freeze-drier (Christ, Zwitzerland) in order to remove the water between 
beads under non-denaturating conditions. At the end of the freeze-drying step, enzyme, ions and sucrose 
coat the beads and act as a weak cement between them. 60 µl large volume pans for differential scanning 
calorimetry (Perkin Elmer, kit 0319-0029) were then partially filled with 40-60 mg of the freeze-dried mix. 
An extra-dehydration step was subsequently performed placing the pans filled with the mix inside an oven 
at 102°C during 1 hour. Due to the thermostability of BLA in a freeze-dried form, it was observed that this 
step did not induce any significant inactivation of the enzyme. After one hour of extra drying, the pans 
were removed one by one and closed immediately by sealing of covers. The rapidity of the sealing just 
after the removal of a pan from the oven is crucial because it allows to seal while the pans and its content 
are still warm, thus decreasing strongly atmospheric moisture uptake. In this way the capsule-to capsule 
dehydration level was well controlled. Filled capsules were finally recovered by a 0.5 mm Sylgard 184 
silicon layer (Dow Corning, Belgium) in order to prevent any moisture entrance during storage and 
processing. For convenience, the TTIs based on BLA and BSA were respectively called BLAGB0 and 
BSAGB0 (GB and 0 making respectively reference to glass beads and 0% relative humidity of both TTIs). 
 
Isothermal heat inactivation experiments: Kinetic studies under isothermal conditions were carried out 
by immersing simultaneously several TTIs inside an oil bath (Grant, England) at various fixed 
temperatures in the range 115-128°C with silicone oil from Fluka (ref 85415) and subsequent withdrawal 
at various times followed by immediate cooling in ice-water at 0°C. Because according to preliminary 
experiments (in the same conditions) it had been observed that the α-amylases inactivation curves 
followed a first order model, it was decided to regroup the experimental points at both sides of the 
experimental domains. The capsules were opened by double lateral compression using a small bench and 
the mix was weighed inside eppendorf tubes. After rapid solubilisation of the α-amylase in 1 ml distilled 
water, the α-amylase activity was then measured in 5 min. Heat inactivation parameters D and z were 
determined by (two-step) linear regression (Equation 3 and 4) on isothermal data. 
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Validation and use of BLAGB0 in batch static processing of a real solid/liquid food matrix 
 
Food matrix: The food matrix was a copy of a real industrial recipe made of pieces of carrot and beef 
immersed in a wine sauce containing some starch. A TTI BLAGB0 was placed inside a piece of beef of 
approximately 30 cm3 in which a small incision was performed with a cutter. A small ligature made with a 
piece of thin non-elastic wire eliminated any risk of motion of the TTI during the heating process. The 
piece of beef was subsequently fixed at the center of a custom made frames as described in (8). Frames 
were subsequently placed inside 1/1 size cans equipped with a gland containing a thermocouple of the 
same length. The tip of the gland was placed in contact with the TTI inside of the centrally fixed piece of 
beef. The cans were subsequently filled with carrot pieces and beef pieces before addition of the wine 
sauce and sealing of the cans. 
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Thermal processing: 22 cans were submitted, two by two, to a thermal treatment by static immersion at 
various holding temperatures between 121°C and 127°C in a pilot -scale PR900 retort (Stock, USA) during 
various holding times in order to spread the final process values 10°CF121.1°C on-line calculated from the 
thermocouples responses by the E-val software (Ellab, Denmark) between 3 and 90 min. The initial 
temperature of the product was around 20°C. The venting system of the retort allowed the achievement of 
a come up time of around 20 seconds only. 
 
Recuperation of the TTIs after retorting and process value determination: In all cases, the central 
piece of meat was still correctly fixed at the center of the can after the heat treatment and the TTIs 
remained at the same place inside the piece of meat in contact with or at few mm of the tip of the glands. 
The process-value FTTI (Equation 2) and FTTI-FDC were subsequently compared to the actual process-
values Ft-T=

10°CF121.1°C (Equation 1) and absolute average % errors in process-value determination were 
calculated based on equations 5 and 6: 
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Combined use of two single component TTI systems BLAGB0 and BSAGB0 to evaluate the 
average thermal impact in raviolis sterilized in an industrial reel and spiral continuous retort  
 
Thirty-five non-blanched raviolis were manually prepared with one TTI BLAGB0 in each. Thirty-five other 
non-blanched raviolis were manually prepared with one TTI BSAGB0 in each. Egg white applied with a 
small brush allowed to re-close the raviolis after opening. Half of the meat normally contained in each 
ravioli could be kept. After insertion of TTIs inside raviolis, the latter were blanched in boiling water up to 
satisfying size increasing. 7 cans of size 71.5mm diameter*115.5 mm height (European common name ½ 
high) were then similarly filled with raviolis and tomato sauce in such a way that each can contains 5 TTIs 
BLAGB0 and 5 TTIs BSAGB0 embedded in raviolis. Moreover, each can was equipped with a calibrated 
wireless temperature recorder (Nanovacq autonomous dataloggers, TMI ORION, Montpellier, France) in 
order to measure the temperature inside the sauce every 10 seconds during the process. The process 
was run in a FMC reel and spiral retort (Sterilmatic) with a holding time of 9 min at 130°C. The initial 
temperature of the cans content was around 50 °C as shown in the temperature profile (Figure 1). After 
processing, the cans were recuperated and TTIs removed from the food matrix for subsequent reading of 
their response. Figure 2 shows opened raviolis containing TTIs after thermal processing.  
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RESULTS AND DISCUSSION 
 
Validation and use of BLAGB0 in batch static processing of a real solid/liquid food matrix 
 
Figure 3 presents the heat inactivation curves of TTIs BLAGB0 prepared for the experiment. Table 1 
introduces the corresponding heat inactivation kinetic parameters D and z. 
 
 

 
 
 
 
 
 
 

 
 
 
 
Because the TTI BLAGB0 showed a z-value of 13.5°C instead of 10°C, FTTI-values could differ more or 
less from the actual process-values Ft-T = 

10°CF121.1°C deduced from temperature recordings. An FTTI-value, 
however, reflects a unique time-temperature profile in the conditions of the process (heating process 
parameters and fh-value of the heated product). This unique time-temperature profile can be closely 
reconstructed by finite difference calculation (FDC) on the basis of heating process parameters and fh-
value of the product. FDC is run in order to reach FTTI as a target process-value taking zTTI=13.5°C instead 
of zref =10°C as a reference z-value. The time-temperature profile hence obtained is subsequently 
reintegrated with zref =10°C as a reference z-value in order to obtain an estimation of the Ft-T-value, called 
F(TTI-FDC), deduced from the combined use of FTTI and FDC. This method, which requires the knowledge of 
the fh-value of the heated product, is applicable only for in-pack processing and allows the thermal impact 
evaluation inside particles moving in the average volume of the container. For aseptic processing, where 
the notion of heat penetration parameters cannot be used, the only way to evaluate Ft-T-values distribution 
in the product is to use the multi-component TTI concept (9-10). FTTI-values and F(TTI-FDC)-values obtained 
by using the average fh-value on the 22 cans were compared to the actual process-values Ft-T (calculated 
with z=10°C) observed in each can. Results are depicted in Figure 4. An average absolute % error of 
22.4% in process value determination was observed with FTTI-values. This average absolute % error could 
be significantly reduced to 11.4% when considering F(TTI-FDC)-values. 
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Table 1 heat inactivation kinetic parameters of the 
silicone coated TTIs BLAGB0 prepared for the assay. 
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Combined use of two single component TTI systems BLAGB0 and BSAGB0 to evaluate the 
average thermal impact in raviolis sterilized in a reel and spiral continuous retort 
 
Figure 6 represents the process-value 10°CF121.1°C distribution (deduced from temperature recording) in the 
sauce and the process value 10°CF121.1°C distribution in raviolis. The latter was deduced from extrapolation 
to z=10°C of the FTTI-values 13.96°CF121.1°C and 16.42°CF121.1°C observed with the batch of TTI BLAGB0 
(z=13.96°C) and the batch of TTI BSAGB0 (z=16.42°C). Normal distribution was considered because 
cans were similarly filled and submitted to the same process conditions. It appeared that process-values in 
ravioli were normally distributed around an average process-value of 23.6 min with a standard deviation of 
1.5 min while process-values in the sauce were normally distributed around an average process-value of 
33.6 min with a standard deviation of 1.5 min. Logically the average volume 10°CF121.1°C values observed in 
raviolis (solid phase) were lower than the average volume 10°CF121.1°C -values observed in the sauce (liquid 
phase) due to differences in heat transfer, which is mainly conductive inside the raviolis and convective 
inside the sauce. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Process-value 10°CF121.1°C distribution (recorded) in the sauce and the process value 10°CF121.1°C 
distribution in raviolis  

 
CONCLUSION 
 

A standardized preparation procedure was set-up that allows the preparation of two highly dehydrated and 
small sized single component enzymatic TTI systems with z-values respectively close to 13.5°C (BLAGB0) 
and 16.5°C (BSAGB0). The isothermal calibration of these two TTIs showed their capability (i) to be used 
in the temperature range 100-130°C (ii) to be read 5 minutes only after their use (microbial TTIs require 
24-48 hours) (iii) to be used to determine process values 10°CF121.1°C in a very wide range of 3-90 min. 
Because those two accurate TTIs showed z-value different from 10°C, two different methods were used to 
generate 10°CF121.1°C-values. The first method was based on the combination of experimental data with 
finite difference calculation and was applied to the use of BLAGB0 alone. The second method was based 
on the multi-component TTI concept (9-10), which is based on the extrapolation to z=10°C of the FTTI-
values 13.96°CF121.1°C and 16.42°CF121.1°C-values  observed with the batch of TTI BLAGB0 (z=13.96°C) and the 
batch of TTI BSAGB0 (z=16.42°C). Both methods are “multi-targets oriented” and allow to use the 
information provided by BLAGB0 or BSAGB0 to determine thermal impacts on target attributes with z-
values different from 10°C in particle of sterilized solid/liquid product. It is expected that such biosensors 
will help industrials to achieve more information on their thermal processes in order to facilitate the design, 
optimization and control of the latter. 
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ABSTRACT   
 
With the use of ultrasonic pulses of 1 MHz, 1 W / cm2 during one second to a sample 
of 250 g cheese with rectangular shape and 2 cm. thick, with a previous gradual 
introduction of 10 sand grains, frequency and return energy could be tested in the 
coefficients of the details being obtained a correlation with the number of grains.   
Key words: ultrasonic pulse, Wavelet, strange Particles, coastal Cheese. 
 
INTRODUCTION 
 
The conditions for the production of the coastal cheese elaborated in clusters are 
precarious because it is manufactured by means of rudimentary procedures which 
allow that such strange particles as hair, wooden scraps, grains of sand, among 
others, contaminate the product even more. According to the Secretary of 
Departmental Health, the consolidated data of alimentary intoxication for coastal 
cheese coming from clusters shows 120 cases of intoxication which have been  
reported in the last three years (unofficially it is known that the figure overcomes the 
500 cases), being the elderly (79-89 years old) the most vulnerable people. 24 cases 
have been presented in the 2001, 58 cases in the 2002 and 28 cases in the present 
year [1]. 
One of the emergent methods for the detection of strange particles without 
destruction of the product is the ultrasonic detection, which has also been used to 
determine the rheologic properties  of the cheese and  physicochemical properties of 
milk [2], and by using transducers with a sign of time domain, frequency of the 
spectrum is thus obtained. From the spectrum, the attenuation speed is calculated by 
each frequency [3]; taking into account these values the deposit and the losses of the 
module are computed by each frequency. A qualitative relationship was found among 
obtained data using the traditional reometer  and the ultrasound measures; with this 
the ultrasonic speed was higher for the cheeses with smaller humidity than for the 
densest ones. The increased speed is proportional to the increment of the frequency 
indicating this way the dispersed nature of the samples of cheese [4]. The waves that 
get to the receiver make it to a speed and frequency different from the initial one, this 
difference depends on the physical properties of the means, and as far as there is a 
higher presence of strange particles in the product, the ultrasonic pulse received will 
be different [5].  
The purpose of the present investigation is to physically verify the presence of 
strange particles in coastal cheeses and to correlate a technique of ultrasonic pulse 
for the detection of strange particles in cheeses, determining this way the hygienic-
sanitary quality of this product, so that the implementation of a non destructive 
evaluation could be employed, which is preventive against the alimentary toxic-
infections coming from cheese elaborated under inadequate hygienic-sanitary 
conditions. 
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METHODS AND MATERIALS   
   
The developed method is sustained in the principles of treatment of signs in an 
analysis system called Wavelet [6] which includes, among other functions, the 
Function of Fourier Transformed (FFT) [7]. Basically, two techniques of digital filtrate 
were used: One to identify and to quantify signs of ultrasonic pulse coming from the 
coagulated proteins that make the cheese, which is derived from the texture 
properties and content of water. The digital filter permits the identification of changes 
of signs due to the diverse rheologic properties of the different coastal cheeses, 
because as a ranch-made product with no proper norm it is very heterogeneous in  
texture which would introduce noisy signs that would make the identification of signs 
coming from strange particles very difficult [8].  
Subsequently, this permitted the elaboration of a protocol of calibration of the  
Emission - Reception (E-R) ultrasonic system proposed [9]. Another filter determined 
and quantified the signs coming from strange particles such as sand grains and 
wooden scraps mainly, although it is expected to have an improvement of the 
technique so that remains of vegetables, insects and similar can be detected. 
The experimental work was carried out during two stages: In the first stage, one 
pound of coastal cheese coming from clusters was taken to ten local cheese stores, 
twice per week, during six months (trying to coincide with the periods of more 
production of cheese). Then, very thin transversal cuts were done and with the help 
of a stereo microscope all the strange particles were extracted (sand grains, 
splinters, and similar items). Direct cultures in nutritious agar were carried out on the 
strange particles found in the cheese, with later non selective enrichment in BHI for 
their characterization in gender and species, using selective and differential means, 
with the respective biochemical tests. This is all done by reconfirming the relationship 
strange particles - presence of pathogen bacteria. 
In the Second stage the work was done on a well-known 250 g fresh cheese which 
was 3 cm. thick, elaborated by a local milky company following all the rules of 
hygiene and sanity of the alimentary industry in order to guarantee the homogeneity 
in the texture, humidity and the absence of strange particles of the product, very 
convenient for the experimental design that is presented next: A system of E-R was 
placed in opposed planes with ultrasonic pulsations of 1 MHz and 3 Watts / cm2, 
stabilized with a source to avoid the changes of voltage intensity ( see figure 1) [10]. 
 
 
 
 
 
 
 
 
 

Figura1. Equipment of ultrasonic pulse of Emission-reception 
to detect strange particles in coastal cheeses. 

 
Source: Welti J, Barbosa G, y Aguilera J. Food Preservation Technology Series.  Engineering and Food for the 
21st Century. CRC Pres TP370. E54 2002. 664 - dc 21. ISBN 1-56676-963-9 Washington D.C., 2002. 
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Subsequently, ultrasonic waves impact was done on the cheese without grains for 
one second . Gradually, up to 10 sand grains among 0,2 - 1 mm were introduced in 
different positions and depth; the pulse sign was received after each insert of grains, 
with the receiving interface to a  sound acquisition card, Sound Blaster type, into a 
PC, saving it with a code. 3 pulse samples for each one of the instants when the 
strange particles were introduced were taken; this is, three pulses for the target 
(cheese without grains); three pulses after introducing a sand grain, and so on until 
completing 10 sand grains. The signs were processed with a program under 
MATLAB platform [11]. Five repetitions were carried out. 
 
RESULTS AND DISCUSSIONS   
   
In the figures 1, 2 and 3 amplified images of the strange particles found in fresh 
cheeses are shown. 
 

     

                         
Figura 1. wooden piece        Figura 2. Sand Grain                Figura 3. Hair 
Source: Gutiérrez de Piñeres and David. Laboratory of Microbiological Analysis  of foods. Faculty of 
Bacteriology, UDES Valledupar, Colombia. 2002. 
 
The found particles presented dimensions between 0.5 and 2 mm of diameter, and 
some with long average between 2 and 5 mm, as it is illustrated in the referenced 
images. It is necessary to clarify that the number of quantified particles is on the base 
of a pound sample, the figures of graphic 1 could be extrapolated considering the unit 
of sale of the ranch and the intermediary seller in market squares which is 25 
pounds.   
The images 4,5 and 6 illustrate the growth at a macroscopic level starting from the 
strange particles cultured in nutritious means and incubated at 37 ºC, 24 hours. 
 

     
  Figures 4. Halo of scrap    Figures 5. grain Halo  Figures 6. Halo of Hair   
Source: Gutiérrez de Piñeres and David. Laboratory of Microbiological Analysis  of foods. Faculty of 
Bacteriology, UDES Valledupar, Colombia. 2002 
 

Sand grain 
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Cheese Cheese Cheese 

  hair 
increased 
100 times 
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From these halos of microbial growths their respective microbiological identification 
for biochemical batteries was done, having as a more frequent bacteria: Enterobacter 
cloacae, E. coli, Enterobacter aglomerans and Klebsiella Oxytoca, being the first of 
them the one with the highets rate of isolation.       
Starting from the second stage of the experimental work a correlation was 
determined among the number of grains of sand in a sample of cheese, graphic 2 
(average of 5 repetitions), with the values of the coefficients of approaches and 
details, after the treatment and analysis of the sign of ultrasonic pulse received. 
An inverse relationship is evidenced between the number of sand grains and the 
residual ones of regression.   
 
CONCLUSIONS AND RECOMMENDATIONS 
 
It can be optimally evidenced the presence of strange particles  inside the fresh 
coastal type cheeses elaborated in clusters and their direct influence in the sanity of 
the product. 
It was found an inverse relationship among the quantity of sand grains inside a fresh 
cheese and the residual of regression, after the analysis of the ultrasonic sign in 
wavelet.   
It is advisable to develop experimental works introducing sand grains with smaller 
diameters to determine the level of sensibility of the technique. It is also pertinent to 
experience with other polluting materials of these products such as residues of 
vegetables, remains of insects, and similar ones, with different sizes and localization 
in the sample; even practicing mixtures of particles of different size to determine the 
behavior of the ultrasonic sign. Only this way it would be formed a critical mass of 
data consolidated for the location of this technique in a context of managerial 
applicability at a medium term.    
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Abstract 

In the food industry many products are produced to tablets (e.g. dry products, sweets, dietary 

supplements). Therefore it is necessary to know the stress distribution in a tablet, which influence the 

quality, in detail.  

The measurement of the die-wall-force is especially important, because some residual radial stress 

will still exist after unloading the pressure from the upper and lower punches. Further it is possible to 

determine the stress ratio λ directly by measuring the radial and vertical stresses.  

 
Key words: stress ratio λ, vertical stress, radial stress, die sensor 

 

1. Introduction 

During the compaction of powders to tablets the axial compressive stress applied by 

the punches is transmitted by the powder to the die wall resulting in a radial stress, 

normal to the die wall. The deformation of the powder is similar to an elastic body, 

which evades in a defined ratio at vertical pressure or tension (Poisson’s ratio) [1]. 

The measurement of the die wall force respectively the die wall pressure is 

interesting for all branches of industry (e.g. Pharmacy, Food Industry, etc), which 

produces tablets. The die wall force influences directly the ejection force and the 

residual forces of a tablet. Also the quality of the tablets can be described much 

better with the knowledge of all appearing stresses in a tablet. Current tablet failures 

like lamination (capping) of tablets can be avoided with the knowledge of the stress 

distribution in a tablet. 
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The stress ratio λ, which is well known from soil mechanics, is used for the 

description of the ratio of radial stress σr to vertical stress σv. The behaviour of bulk 

solids depends on material properties, like particle size, particle shape and humidity 

of the powder mixture. The stress ratio λ depends consequently on the specific 

properties of the bulk solid. 

The determination of the stress ratio λ can be done by two different kinds of 

investigations. One is, to measure directly the horizontal and vertical stresses in a 

bulk solid during pelleting.  The second investigation is only to measure the vertical 

stresses σO and σU at the two horizontal boundary areas of a bulk solid element and 

calculates the stress ratio λ according to equation 1.  

 
d

Hdy

σοA

σuA

(σy + dσy) A

σy A

µ σr U dy

σr U dy

Figure 1: Balance of forces in a small slice of a bulk solid 

 

Equation 1 is derived from the balance of forces in a small slice of a bulk solid in a 

cylindrical die shown in Figure 1 [2].  

The calculation according to equation 1 is possible as long as the ratio of the vertical 

stresses is not one and the friction coefficient is known over the whole height of the 

die wall. 
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2. Instrumentation of the die sensors and the tablet press 

With specially constructed die sensors it is possible to measure the radial stresses 

directly over the whole height of a tablet. Following, two sensors equipped with the 

most common instrumentation for stress measurements, developed at the Lehrstuhl 

für Maschinen- und Apparatekunde, TU München-Weihenstephan are presented. 

A first sensor equipped with piezoelectric films is shown in figure 2. A piezoelectric 

element is an electromechanical transducer (energy converter). If a mechanical 

stress is applied to some piezo material, electrical charges appear between its two 

opposite sides. A charge amplifier can measure these electrical charges. It is 

possible to measure with this die sensor a mean value for every tablet height [3].  

The second die sensor equipped with strain gauges is shown in figure 3. The strain 

gauges are connected in a special bridge circuit. If a mechanical stress acts on the 

die wall, the resistor of the bridge circuit is changed and can be measured by a 

measuring amplifier.  Therefore it is possible with this die sensor to measure the 

radial stresses in different heights of a tablet.   

 

Figure 2: Piezoelectric Sensor    Figure 3: Strain-Gauges-Sensor 

 

The stress ratio λ can now be measured and calculated in every height of the tablet.  

 

Furthermore it is feasible, with the specially instrumented tablet press (Figure 4), to 

determine different environmental influences on the stress ratio λ. It is possible to 

adjust different press atmospheres (relative humidity, temperature) and it is further 

possible to evacuate the press chamber and produce tablets at vacuum [4]. 
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Figure 4: Self constructed tablet press 

 

3. Calibration 

To convert the signals of the sensors into radial forces or radial stresses a calibration 

of the die sensors is necessary. The biggest difficulty is to find the right calibration 

medium for higher 

pressure. Because a 

calibration with water is 

only possible at low 

pressure due to the 

sealing of the press canal. 

But the calibration with a 

silicone rubber shows a 

parallel regression straight 

line compared to the 

regression straight line of 

the calibration with water 

(Figure 5). From there it is possible to extrapolate the regression straight line of water 

to higher pressures. Figure 5 shows the calibration for one tablet height. To measure 

the radial pressure in different tablet heights, a three-dimensional calibration diagram 
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is necessary. The area in Figure 6 is the result of an interpolation at four different 

calibration heights (7mm, 10mm, 13mm and 16mm). The radial pressure can directly 

be picked out of the diagram for every tablet height (measured during pelleting) and 

the signal of the sensors that goes with it.    

 

F

Figure 6: 3-Dimensional-Calibration-Diagram  
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A non-destructive and continuous method for measuring the moisture content of foods during 
the drying process is proposed. Changes in the capacitance, weight and temperature of 
samples during the drying process were measured. The results showed significant correlation 
between the capacitance of and moisture content. This technique will enable us to control 
drying conditions automatically without sampling the material during the drying process. 
 
Key words: dielectric property, drying, moisture content, non-destructive measurement 
 
 

Introduction 
To control the drying process, it is essential to accurately measure changes in the 

moisture content in the material. Determining the end point of drying is also important 
to ensure the quality of the dried food. However, most conventional dryers are 
operated by measuring the temperature at a few selected points, from which the 
overall drying conditions are extrapolated. Thus, in many cases, the end point of the 
drying process has to be determined empirically from limited information. This can 
result in over or uneven drying with a resultant energy loss or serious deterioration in 
the quality of the final product. 

Generally, drying rate is influenced by the factors of temperature, humidity and 
velocity of the hot air, size and shape of the dried material and others. Irregularity or 
non-uniformity of size, shape and components causes problems in the control of the 
drying rate, which is usually estimated from the change in weight of the material. 
However, it is difficult to accurately measure the change in weight in the drying 
chamber. Therefore, methods to accurately and continuously measure weight and 
moisture content during the drying process have been researched [1]. 

Sagara and Ichiba reported on a continuous method to measure the change in 
weight of a small-scale freeze drier using an electronic balance [2]. If the technique 
were applicable to an industrial size drier, the effective control and determination of 
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the optimum drying conditions would be possible. Nelson proposed a batch method to 
measure moisture content of cereals utilizing a dielectric constant [3], but this has not 
been applied to continuous measurement in a real drying process. 

The capacitance of a material, which is a function of permittivity (dielectric constant), 
can be measured easily without contact with or destruction of the material. Water has 
an intrinsic dielectric property corresponding to the state [4], and the permittivity of 
food largely depends on its moisture content [5]. Therefore, if the change in moisture 
content during the drying process could be measured by application of the 
capacitance measurement technique, a non-destructive and continuous evaluation of 
the drying rate as well as the end point of the drying process would be possible. 

The objective of this study was to develop a new procedure for applying the 
dielectric property of food to the evaluation of the drying properties without partial 
sampling of the food during the drying process. The capacitance was measured using 
a parallel plate electrode device in the drying chamber.  

 
 

Material and Methods 
Samples  

An agar gel (2.5 wt%), raw and boiled Japanese radish, boiled carrot and boiled 
chicken meat were used as samples for air-drying. The agar gel was prepared by 
coagulating 2.5% agar solution in a sample tray. The Japanese radish, carrot and 
chicken meat were boiled prior to sample preparation. An aqueous solution of 10% 
dextrin was used as a sample for freeze-drying.  
Methods   

Figure 1 shows the apparatus to measure capacitance for air-drying. Inner 
dimensions of the air dryer were 550 mm × 550 mm × 750 mm. The distance between 
the two stainless steel parallel plate electrodes (350 mm × 490 mm × 2 mm) was kept 
constant at 20 mm or 40 mm with an acrylic resin spacer. The sample was placed on 
the lower electrode plate. The surface of each electrode that faced the sample was 
covered with a polyethylene sheet (80 µm thick) for electrical insulation. The electrode 
plates were placed on a load sensor with a transducer. Thermocouples (T type) were 
inserted in the center of the samples at the three positions. A stainless steel mesh that 
connected with the earth was placed above and below the apparatus to minimize 
noise. Capacitance was measured at 100 kHz with a capacitance meter, and all data 
were recorded on a personal computer every 5 minutes. Air temperature and humidity 
was kept at 60 ºC and 10%, respectively, during the drying experiments.  

Figure 2 shows the apparatus to measure capacitance for freeze-drying. Inner 
dimensions of the freeze dryer were 320 mm × 620 mm × 400 mm. The distance 
between the two stainless steel parallel plate electrodes (heating shelf plates) was 
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Fig.1 Experimental apparatus for air-drying 

kept constant at 40 mm with stays of the shelf. The sample was placed on the lower 
electrode plate. The electrode plates were placed on a spring balance in order to 
record the weight change under the decompression (Fig. 2, left shelf). Thermocouples 
(T type) were inserted in the center of the samples at the two positions indicated in 
Figure 3. Capacitance of sample was measured using two heating shelf plates as a 
pair of electrode plates (Fig.2, right shelf). Capacitance was measured at 100 kHz with 
a capacitance meter, and all data were recorded on a personal computer every 5 
minutes. The freeze-drying was carried out under the following conditions:  sample 
initial temperature -30℃; 66.6Pa degree of vacuum or less; heating shelf plate 
temperature 80℃.   
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Fig.2  Experimental apparatus for freeze-drying   Fig.3  Position of inserted temperature sensor  

 
 

Results and Discussion 
Drying characteristics 

Figure 4 shows the change in temperature with respect to the weight of samples of 
agar gel during air-drying. As shown, the rate of weight change was constant during 
the initial 400 minutes period, before decreasing gradually with time. No weight 
change was observed after 1200 minutes, which we considered the end point of 
drying. The temperature histories of the three thermocouples are also shown in the 
figure. The temperature at sensor “temp-1” began to rise after approximately 450 
minutes, while that at sensor “temp-2” began to increase 100 minutes earlier. The 
temperature at sensor “temp-3” began to rise after approximately 950 minutes. At 
each location the temperature tended to be a constant value of 56 ºC though the inlet 
air temperature was 60℃.   

Figure 5 shows the change in temperature with respect to the weight of aqueous 
solution of 10% dextrin during freeze-drying (1300g). As shown, the rate of weight 
change was constant during the initial 450 minutes period, before decreasing 
gradually with time. No weight change was observed after 930 minutes, which we 
considered the end point of drying. The temperature histories of the two 
thermocouples are also shown in the figure. The temperature at sensor “temp-1” 
began to rise after approximately 80 minutes. The temperature at sensor “temp-2” 
began to rise after approximately 330 minutes. 

The temperature history is believed to indicate the local characteristics of the 
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sample at which one of the thermocouples was inserted. In other words, there is a 
possibility that the temperature history or drying state of sample at which the 
temperature is measured is somewhat different from the history of the whole sample 
in the drier. This is why there are problems in controlling the quality of a whole product 
in the drier when the temperature is measured at only a few points of the material. 
Thus a method that can estimate drying characteristics and end point of the whole 
material in the drier is desired. 
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Relation between capacitance and moisture content  

Figure 6 shows the relation between capacitance and moisture content for 
air-drying. Three boiled samples (Japanese radish (800g), carrot (600g) and white 
chicken meat (1000g)) were analyzed. Significant linearity between capacitance and 
moisture content was observed for all materials, although the gradients of the curves 
differed. We also obtained a linear relationship between capacitance to moisture 
content regardless of the size, weight and state (raw or boiled) of sample materials 
(Fig.6).  

Figure 7 shows the relation between capacitance and moisture content for 
freeze-drying. Three samples of frozen 10% dextrin solution (500g, 1300g, 1500g) 
were analyzed. The relation between capacitance and moisture content was linear 
regardless of the weight. The capacitance change had a good correlation to the 
moisture content change even in the freeze-drying.   

These results suggest that the capacitance of a material could be used as a 
measure of moisture content change during the drying process. Thus, it is feasible to 
monitor the moisture content of a sample during the drying process by measuring its 
capacitance. 
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Conclusions 
The results obtained in this study demonstrate the feasibility of measuring the 

change in moisture content of materials in a dryer using a small pair of electrode 
plates. The end point of drying was determined by the proposed technique without risk 
of leaving undried portions of food. Use of a pair of electrode plates of sufficient area 
will allow evaluation of the overall average drying rate by measuring the change in 
capacitance of the drying material. This technique will enable us to control drying 
conditions automatically without sampling the material during the drying process.  
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Abstract 
 
The suitability of a novel translational process viscometer to control the concentration of milk 
prior to spray drying was evaluated in a pilot dairy plant. On-line viscosity measurements 
were complemented with off-line measurements of viscosity and total solids, yielding a 
database of performance data including sensor sensitivity and repeatability.  
 
Keywords: Viscometry, milk concentrate, control, milk powder 
 
Introduction 
 
In the manufacture of milk powder, where milk is concentrated in a falling film evaporator prior 
to spray drying, substantial reductions in steam consumption can be achieved by maximising 
water removal in the evaporator.  In the dairy industry on-line density measurement of milk 
concentrate is used to control the level of milk concentration in an evaporator. However the 
maximum degree of concentration of milk in a falling film evaporator is limited by the products 
viscosity.  Processing highly concentrate milk is difficult due to the large increases in viscosity 
which occur when milk concentrate total solids (TS) exceeds 45% [1]. Using a process 
density meter to control the concentration level in an evaporator may not be appropriate as 
the viscosity of milk is influenced by the degree of preheat treatment and variation in the 
protein to lactose ratio in addition to total solids.    
Fouling from milk concentrate increases at higher fluid viscosities, resulting in an increased 
resistance to heat transfer, increased plant pressure drop and ultimately poses a treat to plant 
sterility. Particulate emissions to the atmosphere, termed stack loses, are a function of milk 
concentrate viscosity sent to the spray drier. To minimise such losses milk concentrate 
viscosity should be kept as high as possible without exceeding the upper limit of 100 mPa.s at 
100 s-1 shear rate [1].  
Suitability of process viscometers for the food industry has recently been reviewed [2]. The 
ideal process viscometer design should facilitate, ease of cleaning in place with minimal 
possibility of fouling, a quick response time and good sample renewal to ensure the any 
measurement obtained is representative. 
 
Materials and Methods 
 
A pilot plant flow loop (Figure 1) was constructed incorporating a translational process 
viscometer Model 400 (Cambridge Applied Systems, Medford, MA, USA), a pilot evaporator 
for concentration and a temperature control system for re-circulation trials. This viscometer, 
based upon the cyclic speed of a piston between two magnetic coils along a small measuring 
chamber, uses the piston stroke to refresh the sample [2].  Magnetic force on the piston is 
resisted by the viscous flow of the surrounding fluid.  The piston’s round-trip travel time is 
converted into a viscosity measurement.   
At pilot plant scale seven experiments using skimmed milk concentrate (SMC) were carried 
out.  Trial 1 used reconstituted low heat skim milk at a range of temperatures (10 - 50 °C +/- 
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0.2 ) and mass flowrates (0.2 to 0.13 kg/s) to determine instrument reading dependence on 
temperature and flowrate. Skim milk concentrate from the evaporator was used in the other 
six trials. The evaporator feed was made up from skim milk mixed with skim milk powder to a 
target level of 20 % TS.  These trials consisted of two parts: 
 
Part (a) Concentration of SMC  
The evaporator was started with SMC and evaporated until approximately 55 % TS was 
obtained (Figure 1). The target temperature was 50 °C. During this period, samples were 
taken for viscosity measurement every five minutes using the off-line reference Brookfield 
RVT laboratory viscometer with the small sample adapter (spindle 21 at 50 RPM).  The 
percentage total solids for each sample was determined using a microwave and a calibrated 
reflectometer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Part (b) Re-circulation of SMC 
Once the target % TS was reached, the test rig was put into recycling mode for approximately 
two hours. The viscosity was monitored during this period at a steady temperature and 
samples were continually measured for viscosity and total solids. 
 
 
Statistical analysis 
Statistical regression analysis (without intercept) of the on-line CAS determined viscosity data 
versus off-line reference Brookfield viscosity was carried out, to ascertain (a) scaling factors, 
(b) consistency of scaling, and (c) goodness of fit (SEy). 
 
 

Figure 1. Schematic of pilot plant incorporating the translational process viscometer as used 
for concentration trials (Part A)  
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Results 
 
The CAS translational viscometer readings from trial 1 were found to be independent of 
flowrate due to the CAS system utilising a measuring chamber for viscosity analysis. Viscosity 
readings responded linearly with temperature over the 10-50 °C range.  
Figure 2 shows the translational sensors response to the concentration (part A) and re-
circulation of the concentrated milk concentrate (part B), plotted against percentage total 
solids as determined with the refractometer and microwave techniques.  For part A of the trial 
the process viscometer proved sensitive to changes in percentage solids. Part B of the trials 
reported a continual increase in the products viscosity, suggesting age thickening of the 
product coupled with concerns over sensor fouling.   
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 3 compares viscosity readings from the sensor to equivalent reference off-line viscosity 
readings from the Brookfield viscometer. Direct comparisons are not possible due to the ill-
defined shear rate and single point measurement obtained from the translational sensor. 
However comparisons of sensitivity between both instruments to detect changes in product 
viscosity can be evaluated from their dynamic response curves.  

 

Figure 2. Dynamic response of CAS translational process viscometer against total solids for 
the concentration (part A) and re-circulation (Part B) of SMC 
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The responses between the process and off-line reference viscometers are non-linear (Figure 
4) over viscosity values of 100 mPa.s as determined using the Brookfield viscometer, showing 
a fall off in sensitivity of the translational sensor above this value.  Therefore the sensor has a 
smaller range for this piston than the Brookfield’s selected spindle. However because the 
viscosity of the SMC sent to the spray drier should be kept as high as possible without 
exceeding the upper viscosity limit of 100 mPa.s at a shear rate of 100 s-1, the pistons range 
is sufficient for this application.  

 
 
 
 
Figure 5 shows correlations developed for a series of trials between the translational sensor 
and the Brookfield viscometer over this viscosity range.  A scaling factor (slope coefficient) 
relative to the Brookfield of 0.43 was developed, which had a consistency of 16%. The slope 
of 0.43 shows similar sensitivity between the sensors over the relevant scale. The standard 

Figure 4. Correlation between CAS and Brookfield viscosity data 

Figure 3. Dynamic responses of Brookfield and CAS Viscosity for the concentration 
(part A) and re-circulation (Part B) of SMC 
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error of estimates for the series of trials was averaged and normalised according to the 
scaling factor, resulting in a relatively small error of 8.6 %.  From these results the sensitivity 
and repeatability of the sensor were deemed acceptable and the instrument was selected for 
evaluation at industrial plant scale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion 
 
In this application of milk powder manufacture absolute rheological data is not essential, 
rather monitoring milk concentrate viscosity evolution to a predetermined critical limit is 
sufficient. Adequate sample renewal may prove problematic for viscometers utilising a 
measuring chamber such as this translational and classical rotational viscometers particularly 
for fluids displaying age-thickening effects.  A combination of a low shear rate environment 
and possible high residence time within a measuring chamber is of concern with concentrated 
milk products. As the onset of non-Newtonian behaviour including, time-dependency, high 
viscosity and development of a yield stress, is found to be a function of both concentration 
and temperature such geometric designs are highly prone to fouling.   A similar concern is 
experienced with off-line instruments in obtaining repeatable readings as sample preparation 
time will vary. 
The advantages of using the translational sliding piston viscometer type of system are that it 
can be mounted directly into the process line and can have separate temperature control. 
Since the piston floats freely in the test fluid and is driven back and forth by electromagnets, 
this design is not prone to interference by plant vibrations unlike some models of vibrational 
process viscometers. 
A limitation of the CAS process viscometer is that it could not withstand the operating 
pressures associated with nozzle atomisation of milk concentrate (170 – 300 atm) [3] 
However it could be used in conjunction with rotary atomisation techniques.  
Further research is required to overcome the fouling that occurs after prolonged use with 
viscous milk concentrates. Trials are currently under way at industrial scale integrating a 
flushing system into the CAS viscometer design to help overcome any potential fouling 
problems (Figure 1). The measuring chamber is flushed periodically by remotely opening a 
valve on a flush pipe briefly to remove aged concentrate.    
 
 
 

Figure 5. Correlation between CAS and Brookfield over  0-100 mPa.s Brookfield viscosity 
range for  a series of trials 
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Conclusion 
 
The potential of using a novel translational process viscometer to control milk concentrate 
viscosity during milk powder manufacture was demonstrated. Further evaluation at industrial 
scale is required to demonstrate the performance of the sensor after prolonged use with a 
range of viscous concentrates. 
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Abstract : A decision support system was developped on a drying sausage application. This system 
advices to the operator actions to do on the drying process to keep sensory characteristics of the 
product constant. To develop this decision support system, we use a method specific to the 
application of the fuzzy symbolic sensor, called ACASYA. Validations of this system are achieved and 
a compatibility of 94 % is obtained between the operator and the decision support system. 
 
Keywords : dry sausage, sensory quality, decision support system, operator, fuzzy symbolic sensor 
 
1. Introduction 
 

End products have to respect the characteristics defined in their specifications. These 
characteristics include sensory properties, which are essential because they condition consumer 
choice and preference. Most frequently, the control of sensory properties for end products is 
performed using specific educated panels. However, as product quality (and particularly sensory 
properties) stems from processing conditions, quality must be managed at plant level. Food 
processing companies must control these properties near the manufacturing line by using  adapted 
measurements and process control. However, this measurement is complicated by the number and 
the variety of sensory properties involved. It is obvious and accepted that there is a lack of efficient 
sensors and that existing sensors provide incomplete information that allows action on the process [1]. 
The lack of instrumental measurements gives the operator in charge of process control a key function 
in the evaluation of these properties. As a consequence, it is relevant to develop methods which take 
into account the human measurements used to control these properties during manufacturing, in order 
to improve the control of product quality [2,3]. 

The drying step is one of the more important step of the drying sausage process. The major of 
sensory characteristics of the product are acquired during this step. Drifts or defects can appear 
during this step, an operator is in charge of the control of the drying process to avoid them. 
The objective of the firm is to obtain products with constant sensory characteristics corresponding to 
the consumer choice. The variability of the raw materials leads to a specificity of each batch of 
products and leads to different behaviours during the drying step. To help the operator to keep 
constant the drying sausage quality, we propose to develop a decision support system for the control 
of the drying chamber. This decision support system is based on the operator reasoning. 

Few studies deal with the design of models for the measurement and the control of the product 
quality during the drying process. [4] established heat and mass transfer models in order to have a 
better control of the drying conditions, which avoids the development of the crusting defect. The 
purpose of the other studies is on an other important step of the manufacturing : the ripening step 
[3,5]. 

If lot of methods can be applied to process numerical data, only a few are adapted to deal with 
symbolic data handled by the operators [6]. We chose the fuzzy symbolic sensor [7] as mathematical 
frame for the following reasons: (i) this mathematical tool is able to deal with symbolic terms, indeed 
operators express their measurements and their reasoning by words. (ii) A fuzzy frame allows taking 
the graduality given by operators into account to improve the control of drying process. And (iii) the 
fuzzy symbolic sensor brings the possibility to associate instrumental measurements to words handled 
by the operators. Moreover, the use of the fuzzy symbolic sensor was shown relevant on three food 
applications [8,9,10] and led to the synthesis of a method of application of the fuzzy symbolic sensor in 
the food processes, this method is called ACASYA [11]. 

In this paper, we propose to develop a decision support system taking operator measurements into 
account as input and advising as output an action to the operator for the control of the drying process. 
The rest of this paper is organised as follows. In section 2, drying process and products are described 
and the main steps of ACASYA are detailed. The decision support system and its validation are 
detailed in section 3. Conclusions are provided in section 4. 
 
2. Material and methods 
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 2.1. Material  
 

2.1.1. Product 
 

Products are dry sausages which are 30 cm long and 2 cm of diameter. These products are 
composed of pork meat and pork fat with salt, ferments, nitrates and spices [12]. 

The main sensory characteristics of the products are its homogeneity between the meat and fat 
distribution, its firmness and its flavor. 

The quality of the drying is measured by an operator twice a day in the drying chambers. This quality 
is assessed by the intermediary of the touch and the sight.  
 

2.1.2. Drying process 
 

The main steps of the manufacturing process are the mixing of the ingredients, the ripening and the 
drying. During the ripening and the drying, the objective is to eliminate a certain quantity of water with 
a drying velocity appropriated to the product. 

The drying chamber is a room whose dimensions are 17.5 m long and 5.5 m wide. Each batch 
comprises about 15 tons of product. Temperature and humidity are controlled by an automatic device. 
This automatic system controls the humidity between two set values High Hygrometry Set Value 
(HHSV) and Low Hygrometry Set Value (LHSV). Temperature and hygrometry are fixed to setpoints 
according to the drying time.  
 
 2.2. Variables implied into the decision support system 
 

The variables used in the decision support system are the sensory variables assessed by the 
operators, the drying time, the state of the product and the actuators of the drying process. 

The state of the product is defined from three global variables. These variables are the drift 
identification (Vg1), the drift origin (Vg2) and the drift characteristics (Vg3). These variables are 
determined from three sensory variables, which are the firmness of the dry sausage (Vs1), the 
development of the micro-organisms on the product surface (Vs2) and the texture of the flora (Vs3). 
These sensory variables are described with linguistic terms, for example the firmness is described by 
{soft, firm, dry}. Time has a key function to determine the state of the product, so it is an input of the 
decision support system. 

The operators uses two actuators if the drying sausages are not at their setpoints :  
 - The temperature of the drying chamber. The temperature varies according to the drying time, 
between 13 and 15 °C. Actions on it can be 1 or 2 degrees. 
 - The humidity of the drying chamber. It allows regulating the drying velocity of the products. 
The both hygrometry vary according to the drying time from 70 to 90. Actions on them can be done 
independently, the intensity vary from 2% until 4%. 
 
 2.3. Method 
 

The method used to develop the decision support system is ACASYA (method of application of the 
fuzzy symbolic sensor in the food processes). To apply the fuzzy symbolic sensor in a food 
application, we reproduce the operator reasoning. This one, for the control of the food product quality 
is composed of two steps: the operator measures the state of the product and then the operator takes 
a decision of action on the process. Thus, to develop the decision support system, we develop two 
models : the first gives the state of the product called diagnosis model and the second gives an action 
on the process called decision model.  
 

ACASYA is composed of 4 fondamental steps detailed on figure 1. The specficity of ACASYA is 
detailed in [11]. 

The first step consists in reviewing the application circumstance. This concerns: (i) precise definition 
of the objective by taking into account the wishes of the company and the knowledge within it at our 
disposal (ii) the choice of at least two operators, considered as knowledge reference. (iii) A collection 
of existing elements related to the product such as its sensory properties, the biochemical or 
microbiological reactions that occur in it, and related to the process.  

The second step deals with the development of the structure of the models: it concerns the 
collection of the variables implied in the models, the formalization of the variables and the organization 
of the variables. This step is realized by interviewing operators. After the collection of the variables, 
sensory variables are formalized in the format of sensory indicators with symbolic scales [13]. Then, 
links between inputs and outputs are collected. According to the model developped, the formalism of 
the links is different. In case of the diagnosis model, the state of the product is the output, the links are 
expressed as rules treated in a fuzzy symbolic formalism. In case of the decision model, the actuators 
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are the outputs, the links between these actuators and the input measurements are expressed as 
Takagi-Sugeno rules.  
 

Review the 
application 

circumstance 

Development of the model structure 

Variable collection 

Variable organization 

Variable formalization 
Mathematical 

implementation 

Validation of the 
decision support 

system 

 
Figure 1 : Steps of ACASYA 

 
The third step is the mathematical implementation of the models :  

- Diagnosis model : This model is treated by the concept of the fuzzy symbolic sensor[7] like 
below. Let i, j and k the indexes of the symbols defining the scale of the sensory indicators 
respectively Vs1, Vs2 and Vs3 (for example for Vs1: soft, dry) and n the number of rules. We calculate 
a membership degree (µ(symbol of Vg)) for each symbol of the ordinate scale of each global variable (for 
example for Vg1: target, tolerated state, drift ) by the equation 1. 
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- Decision model, the links are Takagi-Sugeno rules [14] because the outputs of the rules are 

numerical. To each rule of a rule base Rj are associated an activation degree αjRj and an output 
parameter PRj constant for each rule j. The outputs Di are calculated with equation 2.  
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The models are combined into the decision support system. This one is implemented on the 
software Matlab 6.1. 
 

The last step is the validation of the decision support system. This validation is made during the 
control of the product quality by the operators, it is realized on 27 different cases found during two 
days of control. The validation is realized with only one operator. The operator for each case gives 
input variables and output variables. The decision support system provides output variables, which is 
compared with outputs given by the operator. Tolerance thresholds used are 2 % on the actuators. 
Compatibility percentages are calculated by doing the rapport between the number of compatible 
answers in comparison of the number of cases. We fixe that the percentage of compatibility must be to 
80 % to consider that the decision support system is compatible with the operator.  
Results are plotted on a histogram. 
 
3. Results 
 

The decision support system reproduces the operator reasoning. We consider that the operator 
finds actions on the process from the determination of the state of a product at a time t. Thus, the 
decision support system was composed of two different models. 
 
3.1.Structure of the decision support system 
 

The decision support system is composed of a diagnosis model giving a diagnosis on the state of 
the product and a decision model advising an action on the process to the operator (figure 2). 
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Figure 2 : Structure of the decision support system 

 
On the dry sausages, the operator assesses 3 sensory variables (Vs1, Vs2 and Vs3), their 

combination gives with the drying time a diagnosis on the product through 3 global variables (Vg1, 
Vg2 and Vg3). This diagnosis, according to the drying time allows obtaining a decision of action on the 
process. This action is advised to the operator who acts then upon the drying process. 
 
3.2. Development of the model structure 
 

3.2.1. The diagnosis model 
 

The objective of the diagnosis model is to establish a diagnosis on the state of the product at a 
moment of the drying time. The variables used to determine the state of the product are the three 
sensory variables and the drying time.  

The state of the product is represented by three global variables: the drift identification, which allows 
knowing if a drift exists, the linguistic terms describing this variable are {target, tolerated, drift}. The 
drift origin, which allows determining if the drift is due to the ripening step or the drying step and the 
drift characteristics, which characterise if the situation is retrievable or not by appropriated actions on 
the drying process. These variables are organized in a decision tree (figure 3). 
 

 Aggregation of the sensory variables 

Target   Tolerated     Drift 

Drift identification 

Possible case 
Impossible case 

Rattrapable              Irrattrapable 

Ripening                         Drying 

Drift origin 

Drift characteristics 

Early             Late 
  

Figure 3 : Decision tree representing the state of the product 
 

For each combination of the sensory variables and the time, each global variable take a different 
symbol. An extract of the links between the input variables and the output variables for the first drying 
day are shown on table 1. 
 

3.2.2. Decision model 
 

The objective of the decision model is to advise an action to the operator for the control of the drying 
process. From the sensory variables assessed by the operators and the drying time, actions on the 
temperature and the hygrometry (HHSH and LHSV) of the drying chamber are determined. 

For example, the first day of drying: if Vs1 is soft, Vs2 is too spread and Vs3 is dusty then the 
products are at the setpoint. If Vs1 is dry and Vs2 is too spread and Vs3 is sticky then increase the 
HHSV of 4 % and the LHSV of 2 %. 
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Table1 : Aggregation rules of the sensory variables for the diagnosis model 
 

Firmness (Vs1) 
Flora development 

(Vs2) 
Flora texture (Vs3) Very soft Soft Firm 

Sticky R1 Drift, Ripening 
drift, retrievable R3 Tolerated state Tolerated state 

Dry Impossible case Impossible case Impossible case Close-cropped 

Dusty Impossible case Impossible case Impossible case 

Sticky R2 Drift, Ripening 
drift, Retrievable R4 Tolerated state Tolerated state 

Dry Impossible case Impossible case Impossible case Too spread 

Dusty Impossible case Impossible case Impossible case 
 
3.3. Use of the decision support system 
 

According to the structure of the decision support system, we are going to calculate which are the 
actions if the operator assesses the drying sausages the first drying day like this:  

- Vs1: very soft with a degree of 0,25 and soft with a degree of 0,75.  
- Vs2: close-cropped with a degree of 0,75 and too spread with a degree of 0,25. 
- Vs3: stichy with a degree of 1. 

The state of the product is determined by the diagnosis model. The rules used to this calcul is 
indicated on table1. According to equation1, the membership degrees of each rule is given in table 2. 
 

Table 2 : Determination of the membership degrees of each rule 
 

Vs1  
               Vs2 

Very soft 
 

Soft 

Close-cropped µR1 = 0.25*0.75 = 0.1875 µR3 = 0.75*0.75 = 0.5625 
Too spread µR2 = 0.25*0.25 = 0.0625 µR4 = 0.75*0.25 = 0.1875 

 
Then, the rules that they give the same result are aggregated. 

µVg1drift = µR1+µR2 = 0.1875 + 0.1875 = 0.25 
µVg1 tolerated state = µR3 + µR4 = 0.5625 + 0.0625 = 0.75 
µVg2 ripening drift = (µR1 + µR2)/µVg1 drift = 1 
µVg3 retrievable = (µR1 + µR2)/µVg1 drift = 1 

 
The state of the product is tolerated with a degree of 0.75 and adrift with a degree of 0.25. this drift 

is totally due to the ripening step and is totally retrievable by acting on the actuators of the drying 
process. 
To determine the actions, the decision model is used. The rules are 
R5 : if Vs1 is very soft, Vs2 is close-cropped, Vs3 is sticky then decrease the LHSV of 4 %. 
R6 : if Vs1 is very soft, Vs2 is too spread, Vs3 is sticky then decrease the LHSV of 2 %. 
R7 : if Vs1 is soft, Vs2 is close-cropped, Vs3 is sticky then the products are at their setpoint. 
R8 : if Vs1 is soft, Vs2 is too spread, Vs3 is sticky then the products are at their setpoint. 
 

Thus, we calculate the intensity of each actuator by equation 2. µR5, R6, R7 and R8 are calculated 
as the same way as µR1, R2, R3 and R4. In our example, only LHSV is different from 0. 

µLHSV = (µR5 * 4 + µ R6 * 2)/ (µR5+µR6) 
µLHSV = (0,1875*4 + 0,0625*2)/(0.25) = 3.5 % 

 
The temperature and the HHSV do not change, the LHSV must be decreased of 3.5 %. 

 
3.4 Validation 
 
The actions given by the operator are compared with the model answers on 27 different cases of 
drying. On figure 4, we present an extract of this comparison for the actuator hygrometry (LHSV and 
HHSV) of the drying chamber. Actions are considered as incompatible if the difference is superior to 
1%. 
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Figure 4 : Validation of the decision support system in the drying chambers 
 

Out of the 54 actions on the hygrometry, 3 actions are not compatible. Thus, a percentage of 
compatibility between the operator and the decision support system of 94 % is obtained. 

The validation of the decision support system is realised but to be relevant, this one must be 
extended to several operators. 
 
4. Conclusion 
 

A decision support system is proposed to the operators to help them to keep constant the sensory 
characteristics of the drying sausage. This system is composed of two models (a diagnosis model and 
a decision model) to reproduce the operator reasoning.  

The decision support system was validated at 94 % of compatibility with one operator. Others 
validations must be done to be able to use the decision support system on the manufacturing line. 

Further studies will be focused on the integration of instrumental measurements in this decision 
support system in order to have a more relevant information or action on the drying process.  
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Abstract 
This study was performed to demonstrate the application of the SPR based biosensor for the detection 

of Salmonella enteritidis and E. coli in buffer as well as in skim milk and to test the sensitivity and 

specificity of the assays developed. The correlation coefficient between the standard bacterial counts 

and the normalized response was found to be high (R2= 0.969). The limits of detection of the 

biosensor unit were calculated to be in the range between 103 – 104 CFU/ml for E. coli and 

Salmonella . 

Keywords. SPR biosensor, pathogen, rapid monitoring 

 
Introduction 
Conventional methods for detecting food-borne pathogens require time-consuming preparation 

procedures including pre-enrichment, selective enrichment and colony isolation and biochemical 

testing before the organism can be identified. Recently more rapid and specific immunological assays 

and methods based on nucleic acid probes and polymerase chain reactions have been used. The total 

detection time frame using these methods is still several hours and requires trained personnel. 

Biosensors have been developed for direct measurement of chemical species in biological samples.1 

However, only a limited number of reports on pathogen detection is available. 

Biosensors are instruments that capture macromolecular interactions between ligands and 

targets through signal transduction. The Surface Plasmon Resonance (SPR) biosensor integrates 

optics with biomolecular interactions to sense changes in the refractive index during binding of the 

target or antigen analyte to the ligand or an antibody immobilized to the gold-coated sensor chip 

surface. The BiacoreTM biosensor technology have been applied to study the biomolecular interactions 

of a wide range of biological systems such as the assessment of antibody-antigen binding, epitope 

mapping, and concentration determination of the analytes in solutions.2,3,4 The objectives of our 

present study are to demonstrate the application of the SPR based BiacoreTM biosensor for the 

detection of Salmonella and E. coli in buffer as well as in skim milk and to test the sensitivity and 

specificity of the assays developed. 

 
Materials and Methods 
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Salmonella enterica serovar Enteritidis and E. coli O26 were obtained from the Gastroenteric Disease 

Center (GDC) at The Pennsylvania State University. The number of colony forming units, (CFU) for 

each dilution was determined by plating 100 µl of diluted sample onto tryptic soy agar plates and 

counting the colonies formed. Pasteurized skim milk purchased from a local grocery store was spiked 

with Salmonella or E. coli at 107 CFU/ml. Inoculated milk was serially diluted with uninoculated milk to 

obtain a range of bacterial concentrations (103-107 CFU/ml) for sensitivity experiments.  Uninoculated 

skim milk served as the negative control. 

 

Reagents and Instrumentation 

The BiacoreTM 2000 SPR biosensor instrument (Biacore Inc., Piscataway, NJ.) with the BIAevaluation 

software was used. Antibodies for Salmonella Enteritidis was purchased for Kirkgaard and Perry 
Laboratories (Gaithersburg, MD) and the antibodies for E. coli was produced at Penn State. The CM5 

sensor chip and the amine coupling kit containing N-ethyl-N’-(dimethylaminopropyl) carbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS) and ethanolamine were purchased from Biacore 

Inc.  

 

Immobilization of antibodies 

Antibodies were immobilized onto the flow cells of the sensor chip (CM5) by the amine coupling 

method as described by O’Shannessy et al. Following immobilization of protein A on the sensor chip, 

polyclonal antibodies against E. coli or Salmonella Enteritidis (200 µg/ml in HBS) were injected on the 

sensor surface at a flow rate of 5 µl/min for 10 min. The excess antibodies were removed by passing 

HBS buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.005% BiacoreTM surfactant P20) 

which was also used as the running buffer between injections. The immobilization of antibodies to the 

sensor surface was completed in less than 30 min.  

 
Results and Discussion 
In an effort to develop a rapid assay for the detection of Salmonella and E. coli, various concentrations 

of bacteria were sequentially passed over the sensor chip in ascending order of concentration. Figure 

1 shows a typical overlay plot illustrating the different interaction events of bacteria (E. coli) at 

increasing concentrations (0, 103, 107CFU/ml) to the immobilized antibodies. The response increased 

to an extent of 1800 response units (RU) until immobilized antibodies were saturated at 107CFU/ml 

antigen concentration as determined by no further increase in the response.  

The biosensor’s normalized response correlated with the bacterial count for the different 

concentrations of E. coli and Salmonella in PBS buffer is presented in Figures 2 and 3. The 

normalized signal was calculated for each individual assay by determining the ratio of the signal 

obtained at each concentration to the signal obtained at the highest concentration of bacteria tested 

(107CFU/ml) after baseline correction with the negative control. Regression analysis of the averaged 

results show the R2-value between the normalized sensor signal for E. coli and Salmonella in buffer 

with respect to bacterial counts to be greater that 0.99 for the two microorganisms tested, reflecting a 

high degree of sensitivity.  
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Figure 1.  An overlay plot illustrating the binding of different concentrations of E. coli O26 suspended 

in PBS to immobilized antibodies on the SPR sensor surface. 
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Figure 2.  Normalized response (RU) to different concentrations of E. coli O26 in PBS. 
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Figure 3. Normalized  response (RU) to different concentrations of S. Enteritidis in PBS. 
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Figure 4. Normalized response (RU) to different concentrations of E. coli O26 in skim milk. 

 

Sensitivity of the assay in milk samples.  

Pasteurized milk inoculated with different concentrations (103-107CFU/ml) of E. coli and injected onto 

the sensor surface immobilized with E. coli polyclonal antibodies. Four replications were performed, 

and the standard deviation was calculated and presented in Figure 4 along with the R2 value. Figure 5 

represents the normalized response when different concentrations of Salmonella inoculated milk were 
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injected onto the sensor surface immobilized with antibodies against Salmonella Enteritidis. The 

correlation coefficient between the standard bacterial counts and the normalized response was found 

to be high (R2= 0.969). The limits of detection of the biosensor unit were calculated to be in the range 

between 103 – 104 CFU/ml for E. coli and Salmonella. 
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Figure 5. Normalized  response (RU) to different concentrations of S. Enteritidis in skim milk. 
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Figure 6. Normalized response (RU) of binding of different concentrations of E. coli O26 to the 

antibodies of S. Enteritidis immobilized on the SPR sensor surface. 
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Figure 7. Normalized response (RU) of the binding of different concentrations of S. Enteritidis to 

antibodies of E. coli O26 immobilized on the sensor surface. 
 

Specificity of the assay.   
The specificity of the assay was determined by cross binding E. coli and Salmonella antibodies to 

increasing concentrations of non target bacteria. The average normalized response to different 

concentrations of E. coli bound to the sensor surface prepared with antibodies of Salmonella is shown 

in Figure 6. Each cross binding study involved a total of four replicates, and the standard deviation 

was calculated. Figure 7 shows the average normalized response of different concentrations of 

Salmonella bound to the sensor surface to which E. coli antibodies were immobilized. The magnitude 

of the biosensor response to non-target organisms as reflected by the correlation coefficients (R2 = 

0.01) was found to be very low in both specificity experiments (Figures 6 and 7) clearly demonstrating 

the potential of the assay for specific targets. 
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Abstract
Ingredients of different physical properties have to be manipulated in a flexible robot cell for
assembling of ready-to-eat meals. We study the properties of all available ingredients from robot
grasping and manipulation viewpoint. A classification is created for defining the main requirements
about the needed grippers. As bulk and liquid ingredients do not suit to direct robot operations, we
propose how to make smart packaging or modification in order to be conveniently grasped by a robot.

Keywords: food assembly, food classification, robot food handling, ready-to-eat meals.

1. Introduction
Assembling of ready-to-eat meals today is done either manually or with dedicated automation. Flexible
solutions with robots are rare and for the whole food sector robots are mainly used in secondary and
tertiary packaging operations. Wallin [1] indicates that packed products are rigid and of regular shape,
which simplifies automation compared to handling of fragile food objects with natural variation in both
shape and size. In addition, the hygienic problems are avoided when there is no direct contact with the
food. In the existing applications robotic handling of unpacked food is limited to repetitive tasks in a
production environment, such as pick and place of frozen pieces, cookies, buns or chocolate bars.

People spend less time with cooking and the market for convenience food is increasing dramatically
worldwide. Complete meals ready to eat after a short time of microwave heating is one of the fastest
growing markets. Customer preferences are changing rapidly, which shortens the product lifetime and
new products must be developed and produced more frequently. The hard-automated solutions used
today are not suited for these conditions. At the same time the tendency towards flexible automation in
manufacturing industry is clear and obvious. Not much work is, however, done in the food industry.
Williams, Rowland and Lee [2] developed a robotic technology for assembling of sandwiches and
pizzas by a robot using teaching by example and automated spreading of ingredients to form specific
surface profiles. This, however, is a dedicated design and has limited options for general types of
meals. In our previous work [3] a human-free technology for flexible assembling of ready-to-eat meals
was introduced, both in the preparatory and execution phase. The human is involved only to prepare
the meal prototype. In the preparatory phase image analysis is applied to identify the ingredients and
describe the entire meal in geometrical coordinates. During the execution this description is converted
into a process plan of pick-and-place operations of the robot. Manipulation problems were excluded
and a simple gripper was used in order to validate the system.

Closely linked to the grasping operation is how the different ingredients are transferred to the
assembling robot. The flexible assembly lines in manufacturing industries mostly are equipped with
conveyer belts, on which the components are transported regularly one by one. To separate the
objects in the non-food sectors the vibratory bowl feeders [4] are quite appropriate. However, they are
more or less customized for one type of parts and the mechanism is not made for handling fragile
items. Even simple in construction both types of transportation devices cannot be used in food
industry, as many food items have sticky surfaces, which leave traces of the material on their surface.
They must be consequently cleaned between each product change. Further, due to contamination
risks it is not acceptable to let the ingredients travel long distance in an open environment.

Normally the ingredients are not cooked in the same facility as the assembling takes place and are
transported in boxes or bags, which is appropriate both from hygienic and logistic point of view.
However, this involves the old and still without reliable and robust solution problem of bin picking [5].
One possible way to simplify it is to order the object within the bin, for example in layers. In the case of
bags, however, ordering is most likely impossible and picking from unorganized pile has to be applied,
that involves the necessity to solve the respective difficulties.
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The present paper focuses on the manipulation problems and complements our previous work [3].
Preliminary studies are presented and requirements for assembling of ready-to-eat meals are stated.
Relevant product features from manipulation viewpoint are analyzed in Section 2 and each ingredient
is classified. The typical end-effectors available on the market are examined in Section 3 and those
that are applicable for the food industry are described in more detail. Different product groups are
identified from the classification and proper end-effectors are suggested. Requirements are finally
stated and gripper taxonomy is designed. For some groups, however, there are no suitable solutions
that can be directly transferred from other industries into the food sector. Instead, alternative solutions
are discussed, such as new gripper design or modification of the ingredients in order to be more
convenient for robotic handling.

2. Survey of the ready-to-eat meal market in Sweden
We focused at multi-component meals that can be served directly or after a short time of microwave
heating. The assortment of the main actors on the Swedish ready-to-eat meal market has been
studied, nevertheless conclusions could be applied to major part of Europe. In the only one found
related work [6] Erzincanly and Sharp made a classification system based on geometrical similarities.
They use seven distinguishing features, which are further divided in order to get specific code for
different objects, such as shape, size and weight. Their work can be considered as a general skeleton
that needs further elaboration, especially for describing mechanical properties.

Contrary to [6], our goal is not to develop a classification system, but to arrange and define
requirements for material handling in a flexible assembling cell for ready-to-eat meals. Both
manipulation and transportation issues are taken into account. The meals are decomposed to its
ingredients and relevant features are extracted, both geometrical characteristics as well as origin.
Mechanical properties are not measured directly, but from the other features the limitations regarding
the object strength are discussed. A number of groups that require similar handling is identified. The
type of ingredient and its origin determine the most general level of classification. Three different types
are identified where almost all ingredients fit, namely:

• composed solids
• bulk products
• liquids

These groups have fuzzy borders and the same ingredient can belong to more classes. The main
features used are individual size of the ingredient and the amount of pieces in the meal, as shown on
the principal decision procedure on Fig. 1. The origin of ingredients can be classified in several groups
such as meat, fish, chicken, potatoes, and chopped vegetables. There is a strong correlation between
origin and mechanical strength, which is important for the gripper design. The origin is also relevant to
the hygienic issues and the problem of cross contamination when certain ingredients interact resulting
in specific taste patterns. There is a strong correlation between type and origin of ingredients. Usually
vegetables and potatoes are bulk products while meat, fish and chicken is classified as composed
solids. From manipulation viewpoint it is obvious, that composed solids better match to conventional
pick and place operations while bulk products and liquids need other solutions.

4 - 10 >10

How many?

Identified
ingredient

1 - 3

Piece BulkSize

Large SmallMedium

Figure 1. Decision procedure for distinguishing composed solids from bulk products
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Generally, ready-to-eat meals can be composed in various ways. Any ingredient of the same type and
origin can exist in different shape and quantity in all meals, probably with only few exceptions. The
study shows that majority of the analyzed meals consist of four different ingredients, with local
variations from two up to six components. Hence, we summarize that a typical meal is composed of:

• one or more composed solids (pieces of meat, fish or chicken)
• one or two different liquids (sauce, dressing)
• one or more different bulk products (potatoes, vegetables)

Meat, chicken and fish are the dominating ingredients suited for pick and place operations, with few
exceptions. Any piece of them can have comparable size, shape and weight, therefore these
ingredients require same type of grasping. But their mechanical strength and surface structure are
diverse. Seven groups have been identified, which differ from grasping and manipulation point of view,
see table 1.

RectangularRound Eliptical Irregular Cylindrical Spherical Irregular

FlatConvex Concave Irregular

Thin Medium Thick

Size

Medium LargeSmall

Thickness

Surface
shape

Size

MediumSmall Large

2D 3DContour Dimension Shape

Piece

Figure 2. Classification steps for composed solids

The main characteristics are the surface shape, thickness, size, composition and finally if there are
special characteristic, such as breaded surface. Contours of 2D like items (fish fillets, hamburger) as
well as the geometry of 3D items (meatballs, chicken pieces) are of less importance.

From manipulation viewpoint the size distribution of bulk products is of more interest than the size of
each individual piece, as well as the total quantity. Hence, classification into groups similar to the
composed solids is not made. Three groups were identified from the meals studied and the
classification is based on origin, which is strongly related to the characteristics important for
manipulation. At one edge of the spectrum potato in different shapes like wedges spheres or halves
can be allocated. The size is about the same regardless of the shape and the same manipulation
strategies can be applied. At the other edge of the spectrum traditional bulk products like rice and
pasta, which form homogeneous lump, take place. In the middle of the spectrum a mixture of chopped
vegetables can be placed. The composition varies, but the entire mass can be considered as a type of
homogenized lump. Collecting the ingredients within these groups before assembly can reduce the
cycle time significantly. The gripper does not need force sensing, as we do not pay attention to broken
bits.



ICEF9 – 2004
International Conference on Engineering and Food

Table 1. Identified groups of composed solids

Dimension Surface
shape

Thickness Size Weight Origin Composition Surface
structure

Group 1 3D - - Small Light Meat
Chicken

Pressed
Natural

-

Group 2 2D Convex Thick Medium Medium Meat Pressed -
Group 3 2D Irregular Thick Medium Medium Meat Pressed -

Group 4 2D Flat Medium
Thick

Large Medium
Heavy

Meat Pressed -

Group 5 2D Flat Thin Medium Light Meat
Chicken

Natural -

Group 6 2D Irregular
Convex

Thick Large Medium
Heavy

Meat Different Breaded

Group 7 2D Irregular Thick Medium Medium
Heavy

Fish Fillets Cream-
topping

Different types of sauces are the ingredients in liquid phase. The characteristics are similar and all
sauces fit in one group. Conventional pick and place operations are not suitable and therefore has no
further analyzes been done. However, ideas about modification for simpler handling are described,
such as pre-packing or phase changes.

3. Selection of grippers for food assembling

End-effector is often a neglected part in the design phase of a new production cell. Even though it is a
major part of the total investment cost, especially if not enough work is done before the design phase.
Deep understanding of the materials to handle and relevant constraints is necessary. According to
Cutosky [7] most designs fail not due to engineering failures, but because of neglecting requirements
and constraints. Wide range of products with very different properties must be manipulated effectively
during assembling of ready-to-eat meals. From manipulation viewpoint human is the best operator.
The development of dexterous robot hands that mimic the performance of a human hand would
provide an end-effector for the majority of tasks. Alternative option is to have a selected subset of
dedicated grippers designed for a limited number and types of operations. This compromise dilemma
described by Newman and co-workers in [8] is prominent for different design issues in flexible
assembly cells, such as gripper design and transportation solution.

There are numerous types of grippers, designed for specific purposes. Modification of previous
classifications [7, 9] gives a more application-based taxonomy of end-effectors, directed towards
assembling of ready-to-eat meals, as seen on Fig. 3. Passive effectors can hold parts, but not
manipulate them or actively control the grasp force as active ones [7]. Besides geometrical and
mechanical constraints of the material to be grasped there are more task-specific aspects to consider.

Food assembling does not require high either initial or final accuracy of the grasp. It is thereby
possible to use a simple construction, however it is recommended that the end-effector center the part
[7]. The performance of all grippers can be further improved by adding sensors. This is appropriate for
food industry, where the objects have natural variance in size, shape and mechanical properties.
Therefore, visual servoing was chosen as leading technique in our assembling cell [3].

Vacuum grippers has been tested and used successfully in food industry but mainly for handling fruits,
frozen products, chocolates or cookies. Chilled products and porous materials, such as minced beef
and fish, are however less suited because the vacuum nozzles can get clogged, also can cause cross
contamination. In addition, surface topography of food products generally does not fit to this handling.

The simplest is the two-fingered jaw gripper with mechanical surface of attraction. Angled jaws can
provide more secure and reliable grasp. Adding more stiff fingers can do further improvements and
widen the working range of the gripper. To avoid complicated grasping force feedback compliance in
the gripper can compensate size and shape variations. Appropriate surface material can minimize the
contact damages as well as simplify the gripper cleaning. One difficulty in fingered jaw grippers is
related to bin picking problem, which can introduce specific requirements for ingredients packing.
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Passive
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Figure 3.  End-effector taxonomy aimed at food assembling

Pins and needles that penetrate the surface are commonly used for fabric handling operations [9].
They are, however, not applicable to fruit manipulation, as it requires the fruit surface to be kept
unpunctured [10]. Fortunately, one main ingredient in ready-to-eat meals is pressed minced meat in
different shapes and penetration of a number of needles will not affect the quality negatively. Gripper
with needles is suitable for grasping objects that are packed tightly together in a box. Picking from a
pile guided by vision can be relatively easily implemented, which provides advantage of this gripper.

Different types of objects in the three dimensional group are all of approximately the same size and
composition. Their mechanical strength is relatively high and the surface requires no special care,
therefore angled jaw grippers are suitable as the grasp reliability increases without increased grasping
force. Additional needles could help the handling, especially in bin picking, where the space for jaw
gripper is not available.

The border to 2D like items is fuzzy and group 2 is similar with the main difference that they are bigger
and a bit flattened. Similar objects are in group 3 with the only difference that they have a flat surface
instead of a concave, with the advantage of being able to be organized in layers. The grasping size is
twice of the 3D ones. Due to their thickness it is possible to grasp them with a jaw gripper, but a
needle gripper works as well.

The last four groups are all large or medium sized, but differences are in thickness, composition and
surface structure. Grasping from above with a jaw gripper is not possible due to the size and
thickness. Needle gripper is preferred as small penetration damage is allowed. This is however not
possible for breaded objects or pieces of unprocessed meat. The most natural way to put a hamburger
on a plate is to use a spatula. It is possible when the objects are transported in layers in an open box,
which can be approached from the side. This is also suitable for fragile objects that need proper
support from underneath as well as for objects with a creamy surface on the top.

None of the end-effectors described above can be used for handling semi-rigid or non-rigid objects,
such as bulk products and liquids. If performed manually by an operator a type of dipper is used. A
direct translation is to design the end effector as a dipper. Spilling from the dipper as well as cleaning
between different products is however time consuming and does not give more flexibility than
conventional filling machines. It is also hard to control the quantity taken by the dipper without
additional sensors.  Therefore this type is not likely to be used in an industrial environment.

Most products contain several types of bulk ingredients. The study shows that a dipper can not only
speed-up the handling, but be used to dose the amount in the meal. This is, however, not robust
enough and modification of conventional filling machines seems to be a better solution. Another
approach is to pre-pack the ingredients to fit robotic manipulation by a vacuum gripper. One approach
is to use small plastic bags that are opened and emptied before consumption. Another solution is to
form small pouches from edible films. The film melts in the microwave and can be consumed together
with the content. No commercial product has been found up to now, but Mchugh says the future is
promising [11].

For liquids the conventional approach is to use filling machines that dose the exact amount in a fast
and reliable way. If many different liquids must be handled cleaning is the main problem. Equipping a
robot with a mouthpiece is very similar to using conventional automation and the cleaning problem is
not eliminated. Pre-packing of sauce into small bags is very common in fast food restaurants. Plastic
bags with different sauces are simple to pick robustly with a simple vacuum gripper. Another
advantage is that the consumer can choose how much sauce he or she wants. Another approach is to
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freeze the liquid and place desired cubes in the respective meal. Problems with adhesion both
between objects and to the transportation surface are however apparent. A vacuum gripper can be
used successfully for both approaches.

The grippers described are passive, but the use of an active gripper has many advantages. This is
especially apparent in difficult tasks, such handling of delicate objects. A dexterous hand is defined as
a hand consisting of multiple fingers each consisting of two or more joints. Further it should be
equipped with force sensors and possibly tactile sensors. The solution is a hand that can fine
manipulate the object and control the grasp force in order to prevent slippage and damage on the
object. One problem is the hygienic requirements. The hygiene between product changes must be
secured and consequently the dexterous hand must be cleaned. The advantages of using a multi
purpose gripper is thereby lost and this time loss is comparable to an ordinary gripper change, if a set
of more dedicated grippers is used.

4. Conclusions
The majority of ready-to-eat meals consist of four different ingredients and the three main groups are
included, namely composed solids, bulk products and liquids. Only the first group is directly suited for
robotic pick-and-place operations and is further classified according to relevant features, such as size,
weight, composition and surface shape. Requirements for each group are stated. A set of jaw grippers
with some compliance and needle grippers can cover the majority of operations.

Pre-packaging of bulk products and sauces into small bags is proposed in order to enable pick-and-
place operations. These bags can be either made of plastic material that is removed before
consumption or of an edible film that melts and is eaten together with its content. Vacuum grippers
have been excluded for most ingredients, but for different bags these grippers are suitable.
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ABSTRACT 
Information and automation system for an integrated restaurant was developed based on shared-

space technology with a model restaurant of 1/20 scale to accommodate 100 guests a day.  The 

system was constructed with PC and PDA under a wireless communication network and operation 

software was developed with Java language.  The system was simulated for the management and 

customer services with two types of meals and showed satisfactory results. 

 

Keywords : restaurant, automation, integration, Shared-Space, wireless, PDA 

 

INTRODUCTION 
For a successful restaurant business, selection of item of meal, quality control of kitchen process, 

and improved customer service are the important factors.  The quality control and customer services 

have been improved by the innovation of new technology such as management skill and installation of 

hygienic facilities. (1)  Particularly, the customer service is so important in respect to speed of service, 

attitude of service, hygiene and overall feelings that affect the customer.  With the increasing trends 

of family guest, additional services such as shopping and child-care are greatly needed.  In the 

business aspects, demand for the automated system to realize effective management and reduction of 

labor cost is increasing.  But the automation system has not been widely implemented because of the 

high initial investment.  Personal digital assistant (PDA) as a mobile control device and wireless 

network technology are available at low cost, and it is applied to many areas including factory 

automation and hospital management system.  The main difficulties are such that restaurant has 

complicate systems in respect to network integration due to the distribution of components, non-

standardized communication protocol, complication of schedule, education levels of labors, scale of 

the restaurant, and economic status of the business. 

The object of this study is to develop economical and efficient integrated architecture for restaurant 

system using PDA and Shared-Space concept. (2) 

 

MATERIALS AND METHODS 

Target restaurant:  The miniaturized restaurant fabricated with the ratio of 1/20 scale was served 

as a target model restaurant.  The model restaurant was constructed with hardwood board and 

aluminum plate in a single floor to accommodate 100 guests per day, serving two types of Korean 
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foods, NaengMyun, cold noodle and GalbiTang, beef and rice soup. 

Communication environment:  For the communication system, a wireless access point as a hub 

between wireless client devices and the controller were constructed with SWL-3000AP (Samsung, 

Korea) to cover the business area of 50 m diameter with the data transmission speed 11 Mbps.  

TCP/IP and RTP based on IEEE802.11b standard were used for the communication protocol to have 2 

Mbps in 2.4 ~ 2.4835 GHz.  The communication middleware, Jini, was used to provide plug-and-play 

model (Sum Microsystems, USA).  And network operation architecture was developed using Jini and 

Shared-Space technology.   

Computer Hardware and Software:  Hardware devices used for the restaurant system were PDA 

(iPaq 3630, Compaq), microcontroller (DSTINI1-512, DS80C390 micro-processor, Dallas 

Semiconductor), electrical switch (DS2406, Dallas Semiconductor), robotics invention system 

(Mindstorm 2.0, Lego), video stream capture device (320k pixels CCD, Samsung), and desktop PC 

(Windows 98, Samsung) 

Unified modeling language (UML) was used for designing the operation program. (3)  And the 

implementation of the programs was conducted using Java language with various commercial 

libraries; SavaJe XE 1.1 for operating system of PDA, JavaSpace for asynchronous and loosely 

coupled communication, JMF 2.0 for media framework library, RCX 2.0 as the robot control library,  

JavaComm 2.0 for RS232 and IEEE 1284 communication. 

 

RESULTS AND DISCUSSIONS 

Composition and layout of the model restaurant 
As in Figure 1, the layout of the model restaurant was composed of six main sections: dining room, 

kitchen, counter desk, reception room, child-care room and control room. 

 
Figure 1. Layout of the model restaurant 
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Service procedure of the restaurant 
Customers enter the restaurant and wait their turns in the reception room.  While waiting, customer 

can be familiarized with restaurant system by reading leaflet of available service.  Counter-desk 

assigns table number and location, and then table manager guides customer to the table as leading by 

blinking LED.  As guests seated on the table, they can access all services available in the restaurant, 

and can order meals, listen music from a favorite channel, browse diverse shopping items using 

tabletop PDA (Figure 1).  When meals are ready, kitchen manager requests for a serving-robot or 

waiter to serve the meals, and also customer are informed.  For the party accompanying children, the 

child-care room can be used.  While eating, safety of child can be assured by monitoring video-

streams with PDA.  In addition, the customer can purchase some items through shopping program. 

When leaving the table, check-out is processed at the counter desk along with reporting and storing 

the service contents. 

 

Development of design concept 
For the design of the restaurant system, five design concepts were adopted as described in the 

followings. 

1. Network model base on a market-place pattern and a Shared-Space technology – Producers and 

consumers can communicate for each party to find the best deal for diverse services within the 

Shared-Space to accomplish system integration. 

2. Individual component design based on actor-agent / space-mediator – for two functional modules; 

actor-agent and space-mediator.  The former provided component-specific functions, and the latter 

for communication between components of restaurant and Shared-Space. 

3. Asynchronous communication using RMI (remote method invocation) – work as an event-driven way.  

Every component of the restaurant equipped with RMI facilities including event generator and event 

listener can minimize the load of the network, and the events can be delivered in the real-time basis. 

4. Plug-and-play architecture using Jini technology – support plug-and-play architecture for an easy 

installation and management. (4)  No need to configure IP address, setup of gateway and router, 

install program.  Jini provides various mechanisms for adding, withdrawing, locating and accessing 

services.  Services use the infrastructure to advertise themselves when they join the network, on the 

other hand clients use it to locate and contact services. 

5. Leasing model on rent basis – guarantee reliability from the inevitable failures and provide a way for 

the system itself to recover from failures.   

 

Hierarchy tree of operation program for structural design 
According to the designing concept, the hierarchy of program tree for the restaurant system was 

established as shown in Figure 2.  The hierarchy was made on the basis of the function and type of 

service in the restaurant, and composed of three divisions; customer, services, and communication 

helper as appeared with the solid line box in Figure 2. (5)  The shaded boxes are the service 

components. 
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.  

Figure 2.  Hierarchical classification of the restaurant components 

 

Implementation of services for customer 
The services were designed for customer to find and utilize diverse services at the table site as 

illustrated in Figure 3.  The services included counter-desk, kitchen, waiter, child-care, music and 

shopping services.  Customer could send directly an order request to the kitchen without waiter’s help, 

through touch-screen of the table-PDA.  Customers could listen to one’s own favorite music channel, 

browse diverse shopping items, and spend their waiting time with amusement system.  When the 

dishes were ready, the customers could be informed with the service-ready-state on the screen of 

table-PDA.  The customers with children could let the children play in the child-care room.  During 

eating, safety of children could be assured by monitoring video-images through the table-PDA.  The 

most important feature was that all the services could be done without moving around and configuring 

complex settings of software. 

 

Figure 3.  Schematic diagram of customer services 

 

Development of operation program for customer 
Composition of operation program for customer was illustrated with UML diagram as shown in 
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Figure 4.  Boxes are program modules or classes, and items in the box are the definition of variables 

and functions.  Arrows between the boxes are the relationship between classes.  Customer is 

located at the Client category in the hierarchy tree of components (Figure 2), and therefore, design is 

started from Client class.  Customer class acts as an actor-agent.  Space-mediator class is used for 

implementing space-mediator functions.  List of service components searched are managed using 

Hashtable class.  LookAndFeelManager class is used for a graphical-user-interface. 

  
Figure 4.  UML diagram of the operation program for the customer 

 

Development of service program for management 
Software program for manager was developed to aid supervising job.  The program supported 

reporting functions relating to the state of financial and stock, and sales record of diverse services.  

Because the manager should move around sections of the restaurant, and therefore the service 

platform was made to be portable, and the software was designed to provide mechanisms to activate 

reporting functions flexibly.  For a portability support, PDA and wireless network technology were 

used.  Flexibility was possible with the use of plug-and-play architecture and leasing model. 

 

CONCLUSIONS 
This study was carried out to demonstrate a possibility of the integrated automation system for the 

efficient restaurant operation.  Authors applied recent computing technologies, such as Shared-Space 

technology, wireless communication and PDA, to build economic and efficient communication network 

model for the restaurant system.  Proposed network architecture had many advantages in the 

construction of communication network working in the restaurant environment. The main findings are 

as follows.  a) Communication among the diverse network components was accomplished with 

Shared-Space technology.  b) Portability and efficient network communication was demonstrated 

using PDA and wireless network technology in real-time basis by adapting RMI notification system.  

c) Structural further expansion of the system was made possible by adapting hierarchical designing 

approach.  d) Flexibility and adaptability were assured with the help of Jini based plug-and-play 

architecture 
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The implementation of the system verified the strong points over the current restaurant system in 

respect to economics, efficiency, type and speed of service, management, flexibility, scalability and 

adaptability.  However, a number of limitations of the current implementation have been noted, 

particularly in the areas of component-level fabrication, and these would limit the deployment 

possibilities for the solution proposed.   
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Abstract: For the first time, the interactive properties of casein molecules have been 

investigated by the Surface Plasmon Resonance (SPR) technology that monitors in 

real time molecular binding processes on the surface of a biosensor chip. The 

casein-casein interactions at the molecular level and the factors influencing these 

interactions as pH, ionic strength, calcium concentration and chemical modifications, 

have been studied for the αs, β, and κ-caseins, respectively.  

 

Key words: casein interaction, surface plasmon resonance, biosensors, BIAcore 

 

Introduction 
The Surface Plasmon Resonance, called biomolecular interaction analysis (BIA) is a 

label free technology that monitors in real time molecular binding processes on the 

surface of a specially prepared biosensor chip. For the first time, this technique has 

been investigated to study the association properties of the major bovine caseins: αs 

(αs1- and αs2-caseins in a 4:1 proportion), β- and κ-casein. Theses proteins are 

phosphoproteins (19 to 25 KDa) that form large casein complexes with milk salts, 

particularly calcium salts. The structure of the casein micelle and the nature of the 

forces maintaining their integrity have been investigated extensively by many 

researchers [1-3]. αs- and β-caseins possessed cluster of Ser(P) representing a site 

of high affinity for the colloidal calcium phosphate fixation [4-6]. Globally, the casein 

association is mainly governed by equilibrium between electrostatic and hydrophobic 

interactions. In this work, we chose to analyse the interactions between the major 

caseins and in particular casein immobilized on a hydrophilic sensor chip, in function 
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of different parameters such as pH, ionic strength, calcium concentration and 

chemical modification.  

 

Materials and Methods 
 The molecular interactions between the different caseins (Sigma Chemical Co. St. 

Louis, MO) were investigated by surface plasmon resonance (SPR) using a  

BIACORE 2000 apparatus (Biacore AB, Uppsala, Sweden). Caseins were 

immobilized on a CM5 sensor chip using the standard amine coupling procedure [7]. 

Surface plasmon resonance uses an optical phenomenon to measure refractive 

index changes occurring at the interface between two media of different densities 

(e.g. glass prism and buffer) separated by a thin metal layer (gold layer in the case of 

BIACORE). Under total internal reflection conditions (TIR), a loss in the intensity of 

reflected light can be observed at a specific angle, the surface plasmon resonance 

angle. Because this angle depends among others on the refractive index of the lower 

density medium, measurement of changes in this angle can be used to assess 

refractive index changes very close to the metal layer that separates the two media. 

Here, changes of the refractive index due to protein interactions with casein covalent 

fixed to the biosensor (the ligand) can be followed by continuous monitoring of the 

resonance angle created by the fixation of injected proteins (the analyte). Any 

change in the surface concentration resulting from the protein interaction is detected 

as an SPR signal, expressed in resonance units (RU). A variation of 1000 RU 

corresponds to an angle deviation of 0.1 degree created by the fixation of 1 ng/mm2 

of protein. After each analysis, the biosensor surface can be regenerated using an 

appropriate eluant solution that doesn’t affect the immobilized ligand. So SPR allows 

the detection of molecular interactions in ‘real time’ without labelling molecules. 

Running and sample buffer, e.g. 10 mM HEPES, pH 7.4, 150 mM NaCl, except for 

special buffer compositions indicated in the figure legends, were degassed and 

filtered. The analyte was injected (300 s, 10 ml/min), followed by a dissociation phase 

(600 s) in running buffer and a regeneration step (120 s) with HCl 0.1M. The values 

for association rate constant (ka), dissociation rate constant (kd), and equilibrium 

dissociation constant (KD) were obtained from each sensorgram by selecting a 1:1 

langmuir binding model using a global fitting method [8] from the BIA evaluation 3.1 

software. 
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Results and discussion 
 

 The interaction of soluble injected casein with immobilized casein was measured 

(Table 1). αs-casein binding levels on the immobilized casein were lower than β-

casein, which themselves were lower than κ-casein. Moreover, the RU level of the κ-

casein binding on the immobilized αs-casein was superior to that of the β-casein (132 

to 35 RU), which itself is superior to that of the κ-casein (35 to 15 RU).  

The binding level  phenomenon was also 

observed for the immobilized αs- and β-

caseins and affinity constants were 

calculated and globally, KD values were in 

the same range (10-7 M). 

 
 
Table 1: Binding level (RU) and affinity 
constant (KD) obtained by the 
sensorgrams of soluble αs-, β- and κ-
caseins binding to immobilized αs-, β- 
and κ-caseins 

These results also served to study the 

reversibility for the binding response. 

Nearly the same RU level was obtained for 

αs- and β-caseins (RU αs/ β = 35 and RU 

β/αs,= 30), suggesting that the covalent 

immobilization didn’t modify the association 

level of theses two caseins. It was not the 

case for the interaction κ/αs and κ/β-

caseins because under these conditions 

the κ-casein was present as multimer in the 

flow (data not shown). 

 

The effect of pH on the binding level of αs-casein with the different immobilized 

caseins (αs-, β- or κ-caseins) is observed for three pH values (namely, 7.4, 6.4, and 

5.4), chosen to decrease progressively the net negative charge of the protein 

(Figure1). 

Immobilized 
casein  

Soluble 
casein 
 

RU KD x 107 

(M) 

αs αs 15 5.00±0.14 

 β 35 6.35±0.22 

 κ 132 3.54±0.02 

β αs 30 2.33± 0.09

 β 89 5.74±0.16 

 κ 165 3.38±0.03 

κ αs 26 1.12±0.03 

 β 41 2.12±0.04 

 κ 79 1.47±0.03 
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Figure 1: Effect of pH on the binding responses (RU) of soluble αs-casein on immobilized 
casein. The calculated net charges of the casein at the given pH values are presented in 
parentheses. 
 

The binding response is greatly important for acid pH with higher binding level for the 

κ-casein, followed by β-casein, and than αs-casein.  These results can be correlated 

with the electronegative net charge of casein at the pH values studied 

(electronegative net charge αs-casein>β-casein>κ-casein). 

The effect of ionic strength (addition or not of 150 mM NaCl) and calcium addition (2 

mM CaCl2) on the soluble αs-casein and the immobilized ß-casein association have 

been studied at pH 7.4 (Figure 2). 
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Figure 2: Effect of 150 mM NaCl and 2 mM CaCl2 on the binding response (RU) of αs-casein 
on the immobilised ß-casein. Buffer: 10 mM HEPES, pH 7.4 
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Figure 3: Binding response (RU) of soluble dephosphorylated αs-casein on immobilized β-

casein, in presence or not of calcium (2 mM). 

 
The addition of calcium (2 mM) in absence of NaCl led to higher binding levels, 

whereas in the absence of calcium, the association fell to zero. Same evolutions 

were obtained for the αs-casein fixation on the immobilized ß- or κ-caseins (data not 

shown). The addition of monovalent ions as Na+ neutralized the negative charges of 

the casein in favour of the casein solubilization instead of interaction. In the absence 

of NaCl in the running and sample buffers, the addition of a divalent ion as Ca++ 

neutralized also the negative charge and allowed the binding of αs-casein to 

immobilized ß-casein. In order to quantify the implication of phosphate groups in 

theses interactions, the αs-casein have been dephosphorylated. Binding results are 

presented in figure 3. The dephosphorylated αs-casein presented nearly the same 

binding level on the immobilized β-casein than this obtained for the native αs-casein 

fixation in presence of calcium. The reduction of the negative charge by chemical 

neutralization of the serine residues (phosphoserine chemically converting to serine 

residues) or by calcium interaction increased the casein-casein interaction. This 

chemical modification experiments showed that calcium participates directly in the 

formation of calcium bridges between the phosphate esters on casein molecules, and 

confirmed some researcher work that attributed the strong affinity of casein for 

bivalent or trivalent cations to phosphoseryl residues [9]. Without completely denying 

a role for the carboxyl groups, it seems that in our experimental molecular model, the 

insertion of 2 mM calcium was principally located between the phosphate groups of 

αs- and β-casein.  
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Conclusion 
The Surface Plasmon Resonance (SPR) technology allowed the 

characterization of the casein-casein interactions at the molecular level and the 

factors influencing these interactions. The KD values obtained for all the casein-

casein interactions studied were in the range of 10-7M. At neutral pH, the highest 

SPR binding response on the immobilized caseins was obtained for the least 

electronegative soluble casein (κ>β>αs). The decrease in protein charge, induced 

either by acidification, by an increase of ionic strength, or by dephosphorylation 

minimized the charge repulsion and increased globally the casein-casein interactions. 

In presence of 2 mM CaCl2, casein-casein interactions were strong for the most 

phosphorylated caseins (αs and β-caseins), which possess a SER(P) cluster, site of 

high affinity for the calcium ion. Experiments with dephosphorylated αs-caseins 

seemed also to confirm the predominant affinity of calcium for the phosphate groups 

of the αs- and β-caseins.   
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Abstract 

A common aperture real-time multispectral imaging system with selected trim filters, in conjunction 
with an image ratio (566.4/515.4), was developed to detect fecal and ingesta contaminants on the 
surface of broiler carcasses.  The overall accuracies of contaminant detection were 96.8%, 94.4%, 
and 91.3% for corn, milo, and wheat with soybean mixed fed broiler carcasses, respectively.  This 
system can be effectively used for on-line poultry processing lines at a rate of 140 birds per minute. 

Keywords: Food safety inspection, Poultry, Real-time image processing, Feces, Ingesta 

 
Introduction 

The United States food supply is among the world's safest and most wholesome. However, significant 
food safety problems can cause either human illness or economic losses. Recently, food safety, and in 
particular, the control of food borne pathogens has become an important research area for the U.S. 
Department of Agriculture (USDA).  Reduction in the potential health risks to consumers from human 
pathogens in food is the most important food safety issue and public concern.  Poultry and poultry 
products are an important source of the total supply of food in U.S.  It is essential in the public interest 
that the health and welfare of consumers be protected by assuring that poultry products distributed to 
them are wholesome and safe.   

Currently, the poultry inspection system is based on what inspectors can see: diseases, defects, and 
contamination on carcasses.   The Food Safety Inspection Service is changing the federal meat and 
poultry inspection system from a system based primarily on sight, touch, and smell to the scientific 
testing and systematic prevention of contamination.  Inspectors use these guidelines to verify that 
establishments prevent carcasses with visible fecal contamination from entering the food supply. Thus, 
Identification and separation of poultry carcasses contaminated by feces and/or ingesta are very 
important to protect the consumer from a potential source of food poisoning.   

The USDA, Agricultural Research Service (ARS) has developed a method and system to detect fecal 
contamination on processed poultry carcasses with a hyperspectral imaging system1,2. A multispectral 
imaging system3 has been developed for use in a poultry processing plant.  For a real-time fecal 
detection system, development of high speed and reliable imaging system to process birds at a rate of 
140 birds per minute is required. Therefore, this paper presents the feasibility of a real-time, on-line 
multispectral imaging system for detecting surface fecal and ingesta contaminants on broiler 
carcasses. 

Materials and Methods 

Three hundred 28-day-old broilers were obtained from a commercial growout house, transported and 
placed into broiler research housing in the University of Georgia’s research farm in Athens, Georgia.  
Twenty-five birds were placed into 12 total pens, 25 birds per pen, and three different feeds were 
assigned to four pens each.  Feeds were formulated to be isocaloric with the major carbohydrate 
source in each from a different grain.  Diets were formulated with 69.5% corn as a control, 69.7% milo, 
or 73.6% wheat, with the remainder of the three formulations consisting of soybean meal, poultry 
byproduct meal, poultry fat, minerals, salt, and vitamins.   

Eight birds from three different pens, which are representing a different feed type, were processed 
each day (42, 43, 44, and 45 days old) during Week One; eight birds from the same pens in the same 
order were then processed in Week Two (49, 50, 51, and 52 days old).  Larger birds in each pen were 

 1
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subjectively chosen during Week One to minimize size differences between weeks.  Twelve hours 
prior to processing, feed was removed from all birds in the selected pens for two hours; feed was then 
replaced for two hours in an attempt to synchronize the bird’s feeding behavior.  Feed was withdrawn 
from four birds from each pen for eight hours prior to processing (8 h feed withdrawal), with the other 
birds remaining on feed (0 h feed withdrawal).  Four of these non-withdrawn birds were then caught, 
cooped, and transported (15 min) for processing along with the four 8 h feed withdrawn birds.   

Prior to slaughter, birds were electrically stunned for 12 s at 50 volts AC (approximately 25 mA), necks 
were manually cut, and birds were bled for 120 s.  Carcasses were scalded at 53.3 oC for 120 s in a 
batch scalder with water recirculation and were picked for 30 s in a Gordon Johnson single-pass in-
line picker (Johnson Food Equipment Co., Kansas City, KS).  Heads and feet were removed from 
carcasses and the viscera were manually removed. 

Multispectral Imaging System 

A common aperture 3-CCD camera (Model MS2100, DuncanTech, Auburn, CA)∗ utilizes a color-
separating prism to split broadband light entering the camera through the lens into three optical 
channels.  The color-separating prism is actually comprised of three prism components that are 
bonded together to form a single prism assembly. 

An optical trim filter and CCD imaging array were placed at each of the three exit planes of the prism.  
The image acquired by each array was formed by the wavelengths of light that have been passed 
through each optical path in the prism.  The common aperture camera (CAC) used for this research 
was designed to allow flexibility and fine control over the spectral content of the light impinging on 
each array. Thus, the spectral content of the light arriving at each of the three imaging sensors is 
determined by the dichroic coatings on the prism faces and the optical trim filters between the prism 
exit plane and the imaging array. The use of trim filters is very important to provide accurate spectral 
control and to insure that out-of-band light does not compromise the image spectral integrity.   

When specifying the optimum wavelength of optical trim filters for this research, the results of 
visible/NIR spectroscopy4, calibration of hyperspectral imaging system5, and validate hypercube image 
data2 were used to select three optimum wavelengths, which were 517, 565, and 628-nm.  Each filter 
has the full width, half maximum (FWHM) of approximately 10 nm.  However, for the convenience to 
choose a passband that can be accomplished with stock filters, standard filters whose central 
wavelengths were 515.4 nm (8.6-nm FWHM), 566.4 nm (8.8-nm FWHM), and 631 nm (10.2-nm 
FWHM) were used as trim filters for our multispectral camera. 

Image Acquisition 

For the multi-channel image acquisition, a frame grabber (PCI-1424, National Instruments, Austin, TX) 
was used.  A multispectral camera was controlled by the CameraLinkTM software (DuncanTech, 
Auburn, CA).  This utility provides the capability to control the operation of the multispectral camera 
operating parameters such as gain, offset, exposure time for each channel, relative exposure time for 
all imaging channels, output bit depth, output data multiplexing, triggering modes, and video output 
modes.  For the on-line image acquisition, imaging system was set up at the pilot scale poultry 
processing line at the Russell Research Center, Athens, Georgia.   

To automatically trigger the camera system, a diffuse-reflective type photoelectric sensor was used for 
an external trigger of the camera. The external trigger signal initiates the readout of the current frame 
and starts the exposure time for the next frame.  The frame rate was controlled internally up to 30 fps, 
and exposure time is independently programmable for each of the three CCD arrays. 

When three multispectral images were acquired, each individual color plane was separated as 8-bit 
monochrome image.  Alternatively, three of these image planes can be combined in a composite color 
image and output as a 24-bit RGB image for viewing.  Whenever an image acquisition is active, the 
acquired image is displayed in a window on the screen.  An acquisition continuously acquires images 
and displays each one on the screen. 

                                                 
∗ Mention of company or trade name is for purpose of description only and does not imply endorsement by the 

U.S. Department of Agriculture. 
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Procedure and Algorithm 

Figure 1 shows the procedure of multispectral imaging method for detecting fecal and ingesta 
contaminants on the surface of broiler carcasses. 
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Figure 1.  Common optical aperture multispectral imaging method for automatic fecal and ingesta 
detection on poultry carcasses. 

or testing algorithms to identify fecal and ingesta contaminants, an in-house real-time image 
rocessing software was developed with LabVIEW (version 7.0, National Instruments, Austin, TX).  A 
ommon aperture multispectral camera acquired three spectral images with 515.4-nm (fig.1b), 566.4-
m (fig.1c), and 631-nm (fig.1d), which were used for color composite image (fig.1a).  For the 
xperiments, due to the narrow bandwidth of each trim filter, the same exposure time (32.5 ms) was 
sed for all three detectors with different gain settings such as 25 dB for 515.4-nm image (fig.1b), 13 
B for 566.4-nm image (fig.1c), and 20 dB for 631-nm image (fig.1d).  Image ratio of two spectral 

mages was calculated from the selected wavelengths.  The band-ratio of 566.4/515.4 could identify 
eces (duodenum, ceca, colon) and ingesta contaminants (fig.1f).  The original band-ratio image 
ontains a noisy background image (fig.1f).  Therefore, to eliminate the noisy background, a masking 
emplate was extracted from a 631-nm image (fig.1e) and implemented for further processing to 
egregate a carcass and its background (fig.1g).  After the background mask was applied, the  
hresholding process could separate feces and ingesta contaminant from a poultry carcass.  Three 
hite spots in the top row indicate contaminants from duodenum; second row represents ceca; third 

ow represents colon; and bottom row represents ingesta form the crop or gizzard (fig.1h).  Then, an 
mage processing algorithm, such as particle analysis, was used to find the morphological centroid and 
alculate the size of each contaminant.  The crossline-markers (fig.1i) indicate the centroid of each 
ontaminant spot.   

Results and Discussion 

igure 2 shows multispectral images and corresponding ratio images to detect contaminants acquired 
rom broiler carcasses fed with corn, milo, wheat with soybean meal.  The gray-scale image of corn- 
ed poultry carcass contaminated with feces (duodenum, ceca, colon) and ingesta on the skin is 
hown in Figure 2a.  Cecal and colon contaminants were visually identified.  Sixteen fecal and ingesta 
ontaminants were distinctively identified with the image ratio algorithm (fig.2b).  Similarly, the image 
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ratio from the multispectral images (566.4/515.4) detected all 17 fecal (top three rows and leg) and 
ingesta contaminants (fig.2d) from the milo-fed poultry carcasses (fig.2c).  When the same algorithms 
were employed for wheat-fed carcasses (fig.2e), all contaminants (duodenum, ceca, colon, and 
ingesta) were detected correctly (fig.2f).  For a multispectral imaging application for the detection of 
fecal and ingesta contaminant on poultry carcasses, the processing time is the most important issue in 
addition to the algorithm development to detect contaminants.  Currently, the on-line poultry 
processing system operates at a rate of 140 birds per minute, which will approximate processing 
speeds used in U.S. poultry processing plants.  The total processing time to measure one bird was 
251 ms or 3.99 frames/sec, which indicates that image processing speed easily meets 140 birds/min. 
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Figure 2.  Multispectral images and corresponding ratio images (566.4/515.4) with contaminants from 
three different feeds; (a) image of corn/soybean-fed carcass; (b) ratio image of 
corn/soybean-fed carcass; (c) image of milo/soybean-fed carcass; (d) ratio image of 
milo/soybean-fed carcass; (e) image of wheat/soybean-fed carcass; (f) ratio image of 
milo/soybean-fed carcass. 

Table 1 shows the test results of a multispectral imaging system to detect fecal and ingesta 
contaminants on corn/soybean fed poultry carcasses.  The prediction accuracy for identifying 
duodenum was 92.4%, which was lower than other feces and ingesta.  Since duodenum color is light 
brown and often drips down the carcass, the imaging system has difficulty in discerning duodenum 
from the cuticle on the skin, especially soft scalded carcasses.  The accuracies of detecting ceca, 
colon, and ingesta were over 98%, resulting in the overall accuracy of 96.8%.  However, even though 
the system was highly accurate in detecting fecal and ingesta contaminants, a total of 156 false 
positives were found from 72 birds, which must be reduced prior to implementing the system into the 
poultry processing line. 

Table 1.  Accuracy of multispectral imaging system to detect fecal and ingesta contaminants on 
corn/soybean-fed poultry carcasses (n=72). 

Actual Contaminants Predicted Contaminants False Positive 

Duodenum Ceca Colon Ingesta Duodenum Ceca Colon Ingesta  

305 300 287 254 282 294 283 251 156 

Each Contaminants 92.4% 98.0% 98.6% 98.8%  
%Accuracy 

Overall 96.8%  
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Table 2 shows the test results of a multispectral imaging system to detect fecal and ingesta 
contaminants from milo/soybean fed poultry carcasses.  The prediction accuracy for identifying 
duodenum feces was 86.0%, which was lower than corn-fed carcasses.  However, the prediction 
accuracies for other contaminants were much higher than duodenum feces.  The accuracies for 
identifying cecal, colon, and ingesta contaminants were 95.8%, 98.6%, and 97.2%, respectively.  The 
overall accuracy to detect contaminants for milo fed poultry carcasses was 94.4%.  In this case, a total 
of 158 false positives were identified from 72 birds. 

Table 2.  Accuracy of multispectral imaging system for detecting fecal and ingesta contaminants on 
milo/soybean-fed poultry carcasses (n=72). 

Actual Contaminants Predicted Contaminants False Positive 

Duodenum Ceca Colon Ingesta Duodenum Ceca Colon Ingesta  

286 287 280 283 246 275 276 275 158 

Each Contaminants 86.0% 95.8% 98.6% 97.2%  
%Accuracy 

Overall 94.4%  

Table 3 shows the test results of contaminant detection from wheat/soybean-fed poultry carcasses. 
The prediction accuracy for detecting duodenum feces was only 77.4%, which was the lowest among 
three different diets.  However, the accuracy for detecting other contaminants was similar to the results 
of corn- and milo-fed carcasses.  The accuracies for detecting cecal, colon, and ingesta were 96.3%, 
94.1%, and 97.6%, respectively, resulting in the overall accuracy of 91.3%.  Because of similarity of 
the color between duodenum and cuticles on the skin of wheat-fed poultry carcasses, more false 
positives (167) from 72 birds were found than corn and milo fed carcasses.  Thus, a real-time 
multispectral imaging system could detect fecal and ingesta contaminants of broiler carcasses fed by 
three major diets (corn, milio, wheat) with over 91% accuracy. 
 
Table 3.  Accuracy of multispectral imaging system for detecting fecal and ingesta on wheat/soybean- 

fed poultry carcasses (n=72). 

Actual Contaminants Predicted Contaminants False Positive 

Duodenum Ceca Colon Ingesta Duodenum Ceca Colon Ingesta  

288 294 286 288 223 283 269 281 167 

Each Contaminants 77.4% 96.3% 94.1% 97.6%  
%Accuracy 

Overall 91.3%  
 

Conclusions 

A common aperture real-time multispectral imaging system with selected trim filters showed a potential 
to detect fecal and ingesta contaminants on broiler carcasses.  In conjunction with an image ratio 
(566.4/515.4) algorithm, the multispectral imaging system was an effective technique for the 
application of real-time identification of fecal and ingesta contaminants on poultry carcasses.  
However, even though a multispectral imaging technique showed promise for real-time detection of 
fecal and ingesta contaminant, the results of image data analyses included many false positives from 
all three different diets, which must be reduced for the robustness of the system.  The third trim filter, 
which is included in the common aperture camera, might be used for eliminating false positive.  In 
addition to real-time, on-line image processing algorithms, further research in the development of 
classification algorithms to identify individual contaminant type could make it possible to implement a 
multispectral imaging system for hazard analysis critical control point (HACCP) application.  Also, the 
robust real-time imaging system can be employed for washing only those carcasses detected as 
contaminated, resulting in reduction of water usage in plants and make the system economically 
feasible for the poultry industry.  
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1. Abstract 

A unique fiber optic sensor design was used to measure light extinction of homogenized and 
raw cream from 0 to 50% milk fat concentrations at 35, 45 and 55°C. Light extinction was related to 
milk fat concentration with non linear model and had a standard error of 0.28% for homogenized and 
0.21% for raw milk fat. Measurements between batches were significantly different suggesting that the 
light extension sensor was responding to different fat particle sizes between batches. 
Keywords: Sensor, Optical Fiber, Milk Fat, Particulate, Concentration, Light Extinction 
 
2. Introduction 

Continued development of processing control and automation is necessary in the food industry 
to not only remain competitive in the world economy but also to improve product consistency, quality, 
and safety. An essential requirement for the automation of processes in the food industry is continuous 
evaluation of the composition and physical properties of liquid particulate mixtures during crucial 
processing steps. The lack of suitable in-line sensors for characterizing the properties of liquid 
particulate food materials is hindering the implementation of modern process control technologies. 
Improved sensors and their resulting process control benefits will allow for tighter production 
tolerances, increased consistency of food properties, process optimization, improved quality, and 
savings in raw materials, energy, and waste disposal. Process monitoring applications include milk 
coagulation and fat separation, homogenization and emulsification.  

There is a specific need for a low cost in-line sensor technology to control milk fat content of 
creams (35 to 45 wt% milk fat) from separators. A sensor that provides separator control will give 
better product consistency and minimize heating and cooling costs while improving downstream 
pumping operations (1). Existing optical reflectance sensors saturate at milk fat levels above 6 to 15% 
(2). The light extinction sensor has been shown in previous testing (3) not to saturate below 50% milk 
fat and to have a CV of 2% for homogenized milk at room temperature (∼ 25°C). A very common 
infrared apparatus is the MilkoScan (Foss Electric, Hillerod, Denmark). Unfortunately these methods 
are not practical and/or cost effective for in-line measurements required for process control of cream 
separators.  

In previous work, an in-line fiber optic light extinction sensor was reported to measure fat in milk 
and cream based on attenuation of light at 470 nm (4). The light extinction sensor capitalizes on the 
small size of optical fibers to measure backscatter light extinction within liquid particulate food products 
over very small optical penetration distances on the order of 1 mm.  

The goal of this work was to confirm the potential of this technology for the cream separator 
application with the optical sensor components and electronic circuitry enclosed within a sensor 
housing to increase optical stability and reduce electronic noise. Specific objectives were to determine 
a model for predicting milk fat concentration over a range of temperature (35, 45, and 55°C) for both 
raw and homogenized milk fat and determine the effect of different cream batches on sensor output. 
 
3. Materials and Methods 
 
3.1. Experimental design and milk sample preparation 

Raw pasteurized cream, homogenized heavy whipping cream and skim milk fat with 
concentrations of approximately 42, 36, and 0.005%, respectively, were obtained from a local milk 
processing plant (Kroger Company�s Winchester Dairy Farm, Winchester, KY). The milk fat content of 
the creams were measured by the plant using a Foss FT-120 (Foss Electric, Hillerod, Denmark) and 
confirmed using a Babcock test method (AOAC, method 989.04). The raw and homogenized cream  
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was mixed with skim milk at room temperature to prepare 75g samples. Homogenized cream and skim 
milk were mixed to obtain triplicate samples having 0.05, 0.1, 0.5, 1, 2, 4, 8, 15, 20, 25, 30, and 36% 
milk fat for testing at 35, 45, and 55°C. Raw cream and skim milk were mixed similarly to obtain 
triplicate samples with an additional milk fat concentration of 42%.  

The test with raw cream was repeated three times using different batches of milk. The effect of 
different cream batches on sensor output was tested by collecting a 2 liter sample of cream from the 
dairy plant on 15 different days over a three week period in April 2003. Each batch was processed by 
the plant at different days and represented milk from several different states. The batches were tested 
at the plant in triplicate using the Babcock method and the Foss FT-120. Triplicate samples of each 
batch were tested using the light extinction sensor. The light extinction sensor test was repeated on 
each sample three times at a temperature of 45°C. Thus, nine light extinction measurements were 
conducted on each batch. 

 
3.2. Light extinction sensor design 

Figure 1 shows the fiber optic measurement of intensities at two radial distances, r1 and r2, 
from the emitting fiber. The sensor employed three optical fibers with one delivering light to the 
scattering media and the other two fibers used to measure light intensity (I1 and I2) at spatially 
separated points r1 and r2, respectively (∼ 1 mm apart). The light intensities ratio (I2/I1), referred to as 
signal ratio, was found linearly related to fat content of milk between 15 and 50% milk fat (4). Light 
scattering is dominant for high concentrations of fat and the widely used diffusion approximation is 
valid for this case. Thus, the scattered light distribution in the particle-laden media is described by the 
following equation (5):    
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β−=                                          

 
where, I0 was the apparent intensity at the radial centerline of the emitting fiber, I(r) was the light 
intensity as a function of radial distance from the emitting fiber, r was the separation distance 
(centerline to centerline) between the emitting and the detecting fiber, and m was the backscatter light 
coefficient  

 

Figure 1. Schematic of the optical fiber configuration tested for measuring composition showing a LED 
focused on a fiber and two receiving fibers at radial distance r1 and r2 focused onto detectors with 
outputs F1 and F2.  
 

The ratio of the intensities at two radial distances reduces to the following equation:  
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where C is a constant. This equation predicts an increasing signal ratio with increasing milk fat. The 
sensor configuration described by (4) was used with an improved design and electronics. A sketch of 
the optical sensor tested is shown in Figure 2. The optical fibers, LED (470 nm), detectors (TAOS 257, 
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TAOS Inc., Plano, TX, USA) and printed circuit board were held in a stainless steel enclosure. The 
analog amplifiers (AD521JD) and signal divider (AD538BD) were installed on a 7.5 cm diameter 
printed circuit board. The signal divider outputted a voltage signal proportional to the signal ratio. 

 A 100 mL jacketed container, connected to a water bath (Lauda, RM 20, Brinkman 
Instrument, Inc.) was attached to the distal end of the sensor to keep the sample at the target 
temperature (35, 45, and 55°C). Thermal equilibrium of the sample was verified by a thermistor probe 
(Model 5831 A, Omega Engineering, Stanford, CT., resolution + 0.01° C; accuracy + 0.2°C). The 
thermistor probe and a stirrer were installed into the sample container through the rubber stopper. 
 

Figure 2. Schematic diagram showing the optical sensor design coupled to an isothermal sample cell for testing 
milk fat concentration.   
 
 
4. Results and Discussion 
 
4.1.Effect of temperature on sensor output   

Figure 3 shows the sensor response data for the homogenized cream test. The signal ratio 
had a positive curvature with milk fat concentration as predicted by equation 2.  
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Figure 3. Light extinction sensor output as a function of milk fat content at different temperatures.  
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The sensor output voltage was observed to decrease as temperature increased. A linear 
regression on the three curves in Figure 3 yielded slopes of 0.0598, 0.0569 and 0.0536 for 
temperatures of 35, 45, and 55°C, respectively. A linear regression on these three slopes versus 
temperature yielded: 
 

TSlope 0003.00707.0 +=  
 

Thus, an estimate of the temperature coefficient for milk fat was 0.0003 units °C-1. 
The following non-linear equation was developed for simultaneously correcting the data for 

temperature and describing the change in the response with fat concentration:  
 

3
231 ))/)1((ln( βββ TVF +=   

 
where F was milk fat concentration (%), β1, β2 and β3 were regression coefficients, T was temperature 
(°C) and V was sensor output (V). Regression of Eqn. 4 on the sensor response data for homogenized 
milk fat above 10% resulted in the following regression coefficients β1 = 2.21; β2 = 0.234; β3 = 0.0037 
and a standard error of 0.29 % fat. Inclusion of fat data below 10% increased the standard error of 
prediction.  
 

Likewise, the test was conducted on raw milk with three replications as shown in Figure 4. The 
data for raw cream followed the same pattern as homogenized and had similar magnitudes. However, 
the three different batches used in this test had significantly different responses. The regression 
results of the test are shown in Table 1. The non-linear regression model had standard errors of 0.38, 
0.33, and 0.37% milk fat for replications 1, 2, and 3 respectively. 
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Figure 4. Light extinction sensor output as a function of milk fat content at different temperatures. 

 
Table 1. Summary of non-linear regression results of fitting Eqn. 4 to the measured response of the 
light extinction sensor as a function of raw milk fat concentration for milk fat samples at 35, 45, and 
55°C.a 

Replication Regression coefficients  SE for the estimate of the coefficients 
 

SEP, 
% Milk Fat 

 β1 β2 β3 S.E. β1 S.E. β2 S.E. β3  
1 1.70 0.192 0.0042 0.053 0.0064 0.00048 0.38 
2 1.40 0.169 0.0045 0.037 0.0051 0.00045 0.33 
3 1.18 0.145 0.0046 0.031 0.0050 0.00054 0.37 

aSE, Standard deviation; SEP, standard error of prediction.  

(4)

(3)
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4.2. Effect of batch on light extinction measurement 

The results of the batch test are presented in Table 2. The data shows that there was 
considerable more variance in the light extinction sensor measurements with a C.V. of 6.9% as 
compared to the 2.1 and 2.0% for the FT-120 and Babcock tests, respectively. This suggested that the 
light extension sensor was responding to a milk fat property in addition to concentration. It was 
considered that this property was fat particle size; however no data was collected to verify this 
speculation. 
 

 
A plot of the FT-120 milk fat data against light extinction sensor response is shown in Figure 5. 

The data appear to fall in groups suggesting similarity between sources. The plant indicated that all of 
the milk was processed similarly. Thus the measurement of raw cream content is discouraged if fat 
particle size varies significantly. Batch effect with homogenized milk was not tested. This response 
suggests that the light extinction sensor has the sensitivity to respond to particle size distribution and 
may be appropriate for process measurements involving the quantification of homogenization or 
crystallization.  
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Figure 5. Plot of milk fat the measurements by the Foss FT-120 against the light extinction sensor 
response for the batches tested. 
 

Table 2. Summary of the measurements on different cream batches from Winchester Dairy Farm.a  
 

 FT-120, Babcock Light extinction sensor 

Descriptive statistics  Fat concentration, % Fat concentration, % Sensor output, V 

Maximum 43.00 43.50 4.73 

Minimum 39.77 40.00 3.71 

Average 41.62 41.36 4.11 

SD 0.89 0.83 0.28 
CV, % 2.1 2.0 6.9 
aSD, Standard deviation; CV, coefficient of variation; N = 15 
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5. Conclusions 
1. A non-linear regression model was developed for predicting milk fat concentration from the signal 

ratio of a light extinction sensor. 
2. The model prediction for homogenized milk fats between 10 and 42% had a standard error of 

prediction of 0.29%.  
3. The model prediction for raw milk fats between 10 and 42% had a standard error of prediction 

from 0.33 to 0.38%, however, there was a significant difference between cream batches (days). 
4. The light extinction sensor was found to measure differences between batches suggesting that 

fat particle size influenced the measurements.  
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Abstract A grading system based on on-line image analysis was developed in order to grade beef 
carcasses according to the European EUROP scheme. It is integrated with the slaughterhouse. The 
system has been evaluated for accuracy by comparing with a jury of experts from the French controlling 
agency. The grading accuracy is very satisfactory for conformation and satisfactory for fat cover: 
Keywords. Computer vision, grading, beef carcasses, SEUROP scale, conformation 
 
Introduction 
Most of the beef processed in France is paid to the farmers on the carcass weight compounded by 
conformation and fat grading, where conformation is an approximation of saleable meat. This grading is 
based on the European SEUROP scheme by visual assessment. The important factors influencing 
accuracy and consistency are the experience of the assessors, the nature and the extent of the definitions 
of the differences between steps on the scoring scale, the range and average level of the carcasses being 
assessed, and the environmental conditions in which the assessments are made. A scale of 5 steps is 
usually too narrow for adequate discrimination between carcasses, while a scale greater then 10 steps is 
too wide for most people to operate successfully. 
 
The S-EUROP grading scheme 
In Europe, beef carcasses are classified by visual inspection according to the S-EUROP scheme 
(European Council Regulation 1208/81 and European Commission Regulation 2930/81) regulated by the 
European Union (EU). This scheme is made up as follows: 

• separate classification for conformation and fat cover. Conformation is graded with a scale made 
of six classes denominated with the letters SEUROP, where S are for the best carcasses and P 
for the carcasses with the least meat. Fat cover is graded with a scale made of five classes 
denominated with the numbers 12345, where 1 is for the very lean animals and 5 for the very fat 
ones. When describing carcasses, the conformation classification is given first, then the fat cover 
(for example R3). 

• in France and some other member countries the class is sub-divided in 3. The scale is on 15 
points for fat and 18 for conformation. The first fat cover class, 1, is applied to very lean 
carcasses, and the last one, 18, is applied to very fat carcasses. The subclasses may be 
designated within each class with a character, - for the lower part of the class, = for the center of 
the class, and + for the highest part. The grading may be given with 4 characters (for example 
R=3+) 

• conformation is defined by reference to ‘profiles’ with the muscular criterion being an optional 
extra element 

• fat classification includes reference to fat inside the thoracic cavity as well as external fat cover. 
Table 1 contains the general description of the EUROP grading scheme. Additional provisions are also 
used by classifiers (round, back, shoulder, topside and rump). A European Commission document (CM-
84-94-711-EN-D, 1984) is the basis for the visual description of the scheme using images of the class 
centers. This classification combined with the weight and the category (young bull, bull, steer, cow and 
heifer) is the basis for payment to the farmer. The revenue per carcass is very dependant on the 
classification.  
 
Each european’s meat plant has an assessor on staff who grades all the carcasses. In France the 
assessors are trained and certified by OFIVAL (France National Interprofessional Office for Meat, 
Livestock and Poultry Faming). In order to maintain and control the classification system throughout the 
Union, a hierarchy of control agents was set up. But the EUROP scheme has some imperfections: the 
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evaluation can be biased for a series of carcasses, the classifier's grading varies over time, there are 
systematic differences between classifiers or between classifier and the hierarchy. The scheme 
imperfections and the fact that the assessor grading the carcasses are employees of the meat plants, led 
to a demand for a rigorous and independent grading system. Almost since the inception of the scheme 
automatic systems have been in development in different countries of the European Union 
 

Table 1: Definitions of the classes of the E.E.C. beef carcass classification scheme as set out in Council 
Regulation 1208/81 and Commission Regulation 2930/81 

 
 Class Description 

E Excellent All profiles convex to superconvex; exceptional muscle development 
U Very good Profiles on the whole convex; very good muscle development 
R Good Profiles on the whole straight; good muscle development 
O Fair Profiles straight to concave; average muscle development 

C
on

fo
rm

at
io

n 

P Poor All profiles concave to very concave; poor muscle development 
1 Low None to low fat cover 
2 Slight Slight fat cover, flesh visible almost everywhere 

3 Average Flesh, with the exception of the round and shoulder, almost everywhere 
covered with fat, slight deposits of fat in the thoracic cavity 

4 High Flesh covered with fat, but on the round and shoulder still partly visible, 
some distinctive fat deposits in the thoracic cavity 

Fa
tn

es
s 

5 Very high Entire carcass covered with fat; heavy fat deposits in the thoracic cavity 
 
The Normaclass Machine 
As computer vision had become feasible in the mid-eighties, several countries have developed grading 
systems based on the concept of on-line image analysis: Australia(1), Canada (2), Denmark (3, 4, 5, 6), 
Germany (7) and France (8, 9). In this last country, since 1985, Normaclass has developed a machine 
vision system with first a scale machine, then a prototype (10, 11) and now a marketable machine. The 
aims of the project were to eliminate the imperfections of the visual inspection system, and to certify the 
machine’s performance on the basis of a double-blind experimentation. 
 
System technical characteristics 
The main characteristics of the machine (see Figures 1 and 2) are the following: 

• a black background is used to contrast the carcasses 
• a rotating support frame is used to rotate the half carcasses in front of the cameras for acquiring 

images at different angles, the support bars are cleaned with water at 82C and 6 bars. 
• cameras are placed on two different levels, capturing images of the upper or lower parts of the 

carcasses, in order to be placed at less than 2 m from the carcass 
• images are acquired with black and white cameras (I2S IS-865) and color cameras (Sony XC-

555P) 
• a 4Sight-II and a Meteor-II board from Matrox are used for image acquisition and processing 
• a PLC (Siemens S7) is used to manage the mechanical operation and the system integration with 

the processing line 
 
The system can predict fatness and conformation even if one or more cameras are out of order. The 
carcasses analyzed by the machine are dressed following the Commission Regulation 2930/81 
recommendations, except for the tail and the thick skirt that are always present. The processing capacity 
of the machine is up to 180 carcasses per hour. Depending on the number of carcasses per hour, the 
system is adapted for motor speed and cameras synchronization. 
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Figure 1: The Normaclass machine 

(a) Camera housing (stainless, IP65 protection level) 
(b) Background and rotating frame for acquiring images from different angles 

 
Image Processing 
Images from both half carcasses are acquired and processed. The first step in the image processing is the 
extraction of the carcass from the surroundings. An adaptive thresholding method is used. Intensity values 
from templates on the background are measured and compared with the average image intensity to 
determine thresholds for each image. 
Once the image is segmented into background and carcasses, actual measurement of the carcasses are 
made. The measurements concern the width and length of different parts of the carcass, and fat and total 
surfaces of the carcass. There are approximately 30 most important physical measurements made by the 
machine. Figure 2 and 3 presents some of the measurement on a side view of the carcass. 
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Figure 2: Examples of measurement on an upper view of a left half carcass 
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Figure 3: Examples of measurements on a lower view of a left half carcass 

 
The individual measurement are related to the conformation and fat cover. Table 2 presents correlation 
coefficients between some measurements and conformation class. The measurements are then used in 
multivariate linear equations to compute the conformation and fat cover grading. 
 

Table 2: Correlation coefficients of machine vision measurements relating to conformation on the 18 
scale, computed from a training database of 3172 carcasses 

 
Measurement Correlation (R²) 
Carcass weight 0.49 
Back leg radius 0.78 
Width of back leg 0.80 
Width at shoulder 0.29 
Carcass total surface 0.46 

 
Evaluation of the grading performances 
In order to evaluate the performance of the machine the French authorities mandated INRA (France 
National Agronomy Research Institute) to setup an experimental procedure. The National Beef Council 
(INTERBEV) and OFIVAL set performance limits for the machine: in order to be accepted the grading 
machine should be similar to the mean grading of a standard panel of assessor from OFIVAL. 
 
Experimental design 
An experimentation was made in which carcasses were classified in conformation and fat cover at the 
level of a third of a class (in the EUROP scheme) by three experts (individual and common judgment), and 
independently by two assessors (placed one before and one after fat trimming) and by the machine. In a 
first stage (1996, 1997 and 1998), the Normaclass Machine was put before fat trimming. To ensure an 
uniform classification over time and between different installations of the Normaclass Machine, 
experiments were made during eleven weeks in two slaughterhouses in order to have a representative set 
of "learning carcasses”. In a second stage (2002), the Normaclass machine was installed after fat 
trimming. Table 3 summarizes the number of carcasses analyzed during the experiments. All the 
experimental data are kept solely by INRA. Data were separated in five data bases, one for each category 
of animal. Each one was again divided in three parts: learning, validation and reserved database for 
secondary studies. 
 
Table 4 shows the repartition of the carcasses of the five learning bases in the EUROP scheme for the 
Normaclass Machine placed before fat trimming. The common judgment of the experts for each carcass 
of the learning bases were transmitted to Normaclass in order to establish the relationships with data 
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extracted from images. Normaclass transmitted, after the learning phase, the judgment of the machine on 
the carcasses of the validation bases. 
 

Table 3: Number of carcasses in each category, by year for the performance evaluation 
 

Year Young Bull Bull Steer Cow Heifer Total Normaclass Machine 
1996 1 518 24 165 775 324 2 806
1997 1 538 38 371 1058 367 3 372
1998 106 5 69 292 540 1 012

before fat trimming 

2002 1 271 32 332 897 160 2 692 after fat trimming 
Total 4 433 99 937 3 022 1 391 9 882  

 
Table 4: Carcasses distribution by conformation and fat cover grading (before trimming experimental data) 
 

  Conformation 
  S E U R O P Total % 

1  1 1 5 8 69 84 4.3 
2 4 18 107 155 123 173 580 59.5 
3 6 33 254 358 236 197 1 084 55,0 
4  2 24 77 64 42 209 10.6 Fa

t c
ov

er
 

5  1 4 7 3 15 0.8 
Total 10 54 387 599 438 484 1 972  
% 0.5 2.7 19.6 30.4 22.3 24.5 100.0 

 
Based on the accumulated data, two kinds of comparison were made: assessors versus experts and 
machine versus experts for conformation and fat cover. Three criteria were defined to evaluate the 
performances of the machine or the assessors: 

• for conformation, the percentage of carcasses well judged by the machine or the assessors in 
comparison with the experts, 

• for conformation, the percentage of carcasses judged with a difference of a third of a class and  
• for fat cover, the percentage of carcasses judged with a difference of a third of a class. 
• French authorities defined the conditions to be satisfied by the machine: the above percentages of 

the machine had to be at least similar to the percentages of the assessors. 
 
Results 
Table 5 indicates the results of the machine for the validation bases. As can be seen, the prediction is 
very satisfactory for conformation and satisfactory for fat cover: these results reflect also the variability of 
the human judgment. For conformation, more than 90% of carcasses were judged by the Normaclass 
machine in agreement with the experts or with a difference of a third of class. No difference greater than a 
class (in the EUROP scheme) was observed as can be seen in Table 6. In the case of fat cover, about 
92% of the carcasses were judged by the Normaclass Machine with a maximum difference of two thirds of 
a class. No difference greater than four thirds of a class (in the EUROP scheme) was observed. 
 
Conclusion 
A machine vision based system has been developed by Normaclass to grade large bovine carcasses 
grading following the European SEUROP scheme. This system captures and processes images of half 
carcasses under different angles. The system has been evaluated following a double-blind experimental 
design and found to be similar in performance to standard assessors as compared to experts graders. 
The performances were found different for conformation and fat cover grading. Conformation grading is 
approximately 90% similar for the machine and the standard assessors as compared to the experts. Fat 
cover grading is 70% similar for the machine and the standard assessors as compared to the experts. 
Some further work should be done in order to have a better measurement of the fat cover grading. 
Measurement of fat masses visible on the inside of the carcass may improve the system. 
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Table 5: Comparison of grading with the experts for the Normaclass machine and the standard assessors 
for conformation and fat cover 

  Conformation Fat cover 

  No difference Difference of ±1/3 class Difference of ±1/3class 

Machine* 46 % 90 % 76 % Steer Assessor 41 % 86 % 59 % 
Machine* 47 % 93 % 71 % Heifer Assessor 41 % 85 % 74 % 
Machine* 45 % 90 % 63 % 
Machine** 45 % 89 % 54 % Young 

bull Assessor 46 % 89 % 68 % 
Machine* 44 % 92 % 66 % 
Machine** 47 % 93 % 59 % Cow 
Assessor 42 % 82 % 67 % 

 * = machine before fat trimming  ** = machine after fat trimming 
 
Table 6: Comparison of grading by the Normaclass Machine grading and by the experts on the validation 

databases for conformation 

  
Differences between Normaclass 
Machine and experts judgments 
(in number of third of a class) 

Total 

  0 ± 1/3 ± 2/3 ± 3/3 ± 4/3  
Number of carcasses 437 274 65 6 1 981 
Percentage 44.5 48.1 6.6 0.6 0.0 100.0 Conformation 
Cumulative percentage 44.5 92;6 99.2 99.8 100.0  
Number of carcasses 244 426 231 68 12 981 
Percentage 24.9 43.4 23.6 6.9 1.2 100.0 Fat cover 
Cumulative percentage 24.9 68.3 91.9 98.8 100.0  
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Summary
We introduce a new lab-scale impedancemeter which is specially intended for the
indirect technique. With E. coli, B. subtilis and S. cerevisiae cultures, the
conductimetric responses were highly replicable, and repeatable for inocula
concentrations from 1 to 108 CFU mL-1. Our impedancemeter was able to detect an
E. coli presence in canned French beans down to 2.35 10-2 CFU mL-1.

Introduction
The impedancemetry method can be used in Microbiology to perform the detection,
quantification and even identification of some bacteria. Basic knowledge about this
subject can be stated from Ur and Brown [1], Firstenberg-Eden and Eden [2], the
reviews of Silley and Forsythe [3], and Wawerla et al. [4].
Two measuring techniques, direct and indirect impedancemetries, are used in
Microbiology. For more than 30 years, both of these techniques and their applications
have been widely described, and commercial apparatus have already been on the
market for about 20 years. At least two French AFNOR standards V08-105 [5] and
V08-106 [6] give directives for setting up the impedancemetry technique for control in
food microbiology and especially in the case of indirect technique for E. coli detection
in live shellfish.
In the indirect impedancemetry technique the electrodes are immersed in the growing
medium and the impedance variations stem from conductance variations of the
electrolyte, in turn produced by the metabolic activity of the microorganisms [3].
The inoculated culture medium is located in a chamber separated from the
electrodes or potassium hydroxide. The CO2 produced as a result of normal
metabolism or microbial activity, is absorbed by the potassium hydroxide, causing a
decrease of impedance values. Thus the variation of impedance is quantitatively and
qualitatively related with CO2 production, according to the following reaction :

2 KOH + 2 CO2 Æ 2 KHCO3

Materials and methods

Microorganisms
Tested microbial strains are Escherichia coli A.T.C.C. 25922, Bacillus subtilis ATCC
6051, Saccharomyces cerevisiae SAFE BREWT58 BBE022002BVB. Bacteria and
yeasts were stored at –20°C in glycerol 20%, then thawed and incubated in brain
heart broth (Institut Pasteur) at 37°C. The inoculum concentration was obtained by
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serial dilutions and determined on Petri dishes filled with the Luria Bertani medium
(LB broth : 10 g bactotryptone, 5 g bacto yeast extract, 5 g sodium chloride per Liter)
with 1.5% agar added.

Reactants and chemicals
The potassium hydroxide had to be of reagent grade (Prolabo, France) and the KOH
solutions were kept at 4°C between the experiments.

Indirect conductance assays
In the operating conditions, the impedance is fixed by the conductance term.
The device consists of a software system enabling the data acquisition via a
connected bus which is wired to the measuring cells. Each measuring cell is an
individual impedancemeter, able to measure the conductance change in the
potassium hydroxide solution for a given sample. These cells are composed of a tube
containing a KOH solution and two electrodes. The conductance values are recorded
every 15 minutes, although their acquisition is permanent.

Assays on French canned beans
Assays were carried out on fine French canned beans (volume : 850 mL ; total net
weight : 800 g ; dry net weight : 440 g) from the same batch and sold in
hypermarkets (cheapest product). The composition of this product is : French beans
fins, water, salt. The cans were artifitialy inoculated by syringe injection of 1 mL with
microorganism suspension.

Results and Discussion

Reliability of the method
The conductance response was calculated by measuring the conductance values of
the KOH and KHCO3 solutions, corresponding to the initial and final chemical species
during the measuring. It was found that the optimal conditions were : KOH
concentration 7 g L-1, KOH volume 5 mL, electrode height 4.5 cm. These conditions
offer a cell constant of 0.145 cm-1 measured with KCl 0.1 mol L-1.
The temperature affects the conductance value ; the experimental temperature must
therefore be fixed to avoid negative false detections [2]. Our impedancemeter is
slightly affected by temperature changes, i.e. c.a. 70 µS per degree Celsius, this
represents 0.079% of the baseline conductance value.
The device records the conductance variations according to the CO2 quantity
produced by microorganisms. After calibrating with known volumes of CO2, it appears
that the conductance variation is 12.9 S molCO2

-1.
Without any CO2 introduction, the baseline conductance is typically 89.2 ± 0.13 mS,
i.e. 0.15%. This last value was considered as the lowest noiseless conductance
variation, i.e. the sensitivity of the device. With a ratio of 12.9 S molCO2

-1 the
sensitivity is 10.9 mmol of CO2.

Repeatability and linearity of the method
Having confirmed parameters and functions of the device, it was advisable to test the
conductance response of this device for microbiological applications. The bacterial
strain Escherichia coli ATCC 25922 was chosen as model.
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Figure 1. Conductance curves (-_- ; -∆- ; -◊-) of 3 suspensions of E. coli ATCC 25922
(Brain heart broth 100 mL, 2.104 CFU mL-1, 37°C, 400 rpm).

In Figure 1, it is remarkable to observe the almost completed superimposition of 3
obtained curves. This is also true by detailing all parts of the curves. This has already
been shown by Eden and Eden [2]. In the first step of the apparent lag phase ,
conductance value just reflected the ionic load initially present in the measuring cell,
the KOH solution, without any detectable kinetics of bacterial growth and hence
without any reaction between the potassium hydroxide and the carbon dioxide
produced. This phase has a duration of 8.25 ± 0.25 hours for each considering the
inoculum conditions. At the end of the phase the measured conductance of visible
latency is at an average of 89.2 ± 0.13 mS. Slopes of the visible exponential phase
are identical and are at an average of 2.33 mS min-1. The average conductance
reached at the end of the exponential phase is at 82.7 ± 0.13 mS with a variation
coefficent equal to 0.16 %.

The detection time (DT) is determined when the conductance variation between
consecutive records is superior to that of  the standard deviation of the baseline in
the apparent lag phase, which reflects a positive detection and the contamination of
the sample. The determination of detection time is a result of the combination of two
phenomena : the microbial growth (the true lag phase) and the gas transfer (gas
transfer between liquid and gas phases, tubing length, kinetic between carbon
dioxide and potassium hydroxide). Thus, a delay can appear between exponential
phase of growth and the determination of detection time. Experimentaly, we found a
delay of 2 ± 0.25 hours for E. coli growth.
In our experiments, the DT is 8.25 ± 0.25 hours with a variation coefficient of 3 %.
Therefore we conclude that it is possible to use this device for the determination of a
microbial activity by the detection time with a very good repeatability.

The apparent lag phase is inversely proportional to the concentration of the tested
inoculum. Plotting the logarithm of the inoculum concentration as a function of DT, a
linear correlation is observed for 1 to 108 CFU mL-1 for 8 suspensions of E. coli.
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Figure 2. Relation between the detection times and the initial Escherichia coli ATCC
25922 load (Brain heart broth 100 mL, 37°C, 400 rpm).

Same assays of repeatability and linearity were achieved with the following microbial
types under the same conditions, Bacillus subtilis ATCC 6051, Saccharomyces
cerevisiae SAFE BREWT58 BBE022002BVB (industrial strain), Saccharomyces
cerevisiae  var. ellipsoïdus  CIP 635.66 and Saccharomyces cerevisiae ATCC 9763.
They gave similar results in the range of 1 - 108 CFU mL-1 (data not shown).
These results were obtained with pure cultures in selected media, as our
impedancemeter was conceived to detect microbial contaminations in foodstuffs, we
tested their responses in typical foodstuff media.

Detection assays on artificially microbiologically contaminated French canned beans
These tests were made in our laboratory on artificially contaminated commercial
products.

Figure 3. Conductance curves by indirect impedancemetry for 3 different
suspensions of E. coli  ATCC 25922 in French canned beans (-‡- control, -�- 2.35
104 CFU mL-1, -∆- 2.35 101 CFU mL-1, -x- 2.35 10-2 CFU mL-1).

Figure 1 shows the conductance changes in KOH solution due to the produced CO2

in canned food which has been artificially contaminated by E. coli ATCC 25922 either
by a natural release of the vegetable product or by CO2 produced during the
microbial growth. In our experiments, the control (KOH without CO2) shows a quasi
null conductance change, whereas the French beans show a natural release of 6.6
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µmol CO2 L
-1 h-1, and the inoculated canned food shows about 60 µmol CO2 L

-1 h-1. For
the latter, the CO2 production rates were calculated by the slopes of the conductance
changes after the detection time. The conductance curves of artificial contamination
conditions present decreasing values of conductance and a detection time can de
determined.
The higher the initial count, the shorter the detection time. A microbial load was
detected when the initial count is at 10 bacteria per canned food (volume of 850 mL),
and this detection was carried out for a delay down to 30 hours, this indicates the
sensitivity and rapidity of the detection achieved with this the device.

A detection test with artificial contamination by B. subtilis ATCC 6051 was likewise
carried out on the same product, the DT was 12.5 hours for 5.88.102 CFU mL-1. The
CO2 production rate was 8.8 µmol CO2 L

-1 h-1 until the rate for the control was equal to
6.4 µmol CO2 L-1 h-1. These results are sightly lower than those of E. coli for
aproximately the same load of microorganisms.
The indirect impedance technique is faster than the traditional tests, for which the
duration time is equal to 7 days for can incubation at 37°C (this is the couple duration
time/temperature of incubation usually used in european agrofood industries,
adapted from the French standardized methods AFNOR (1976,1977) V 08-401 [7]

and V08-402 [8]). In addition, after the detection, the identification step must be
carried out for 24 to 72 h.

Conclusions
Microbiological control is today mandatory for industries. Traditional microbiological
methods require laborious manipulations and especially they entail an important
delay, because the growth of microorganisms requires time to become detectable in
selective media. These constraints are less and less compatible with the
performances of the industrial production which tends to adapt itself increasingly to
the request of the commercial market.

The device allies a threshold of sensitivity of 10.9 µmol of CO2, a rapid response
(detection from 1 to 108 microorganisms mL-1 between 5 and 50 hours), and an
excellent repetability (lower than 3 %). As compared to the other available techniques
for CO2 measure, our impedancemeter is not the most sensitive one but seems to be
the best compromize between sensitivity, technical constrainsts and cost. These
criteria make an alternative method of choice against the traditional methods of
detection.

Our impedancemeter device is able to detect microbial growth in foodstuff products,
packaged in metal cans or in glass jars. The detection delay is less with the indirect
impedancemetry technique than with the traditional methods. Indeed, this technique
enables detection of contaminations in a short time, the detection time is less than
the 7 days which is the duration time applied in agrofood industries.
At least, two French AFNOR (2000, 2002) standards V08-105 [5] and V08-106 [6] give
directives for setting up of the impedancemetry technique for control in food
microbiology and especially the indirect technique for E. coli detection in live
shellfish.
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The use can be multiple as in routine tests (quality control of foodstuffs,
pharmaceuticals, cosmetics, and the environmental domain) or as in the laboratory
(research and development).
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Abstract
Electrochemical screen-printed biosensors were developed for acetaldehyde monitoring.
However chronoamperometric responses for different concentrations of substrate seriously
overlaped. Multivariate data analysis with Partial Least Squares Regression allowed to obtain
efficient models from signals to quantify the enzyme substrate. This opened a way to the
development of disposable, calibration-free sensors.

Key words
Chemometrics, NAD+-dependent dehydrogenase, food quality, electrochemistry, screen-
printed electrode

Introduction
The growing interest of consumers and food industry to better control products or
processes arouses the development of new analytical techniques. Among them,
biosensors are promising tools, with a high specificity and low-cost screening of
different chemical classes of compounds.
A biosensor is an analytical device composed of a biological recognition element
(such as enzyme, cell, microorganism or antibody) associated with a transducer. The
action of the biological element induces changes of the physical or chemical
properties which are sensed and converted into a measurable signal by the
transducer. The concentration of an analyte is then related to a physical signal.
Because of their simplicity and low cost, electrical methods of transduction are
generally used. They are based in voltammetry, cyclic voltammetry, amperometry or
chronoamperometry.
Biosensoring applications in food quality control are numerous (1) and many of them
used amperometric detection  (2).
For a few years, studies focus on disposable sensors for field utilisation and screen-
printing, which leads to low cost and mass production of miniaturized sensors,
appears to be one of the best technologies for the future (3).
Because of the great variety of their substrates, the NAD+-dependant dehydrogenase
enzymes are particularly interesting biological recognizers.
Recently, these enzymes were associated with screen-printed electrodes for the
determination of lactate (4) or acetaldehyde (5).
Screen-printed biosensors for acetaldehyde were developed for the monitoring of
wine quality and the analytical system consisted in aldehyde dehydrogenase, the
cofactor NAD+ and an electrochemical mediator. The detection of acetaldehyde was
based on a three-step sequence as shown in figure 1. The quantification of  the
substrate was carried out through the measurement of the current generated by the
mediator oxidation.

mailto:rojas@arpb.univ-montp2.fr
mailto:tachon@arpb.univ-montp2.fr
mailto:chevalier@arpb.univ-montp2.fr
mailto:ghommidh@arpb.univ-montp2.fr
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Fig 1. Principle of chronoamperometric detection of acetaldehyde with screen-printed aldehyde dehydrogenase biosensor

Amperometric detection in stirred solutions (5 ml) (steady-state measurements)
provides stable and reproductible responses but is time and NAD+ consuming. These
drawbacks can be solved by transient state measurements : the use of
chronoamperometry allows to greatly reduce the response time and the operating
volume of samples (25 µl). This point is of real interest when the reaction involves
expensive reactants like NAD+. However the reproductibility of the responses
decreases and signals for different concentrations of substrate seriously overlap.
These differences in the responses of the sensors are mainly induced by the screen-
printing procedure (6). An improvement of electrode fabrication, which is necessary
for commercial applications, could partially solve the signal overlaping problems.
Biological or operational parameters, like quality of the enzyme activity  or  control of
the sample volume, have also an influence on reproductibility and are nevertheless
difficult to control.
An usual procedure of calibration is to relate a single point it of the
chronoamperogram to the concentration of substrate in the sample. The use of the
overall chronoamperometric data is an alternative to improve the reliability of the
method. An approach consists in a theoritical modelling of sensor responses with
reference to physical, biological or operating parameters and a second one is the
interpretation of signals using chemometrics.
The present work was focused on the interpretation of the sensor responses using
multivariate data analysis. Multivariate calibration methods have usually been applied
to the analysis of spectroscopic data (7) and, more recently, successfully to
electrochemical data (8).  The regression methods based on latent variables allow to
model complex signals like chronoamperometric responses of the biosensors.
Among these regression methods, Partial Least Squares  (PLS) regression was
chosen as well fitting with the high correlated chronoamperometric data (9).

Experimental
Materials and reagents
Aldehyde dehydrogenase (E.C. 1.2.1.5 from Saccharomyces cerevisiae)  (1 IU mg-1

solid), β-NAD+, propionaldehyde, Meldola Blue, Reinecke’s salt (ammonium
tetrarhodanatodiaminechromate III), were obtained from Sigma (USA).
Hydroxyethylcellulose was supplied by Fluka (USA). Photocrosslinkable
polyvinylalcohol (« bio » form, polymerisation degree 1700) (PVA 1700) was kindly
provided by Toyo Gosei Kogyo Co. (Chiba, Japan).

 acetaldehyde + NAD+

   aldehyde dehydrogenase

acetic acid + NADH + H+

NAD+

e
-H+

-150 mV mediator (oxided)
Table 1. Effect of
various
preprocessing
techniques on
NLV, RMSD,  R2

et CV% by PLSR
model

mediator (reduced)
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Screen-printed two-electrode systems were fabricated at the University of Perpignan
(Pr. J.L. Marty)  with a DEK 248 screen-printing system (DEK, UK) as previously
described (4). They included one working electrode, made from a chemically
modified ink, and a reference/auxiliary Ag/AgCl electrode. The chemically modified
ink was prepared by mixing 23 ml of hydroxyethycellulose (3%w/v) with 3.5 g of
graphite (Timrex T15 graphite, Timcal, Switzerland) and 140 mg of an insolubilized
salt of the electrochemical mediator Meldola Blue (MBRS). The geometric working
area was 2 mm x 8.5 mm.
The supporting electrolyte used in this work was a 0.2M phosphate buffer, pH 8,
containing 0.1M KCl in order to ensure proper functionning of the Ag/AgCl electrode.
Apparatus
Chronoamperometric studies were performed using a Metrohm potentiostat (641 VA
Detector). A G3 Power Macintosh computer equipped with data acquisition (Labview
6.0, National Instruments, USA) was used to record the signal generated at the
screen-printed electrodes.
Biosensor preparation
Enzyme activity was those stated by the supplier and was expressed in IU
(micromole of substrate transformed per minute).
A solution containing 200 IU ml-1 aldehyde dehydrogenase in 0.2 M phosphate buffer,
pH 8, was mixed with PVA 1700 (70%-30%). After homogenisation, 3 µl of the
mixture were spread on the surface of the MBRS-modified working electrodes.
Electrodes exposure to neon light (two 15 W lamps) for 3 hours at 4°C allowed
entrapment of enzymes by gel polymerization.
Procedures
Chronoamperometry
The sensors were supported horizontally during the experiments. Measurements
were started by deposing 25 µl of sample on the active surface of the  electrodes
while a difference of –150 mV was imposed between the working and the Ag/AgCl
electrode. For practical reasons, propionaldehyde was used as enzyme substrate
instead of acetaldehyde  (boiling point : 20°C). Data registration started with applying
the potential and the response of the biosensors was recorded during 300 seconds
as time dependent response curves with a time resolution of 1 second.
Amperometry
Sensors were immersed in 5 ml of phosphate buffer containing appropriate
concentrations of NAD+ under constant magnetic stirring (400 rpm). Following
addition of substrate, the intensity increased up to a steady-state value.
Chemometrics
Partial Least Squares Regression was used for the multivariate calibration. A part of
the results (91) served for the constitution of the calibration set while the remainder
(35) was used in the validation set.
The data processing has been performed with MATLAB 6.5 (The MathWorks, USA)
and a MATLAB routine was written in order to calculate all the PLS models
automatically.

Results and discussion
A preliminary study was carried out in order to standardize experimental conditions.
The sensitive detection for propionaldehyde was achieved for concentrations ranging
from 0.2 mM (substrate signal/ buffer signal = 4) to 1.5 mM. Electrodes were assayed
following the amperometric procedure for 0.7 mM propionaldehyde and the
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steady–state response of each sensor was used as a representative reference ( Io) of
its own physical or biological characteristics.
A total of 126 chronoamperometric measurements were carried out : 7 different
concentrations of substrate (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5 mM) were tested eighteen
times each one.
Some chronoamperograms obtained for 0.6 and 0.8 mM propionaldehyde with
different electrodes are shown on figure 2. They particularly illustrate the response
overlap phenomemon. Intensity at t=110 s was represented as a function of  the
sample concentration (figure 3) : the correlation coefficient R2 was 0.53 and the
overall coefficient of variation  (CV) was found to reach 33%.

The high value of this coefficient is mainly due to the screen-printing procedure and
the enzymatic layer variability. The differences in the sensor responses result from
small differences in the modified graphite layer configuration and relative instability of
the biological layer. Calibration using a single point of the response curves clearly
fails in reliability to represent the overall system complexity. Treatment of the whole
chronoamperograms may improve the interpretation of results by taking into account
all the informations provided by data acquisition.
Chemometrics with multivariate data analysis are useful tools for this purpose.
Among these methods, PLS Regression was chosen to be applied to
chronoamperometric data because the individual successive values of intensity are
highly correlated, the relation between intensity curves and concentration of samples
is not “clear” (figure 2) and the amount of data is important.
The PLS regression was employed to build models from the calibration set of 91
chronoamperograms. The determination of the optimal number of latent variables
(NLV) for each model was based on leave-one-out cross-validation by minimising the
value of the Predicted Residual Error Sum of Squares (PRESS). The prediction
ability of each PLS model was estimated on the validation set (35
chronoamperograms) by the Root Mean Square Difference (RMSD) which quantifies
difference between real and predicted values of concentrations.
Different data preprocessings were investigated in order to choose whose providing
the best prediction for propionaldehyde concentration.
Firstly autoscaling (variables were mean-centered and scaled to unit variance) was
tested and results showed that the determination became worse than whose

Fig. 2. Chronoamperograms obtained for 0.6 and
0.8 mM propionaldehyde with different electrodes

Fig. 3. Chronoamperometric intensity at t=110 s versus
sample concentrations
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obtained with original data. In a second step, the amperometric references Io were
included in both original and transformed data. The prediction ability was improved as
shown in table 1. Indeed, these Io values, representative of the individual electrode
differences, provide useful informations to refine the discriminating capacities of the
models.
Models were built with different sizes of  the chronoamperometric data. Two regions
were first compared for their prediction performance : as shown in table 2 no
differences were found when 300 (from 0 to 300 s) or 110 (from 0 to 110 s)
experimental points were used. Calibrations were also performed with responses
data taken at 31 or 12 time channels equally distributed over a time range between
respectively 0 to 300 s or 0 to 110 s and the RMSD values were not changed (table
2). The shortest region with 12 time channels was retained for further tests because it
reduced the amount of data and time for the calibration calculations.
The effect of the calibration set size was studied by reducing the number of samples
from 91 to 70 and 49. The results showed no modification of the prediction ability.
However the larger set was selected because the corresponding model took into
account the largest variability of the system.

In all cases the optimal dimensionality of the PLS models was of 6 latent variables.
A model was then built with original data, including Io, taken between 0 and 110 s at
10 s intervals (12 data points plus Io) and with 91 samples (calibration set).
The model validation of was done with 35  samples (validation set) and results are
shown on figure 4. The RMSD was 0.18 mM and the correlation coefficient R2

reached 0.83 when the overall coefficient of variation was lowered to 20%.

Fig 4. Predicted propionaldehyde concentrations with PLS model compared to real sample concentrations

Data NLV RMSD
(mM)

R2 CV%

Original data 6 0.27 0.88 30.94
Autoscaled data 6 0.30 0.76 24.27
Original data with I0 6 0.18 0.83 20.32
Autoscaled data with I0 6 0.33 0.72 32.05

Table 1. Effect of various preprocessing techniques on
performance of PLS

R models Time interval NLV RMSD
(mM)

R2

0-300 (301 points) 6 0.18 0.83
0-110 (111 points) 6 0.18 0.83
0-300 (31 points) 6 0.18 0.83
0-110 (12 points) 6 0.18 0.83

Table 2. Effect of chronoamperometric data size on
performance of PLSR models
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Conclusion
Multivariate data analysis using PLS regression was performed on
chronoamperometric data obtained from propionaldehyde determination using a
disposable screen-printed enzyme sensor.
Effects of different data preprocessing techniques were studied on prediction ability
and a PLS model with 6 significant latent variables was built using original data, from
0 to 110 s at 10 s intervals (12 data points plus Io) and 91 samples .
Treatment of the overall chronoamperometric data (using PLS regression) compared
to regression on a single data point of chronoamperograms (usual procedure)
improved substrate determination reliability : the overall coefficient of variation for the
determination of propionaldehyde was reduced from 33% to 20%.
Moreover, improvement of the model could be achieved by integrating theoritical
modelling of sensor responses according to physical, biological or operating
parameters.
The proposed system can serve as a basis for further development of compact
devices for field use in wine industry for example.
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Abstract: In this work the Economic Dispatch (ED) problem in electric energy 
generation in thermo power plants is optimized. A Hybrid Genetic Algorithm (HGA) 
with the basic operators of the Genetic Algorithms (GA) including the Gradient 
Search Direction was used to solve the problem. Results show the process of cost 
production minimization and its consistency with the literature. 
    
Keywords: Hybrid Genetic Algorithms, Economic Dispatch, Non-Linear 
Programming.   
   
 
Introduction 

During the last decades, the Brazilian power sector settled as a centralized 
system, where the government controlled the concessionary and to main source of 
electric power generation it was hydraulic. Recently, a model has substituted this old 
one, where the generation is decentralized, the production is independent of the 
concessionary and the use of several energy alternative sources is motivated. In this 
new scenery, the thermal power plants are appearing as an alternative. A resource 
that should be used thoroughly in the thermo power plants is the natural gas. The 
great challenge of the thermo power expansion should be reconcile the needs of 
expansion of the energy supply with the economical needs.  

Economic Dispatch (ED) is a process that tries to allocate the required load 
demand between the available production units such that the cost of operation is 
minimum, and at the same time, the operational limits of each unit might have to be 
considered. 

This problem is considered one of the most important in the operation of 
electric power systems. Its formulation is obtained from the input-output curve. The 
input of fuel (kg/h) is transformed into cost per hour ($/h), multiplying the amount of 
fuel consumed per hour in monetary unit by amount of fuel ($/kg), as can be seen in 
Figure 1: 
 Several papers treats the fuel cost as a single quadratic function or some 
times as a piecewise quadratic function. The complete formulation of the ED is 
obtained when the Valve Point Effect is considered. In this paper a single quadratic 
function it will be used to test the proposed optimization systematic procedure, 
interfacing GA and the Gradient Search Direction. 
Equation (1) shows the cost for an unit of production i.  

 
Fi(Pi) = aiPi

2 + biPi + ci (1)  
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Figure 1: Input-Output Curve 

 
where    
Pi is the power production of the unit i;  
ai, bi and ci are the coefficients of the input-output curve.   
 The total production cost is given by Equation (2):   
 

( )∑
=

=
N

i
ii PfF

1

 
 
(2) 

 
 The ED problem formulated according to the optimization model is given by 
Equation (3):   
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where PD is the demand; PL are the losses in the transmission; Pi

min are the  
minimum operational limits; Pi

max are the maximum operational limits.   
In this work, an approach is accomplished to solve the ED problem by using a 

Hybrid Genetic Algorithm (HGA) with the basic operators of the GA interfaced with 
the Gradient Search Direction method.  
 
Methodology 
    Since its formulation, ED is considered one of the problems more studied in 
the electric power systems area. Thus, until now, several methods were proposed for 
its solution.   
 Among these methods, one can distinguish deterministic and heuristic 
methods. In the deterministic methods the solution can always be found, only 
depending on the starting point. The previous knowledge of this starting point is the 
great problem of these methods. Instead, in heuristic methods the starting point can 
be created randomly. 
 Deterministic methods were used to solve the problem of ED. In the most part 
of the time, to optimize the objective function, Lagrangian Function and Penalty 
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Function are used. These functions are used to change the constraint problem in an 
unconstraint problem. Methods based on the gradient technique are alternatives to 
find the optimum of these functions, whenever the objective function is continuous 
and differentiable. Newton's Method can also be used, if the two first derived of the 
objective function are continuous. This last method converges in few iterations, 
depending on the starting point, but it requests a larger effort computational to 
calculate the derived of first and second order, according to BAZARAA et al. [1]. 
 Since the decade of 50, heuristic methods, like GA, were proposed to simulate 
biological phenomena. GA’s are based on the process of natural selection and 
evolution of the species, according to HOLAND [2].  

The basic operators of GA are the generation of the initial population 
randomly, the crossover, the mutation and the selection. The initial population has 
individuals of good and bad characteristics, due to the random generation process. 
These characteristics can be changed with other individuals of the population and 
transmitted for the next generations through the operator crossover. In the operator 
mutation, the individuals are modified in the attempt of turning them fittest to keep in 
the next generations. In the mathematical analogy, the adaptation is related to the 
objective function. In the selection operator, the fittest individuals will be chosen to 
integrate the posterior generations, according to HOLLAND [2].   
  Hybrid Genetic Algorithms (HGA) differs of traditional GA in some points: the 
individuals are coded in real numbers, the operators mutation and crossover do not 
have characters purely randomly generated and they introduces some deterministic 
rules. The unique imposition is that the objective function and the constraints needs 
to be derived. 
  
Development 

In this paper a systematic procedure was developed to solve the problem, by 
using a Hybrid Genetic Algorithm (HGA). The initial population is created randomly, 
being taken in consideration the minimum and maximum limit of the variables. The 
individuals go to the mutation operator, where they are modified. This modification 
has two means: the first one is to guide the individuals that are met in the feasible 
domain to the optimum through the gradient, and the second one is to correct the 
individuals outputs of the feasible domain and to guide them into the direction of the 
optimum, through the gradient penalized. Those individuals modified are 
arithmetically combined with the individuals of the initial population through the 
crossover to form its descendants. The process only continues when all the 
individuals satisfy the constraints. The resulting individuals of the crossover, as well 
as those of the initial population are tested in the objective function and the best 
individuals are selected to form the next generation. The number of individuals from 
the initial population is maintained and the process will repeat this procedure until a 
tolerance will be satisfied or a if a maximum number of generations (iterations) will be 
reached.   
 
Hybrid Genetic Algorithm 
 Initial Population is created randomly selecting the upper and lower bounds. 
The process is as follow: 
 

Pi
ini = (Pi

max – Pi
min)(1 – RAN)  (5) 

 
where RAN is a random number and Pi

max, Pi
min are the operation limits of the units. 
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 The individuals of initial population goes to the Mutation Operator, where they 
will be penalized or simply guide to the optimum. All individuals pass by Mutation and 
they are modified as follow: 
 

 PdPP ini
ii

ini
ii )( mod β−=  (6) 

 
where βI  is the step-length and is a random number. 

Those individuals that satisfies the constraints are not penalized, and the 
gradient is calculated as follow: 

 
                              )()(                   Pf Pd ini

i
ini
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Those individuals that do not satisfies the constraints will be penalized by the 

gradient calculated as defined: 
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When all individuals will satisfy the constraints they will choose to generate 

offspring by the Combinatorial Crossover Operator: 
 

 PPP i
ini

i
new

i
mod)1( αα −+=  (9) 

 
where α is a random number between 0 and 1. 
 Individuals of the new population and those one from the initial population will 
be tested in the fitness function and the best one will be select to form the next 
population.  
 This procedure is repeated until the number of iterations be achieved.  
 
Case study   
 The HGA developed was used to solve an ED problem with six different units 
production. The process has the configuration indicated in the Table 1. In this table 
the lower and upper limits of operation from each unit production, presented by Pmin 
and Pmax are presented. Each production unit has an input-output curve given by 
the coefficients a, b and c. 
   

Table 1: Parameters of the Economic Dispatch 
Unit Pmin Pmax a b c 

1 10 125 0,15247 38,53973 756,79886 
2 10 150 0,10587 46,15916 451,32513 
3 35 225 0,02803 40,39655 1049,9977 
4 35 210 0,03546 38,30553 1243,5311 
5 130 325 0,02111 36,32782 1658,5696 
6 125 315 0,01799 38,27041 1356,65920 

 
 Input data are needed to start the systematic procedure. Table 2 shows input 
data. In this table NIND is the number of individuals, NI is the iteration number, 
COMP is an iteration number in the mutation operator and VD is the demand value. 
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   Results obtained by the HGA were compared with those obtained by 
DHILLON et al. [3], and are shown in Table 3:   
 In the same way, the results of the function cost are shown in Table 4:   

Values obtained for the cost function along 30 generations are shown in Table 
5 and the convergence curve from HGA was achieved, and is presented in the Figure 
2.  
 
    Table 2: Input Data  

NIND 15 
NI 30 

COMP 2 
VD (MW) 500 

 
Table 3: Results of Power 

Results P1 (MW) P2 (MW) P3 (MW) P4 (MW) P5 (MW) P6 (MW) 
This paper 21.779 18.371 57.810 76.067 179.858 146.114 
DHILLON 
et al. [3] 59.671 41.410 51.870 83.265 157.831 126.752 

   
     Table 4: Objective Function 

Results Objective Function 
This paper 27,054.00 

DHILLON et al. [3] 28,476.63 
  
      Table 5: Generation/ Cost Function 

Generation Cost Function 
1 27,421.81 
5 27,119.08 

10 27,062.78 
15 27,062.78 
20 27,054.00 
25 27,054.00 
30 27,054.00 
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Figure 2 – HGA convergence 
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Results show that HGA got to minimize the value of the cost function through 

the optimum allocation of the demand among the available units of production. In the 
Figure 1, the cost function presents a decreasing value to each generation and, 
finally, it is stabilized after 30 generations.   
 
Conclusions 
 ED is an emergent problem in electric power systems that cannot be 
neglected. In this paper it was proposed a systematic procedure to solve the 
problem. The solution was obtained by using a HGA, interfacing GA and the Gradient 
Search Direction method. Heuristic and deterministic characteristics of the HGA 
provide an answer more refined than pure GA due to the deterministic search 
method. As can be seen in Figure 2, the convergence is achieved in the 20th 
generation. So, it is possible to conclude that the procedure presents fast 
convergence.  
 Besides, the results obtained are better than the presented in the literature, as 
presented in Table 4. 
 In agreement with the tests, HGA was shown very efficient to solve non-linear 
problems where the objective function is similar to Equation (1), like an ED problem.  

Finally, one can conclude that the developed systematic procedure is a viable 
and reliable tool to solve the electric power system optimization problem studied in 
this paper. 
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Abstract

The introduction of a thermohygrometer into the outlet air of a spray drying chamber makes it

possible to follow absolute and relative humidities. As an example, there is no powder stuck in a spray

drying chamber when the difference between calculated and measured absolute humidity of the outlet

air is below 2 g of water.kg-1 dry air. To obtain a whole milk, skim milk or whey powder at 0.20 ± 0.02

of water activity (at 25°C), the relative humidity of the outlet air must be at 11% ± 1 for whole milk

powder and 7 % ± 1 for whey and skim milk powders, using our 3 stage pilot plant spray dryer.

Keywords: Spray drying, thermohygrometer, water activity, mass balances, dairy powder

1. INTRODUCTION

Drying, consisting of lowering water activity by water elimination, is an effective method in

order to preserve biological products, since it does not result in severe heat treatment and allows

storage at an ambient temperature. Large quantities of liquid dairy products (skim and fat milk, whey,

various fractions resulting from membrane and chromatographic separation) are dried in order to

make feed, food and ingredients. Most of these powders are produced by spray-drying, which consists

in spraying the liquid  in droplets of about 50 µm into a large drying chamber containing air heated at

around 200°C. The temperature of the product itself lies between the wet bulb temperature and  the

temperature of the outlet air, i.e. remains under 100°C. Since drying is very fast - a few seconds - the

thermal damage is limited. Classical spray-dryers are combined with a fluid bed which usually

agglomerates the fine powder coming from the drying chamber, completes the drying process and

cools the powder. In recent 3 stages installations, another fluid bed is included at the bottom of the

drying chamber, with agglomeration and drying functions [1, 2].

There have been few scientific or technical studies on spray drying, and in particular none on

the effects of spray drying parameters or physico-chemical composition and microbiology of the

concentrates on the powder quality. Manufacturers have acquired expertise in milk drying and

eventually in whey drying processes through an empirical approach. Nevertheless, due to the variety

and complexity of the mix to be dried, a more rigorous method based on physico-chemical (properties

of milk products before drying and of powders obtained) and thermodynamic properties (water transfer

during spray drying) has now become necessary. Indeed, a lack of technical, thermodynamic and
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economic data and of scientific methods has prevented manufacturers from optimizing equipment in

terms of energy costs and powder quality [3].

The aim of this paper is to show the use of a thermohygrometric sensor with some examples

of such measurements (temperature, absolute and relative humidity, dry air flow rate, water activity),

through calculation of mass and absolute humidity to prevent sticking in the dry chamber and to

optimize powder moisture and water activity in relation to the relative humidity of the outlet air.

2. MATERIALS AND METHODS

2.1. Skim milk, whole milk and whey powders

The experiments on skim milk, whole milk and whey powders were performed at Bionov

(Rennes, France) in a 3-stage pilot-plant spray dryer (GEA, Niro Atomizer, St Quentin en Yvelines,

France) according to Schuck et al. [4]. The atomizer was equipped with a pressure nozzle (0.73 mm

diameter orifice) and a 4 slot core (0.51 mm nominal width), providing a 60° spray angle. Evaporation

capacity was 70 to 120 kg.h-1 (depending on inlet and outlet air temperature and air flow). Inlet air

humidity was controlled and adjusted by a dehumidifier (Munters, Sollentuna, Sweden).

2.2. Chemical and physical analysis

Solid concentration and free moisture content were calculated by weight loss after drying 1.5 g

of the sample mixed with sand in a forced air oven at 105°C for 5 h (powder). Total moisture content

and crystallization rate were determined according to Schuck and Dolivet [5] by calculating the

difference between total moisture and free moisture. Water activity (aw) was measured in a water

activity-meter (aw-meter; Novasina RTD 200/0 and RTD 33, Pfaffikon, Switzerland) at 25°C. Sticking

was noted by the presence or absence of powder stuck to the walls of the equipment and

photographed.

2.3. Thermodynamic measurement

Air flow rate was measured with an anemometer TA 10ZG1b (Höntzsch GmbH, Waibligen,

Germany) at 5 positions of the straight cylindrical duct section, according to Masters [3]. The weighted

average of velocities multiplied by the total cross section gave the volume flow rate. Three replications

were performed before the air heater, with a standard deviation of 2%, according to Schuck et al. [4]

and Bimbenet et al. [6]. Concentrate Mass flow rate was measured with a flowmeter (Danfoss,

Nordborg, Denmark). The temperature, absolute humidity (AH) and relative humidity (RH) were

measured using a thermohygrometer HM 138 (Vaisala SA, Guyancourt, France). The absolute

humidity in the outlet air was also calculated by dividing the water mass flow rate by the dry air flow

rate, and then by adding it to the inlet air absolute humidity measured.

3. RESULTS AND DISCUSSION

All measurements and calculations are reported in Table 1 according to dairy powders and

experimental conditions.
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3.1. Relationship between sticking and absolute humidity in a spray dryer

3.1.1. Whey powders

Compared to experiment 1, experiment 2 showed that the decrease in the crystallization rate

from 75% to 20% decreased the AH measured in outlet air from 28 to 24 g water.kg-1 dry air, for the

same spray drying conditions and with the same theoretical and calculated AH in outlet air. We also

noted the presence of powder stuck in the spray dryer chamber (Figure 1c) only during experiment 2

which corresponds to a significant difference between the measured and calculated AH in outlet air

(3.5 g water.kg-1 dry air). In the first experiment, there was no significative difference between the

measured and the calculated AH in outlet air (0.5 g water.kg-1 dry air) and no powder was stuck

(Figure 1b).

The increase in the inlet air AH during experiment 4 involved an increase in the AH measured

in outlet air compared to experiment 3, without modification of the spray drying conditions. In the same

time, powder stuck was only observed in experiment 4 (Figure 1c). This sticking can be related to an

increase in the difference between the measured and calculated AH in outlet air from 0.7 g water.kg-1

dry air for experiment 3 to 3.7 g water.kg-1 dry air for experiment 4.

3.1.2. Whole milk powders

The decrease in the outlet temperature from 86°C (experiment 5) to 80°C (experiment 6) and

52°C (experiment 7) obtained by decreasing the inlet temperature resulted in an increase in the

difference between calculated and measured outlet air AH to 9.7 g water.kg-1 dry air. Powder was

stuck in experiment 7 (Figure 1c) that can be explained by a decrease in the drying rate followed by

sticking of the powder.

3.1.3. Skim milk powders

The decrease in the outlet temperature from 90°C (experiment 8) to 60°C (experiment 9) due

to the decrease in the inlet temperature resulted in an increase in the difference between calculated

and measured AH in outlet air to 13.2 g water.kg-1 dry air and involved an increase in the amount of

stuck powder. The decrease in the outlet temperature obtained by the increase in the inlet air AH

(experiment 11 compared to experiment 10) and/or the increase in concentrate mass flow rate

(experiment 12 compared to experiment 11) increased both the calculated and measured AH in outlet

air. Thus, the difference between calculated and measured AH remains stable for these experiments..

In these, no powder was stuck in the spray dryer chamber (Figure 1b).

3.2. Relationship between aw and relative humidity in spray dryer

We changed the spray drying parameters (absolute humidity of inlet air, inlet and outlet air

temperature, concentrate mass flow rate …) to vary the relative humidity of the outlet air and the water

activity and moisture content of the different dairy powders over 12 experiments. Water activity and

relative humidity values are reported in Table 1. The correlation between water activity and relative

humidity showed r2 coefficients close to 0.98 for whey, whole and skim milk powders. The equations

for the relative humidity of the outlet air and the water activity of the powders are as follows:
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HR = 40.2aw - 0.95, for crystallized whey powder,

HR = 116.6aw – 16.38, for skim milk powder.

HR = 105.6aw – 9.93, for whole powder,

For example, to obtain a dairy powder at 0.2 of aw at 25°C using our 3-stage pilot-plant spray

dryer, the RH of the outlet air must be close to 7% for crystallized whey and skim milk powders and

close to 11% for whole milk powders.

4. CONCLUSIONS

We have demonstrated in this study that a thermohygrometer can be used to avoid sticking

and to optimize water content and water activity in dairy powders. We observed that if the difference

between calculated and measured absolute humidity of the outlet air is below 2 g of water.kg-1 dry air,

there was no problem of sticking in the spray dryer chambers whatever the dairy concentrates. The

operator can follow the absolute humidity and anticipate a variation in drying parameters according to

the differences between calculated and measured absolute humidity.

The operator can also follow the relative humidity in outlet air. To achieve a dairy powder with

the same water activity and moisture content in relation to the production time, he must always obtain

the same relative humidity in outlet air by using the preceding equations according to the dairy

products, whatever the changes in air temperature and relative and absolute humidity.

The changes in relative and absolute humidity for various reasons (variations in absolute

humidity of inlet air, total solid content of concentrate, crystallization rate, outlet air temperature, …)

can be rapidly observed in the outlet air using a thermohygrometer before such changes significantly

affect powder moisture, water activity and powder behavior with regard to sticking.
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Figure 1: Spray drying chamber

a: Clean installation

b: No powder stuck to surface

c: Powder stuck to surface
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Table 1: Results of experiments performed on whey, whole milk and skim milk powders

WHEY POWDER WHOLE MILK

POWDER

SKIM MILK POWDER

Experiment 1 2 3 4 5 6 7 8 9 10 11 12

Crystallization rate (%) 75 20 72 72 - - - - - - -

Concentrate mass flow rate
(kg.h-1)

146.2 146.2 162.5 162.5 143.8 143.8 143.8 147.5 147.5 149.5 149.5 172.5

Solid concentration (g.kg-1) 525.0 525.0 568.0 568.0 471.7 471.7 471.7 472.9 472.9 464.5 464.5 464.5

Water mass flow rate (1)
(kg.h-1)

69.5 69.5 70.2 70.2 76.0 76.0 76.0 77.7 77.7 79.7 79.7 92.4

Air flow rate (kg.h-1) 3106 3106 4843 4843 3106 3106 3106 3106 3106 4316 4316 4316

Measured AH in inlet air (2)
(kg water.kg-1 DA)

0.006 0.006 0.002 0.014 0.006 0.006 0.006 0.006 0.006 0.002 0.008 0.008

Dry air flow rate (3)
(kg.h-1)

3087 3087 4833 4776 3087 3087 3087 3087 3087 4307 4281 4281

Outlet temperature (°C) 88 88 85 81 86 80 52 90 60 76 74 70

Calculated AH in outlet air
[= (1/3)+2]

(kg water.kg-1 DA)
0.0285 0.0285 0.0165 0.0287 0.0306 0.0306 0.0306 0.0312 0.0312 0.0205 0.0266 0.0296

Measured AH in outlet air
(kg water.kg-1 DA)

0.0280 0.0240 0.0158 0.0250 0.0312 0.0300 0.0209 0.0300 0.0180 0.0187 0.0260 0.0280

Sticking (Yes or No) No Yes No Yes No No Yes No Yes No No No

Measured RH in outlet air (%) 6.7 5.8 4.3 7.9 8.0 9.8 24.2 6.7 14.3 7.4 11.0 14.0

Water activity @25°C 0.19 0.17 0.13 0.22 0.16 0.20 0.32 0.20 0.26 0.20 0.24 0.26

Powder-free moisture (g.kg-1) 19.1 nm 15.6 22.5 22.1 26.7 nm 40.7 nm 39.6 42.4 45.2

DA = Dry Air; AH = Absolute Humidity ; RH = Relative Humidity; nm = not measured



 

- 1 - 
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ABSTRACT 
 
The production of  Cognac is an important activity (turnover : 1,2 thousand €). It remains in the mind, more as an Art 
than a technique. The “Bureau National Interprofessionnel du Cognac”, (BNIC) defend and promot the 
quality/reputation of  Cognac.   
In this aim of  Premium Quality, BNIC endowed itself with a pilot scale unit for all the stages of  Cognac production : 
from grape to spirit, before maturation in wood. One important stage is the distillation. The BNIC decided to improve 
the control of the pilot unit of the products with an important instrumentation and a supervisor.  
Finally, BNIC wanted to show that there is a good repeatability between two different distillation runs of the same wine 
at the pilot scale. On the sensory and analytical point of view, the pilot scale spirits must not show deviation with the 
traditional distillation in a standard 25 hl still. 
 
Keyword : stills, distillation, automation, supervision, sensory analysis. 
 
1 INTRODUCTION   
   
The production of Cognac is an important activity with a turnover of about 1,2 billions of euros and stocks rising to one 
billion of bottles… Yet, it remains in the mind, more as an art than a technique. Product of luxury whose picture is to 
preserve and to valorize, Cognac must maintain the upscale by a blameless quality. For it, wine-growers and traders of 
the region assembled since one century to conjugate their efforts. Today, they are organized in the Interprofessional 
National board of Cognac (B.N.I.C.) and a technical department, the  Station Viticole, intervenes to all levels of 
production.   
   
In this aim of  Premium Quality, BNIC endowed itself with a pilot scale unit for all the stages of Cognac production : 
from grape to spirit before maturation in wood. One important stage is the distillation. This last has for object to 
concentrate the volatile substances and the alcohol of wine. The lengths and the paces of fire-chamber, the operations of 
retraining, the temperatures of casting and the role of the copper constitute as many elements likely to provoke the 
chemical transformations to the direct consequences on the quality of the Cognac.    
   
The objective of the pilot distillery is to be able to study all features of these elements in view of to know and to master 
the process of transformation perfectly. A collaboration started with Food process engineering research team at ENSIA 
having both expertises in sensors, automation and distillation. A full automatised distillation process is provided taking 
into account sensors, controllers and supervision functions, specifically adapted to the requirements of cognac 
distillation.. The goal is to obtain a distillation pilot tool able to reproduce industrial product in the distillation pilot. On 
the sensory and analytical point of view, the pilot scale spirits must not show deviation with the traditional distillation in 
a standard 25 hl still  
   
2 Distillation of wine 
   
The charentaise distillation takes place in two heating phase, in a "charentais" still made of copper. The copper has been 
chosen because it is a metal very malleable and good driver of the heat. It presents a good resistance to the corrosion 
provoked by fire and the liquids to distill. It also has little a catalytic role of some chemical reactions and complexations 
of molecules pleasant on organoleptique senses.   
   

2.1 Description of the Charentais still   
 
The charentais still (figure 1) didn't change practically since the XVIe. This device entirely in copper, is composed of 5 
main elements: the boiler or cucurbite, the «chapiteau», the swan-neck, wine heater (not on all stills), the cooling tank 
know as “la pipe”. 
- The capacity of the boiler is regulated and must not pass 30 hl (25 hl of load). However boilers of a superior capacity 
are reserved exclusively to the first distillation and their capacity doesn't exceed in this case 140 hl (120 hl of load ).  
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- The «chapiteau» is destined to canalize the given out steam and permits a partial condensation of this one 
(rectification), improving the sorting of the constituent of wine.    
- The swan-neck, complementary of the «chapiteau» complete the rectification, canalize steam toward the cooling tank. 
More it is high, more the rectification is important. Its diameter decreases progressively to reach its extremity the half of 
begening, provoking a first cooling due to the ambient air in the distillery.   
- The cooling tank  is a reserve of water in which is plunged the streamer. We observe an important temperature gap 
there (of 15°C to 70-80°C below in top). Steam is condensed there.    
- Finally, the «porte-alcoomètre» permits to control in permanence TAV (Titre Alcoolique Volumique = alcoholic 
strenght = % alcohol /volume) of the distillates and their temperature.    
   
 

2.2 The distillation   
 
At the time of the first distillation, wine with its lees in suspension is introduced in the still. The heating curve of the 
still carries the liquid to boiling point. The alcoholic steams accumulate in the «chapiteau», enter into the swan-neck 
than in the streamer. To the contact of the refrigerator, they condense to flow out as “brouillis”. One stops the 
distillation when the alcoomètre indicates 2% vol. The liquid that sinks then until 0% vol is called “tail”.    
The brouillis titles about 24 to 32% alc./vol according to the initial TAV of wine. It represents 1/3 of the primitive 
volume more or less. At the time of the second distillation, even named "good heating", the brouillis is put in the boiler 
and distillated one more time. The first portions of the distillate, named "heads" are separated and the more often 
blended with another brouillis or with wine. One collects the limpid “eau de vie” or “coeur” that flow out until the cut 
toward 60% alc./vol. What spends then until 0% alc./vol is put aside. These are the" seconds ". The moment that 
separates the “coeur” of the seconds is called “la coupe”.   
The cycle of completed distillation is about 24 hs. The techniques of distillation (proportion of fine lees, retraining of 
the seconds in wine or the brouillis, curves of temperatures…) are varied and permit to confer to Cognac his 
personality's elements.   
To achieve some tests in big volume asks for an important organization. In order to decrease the necessary quantities 
and to avoid the miscellanies, the idea to construct a pilot scale distillation unit that would reproduce the processes 
faithfully, is born.   
A system of control-command and acquisition of the data has been put in place in order to characterize the working of 
the charentais still and the respective influence of the control means. We wanted to work better and to optimize product 
quality.   
   

2.3 Description of the still and their instrumentation 
   

2.3.1 The 70 liters still.  
The two still’s boilers have a overflow volume of 82 L with 70 L of useful load. This last, surmounted of a «chapiteau» 
in the shape of onion and a swan-neck, is heated by propane.  Some proportional flow gate permits to adjust the gas 
pressure and therefore the heating intensity. A software servitude permits to work on the range from 100 to 1200 mBar 
and to + or - 1mBar. The swan-neck drive directly steam in the cooling tank of a countenance of 180. The cold water is 
assured by a chiller. The essential parameter to control during the distillation of wine is the evolution of the different 
temperatures. Several thermocouples have been installed in the strategic places of the still (figure 2). We only 
programm the gas pressure and opening or closing of the exhaust register.  We won’t describe this work in this paper.  
   

2.3.2 The  14 liters  still.  
The four stills are constituted with a boiler isolated by an octagonal weightif and are equipped with a fire tower (figure 
3a). The boiler heated by electrical resistances is surmounted by a «chapiteau» and a swan-neck shortened in order to 
limit the rectification. The swan-neck is prolonged by a streamer. The temperatures sensors have been first installed on 
the still n°3 (figure 3). This still also has an electric power regulator that control the power in percentage. The heating 
power is calculated in fonction of the initial TAV of the brouillis , the distillate weight to recover and the temperatures 
measured on the still. Every still of 14 L is equipped with a precision scale that mesure the distillate weight.   
   

2.3.3 Choice of the hardware  system.   
The online acquisition system of the distillation data is composed of:  
- a system of instrumentation and conditioning adapted to the acquisition of data on PC. This part was chooseen 
according to the initial specifications (number of mesure or control needed by the process)   
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- LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is a software of applications development created 
by National Instruments. LabVIEW offers a fast means to program the instrumentation, data acquisition and process 
control. It has been chosen to supervise the pilot scale distillery because of its convivial interface and for its modularity. 
The application can be upgrade or evolve easily. Some future modifications can be put in place easily. 
  Finally, a system of acquisition and storage of the on line data has been coupled to the LabVIEW programs. All data, 
as well as a card of follow-up, are writed in the excel format, and can be exploited and visualized with other software. 
The card of follow-up  assure the traceability of the product. The final goal is to perfect the knowledge and the mastery 
of the process.   
   

2.4 Programming the 14 L stills   
 
It was necessary to define the stages and the applicable parameters for the conduct of the second distillation. From a 
first distillation of wine, two distillations of brouillis are done. The first, named BC1, only uses the brouillis and permits 
to recover “les têtes”, “le cœur” of the spirit and the “secondes”. These last as well as “les têtes” are recycled with the 
second part of the brouillis to do the second distillation (or BC2) and to get the final Cognac. It permits to recycle the 
imperfects as in an industrial distillery, but without blending the shares.   
   
Thanks to the campaigns of distillation achieved in manual, a consequent enough data base permitted to establish 
estimable calculations. These calculations determine from the brouillis TAV and the boiler load, the weight and the 
TAV of the spirit to recover. In order to recover in “le cœur” 70% of the alcohol content in the broullis, a relation 
between the spirit and the brouillis TAV has been established: TAVspirit = 0,19*TAVbrouillis + 65,6. Knowing the 
quantity of pure alcohol and the TAV of the spirit to recover, its volume and its weight are caculated.   
  To pilot the good distillation we program the power of the resistances. The good driven of the distillation consists to 
avoid the passage of unpleasant substances while adjusting the speed and the regularity of the heating. We also have to 
do “la coupe” at the right time.  
The good distillation gather three main stages : heating before spirit flows out, distillation of “le cœur” and “la coupe”. 
These parameters  have been fixed by M. B. Galy, Enologist at the Station Viticole after many years of experiments.    
   

2.4.1  heating programm before spirit flows out  
It is important to really drive the separation of “les têtes” because these imperfects contain unpleasant and harmful 
products to Cognac Quality. The steam flow at the high and low collar is controled in order to adjust the elctrical power 
of the heater. The temperatures measurement at these two levels will allow to manage the heating curve. The stage "End 
of les têtes" was more complex to program. According to the boiler and the outside conditions the spirit don't flow 
precisely at the same time on the 4 stills. To define this stage in the program, we determined the mean length of this 
stage and we fixed it to  70 min. The stages of distillation are summarized in the table 1.    
   
Table 1: Regulation of the electrical power versus time and temperature measured in the still   
 
T top collar <65°C and T bottom collar <65°C and t <70min  Power = 100%   
T top collar 65°C and T bottom collar <65°C and t <70min  Power = 50%   
T top collar 65°C and T bottom collar 65°C and t <70min  Power = 20%   
T top collar 65°C and T bottom collar 65°C and t> 70min  Power = f (TAVbrouilis, t)   
 

2.4.2 Heating programm for the “cœur”. 
Before the instrumentation of the still, the power programm didn't evolve during the flow out of  “le cœur”. It was fixed 
to a mean value of 25%. However, it is important to start mildly the heats in order to improve the flow out of the spirit. 
Then, it is necessary to increase the power regularly to activate some reactions auspicious to the quality of the Cognac 
and to limit the length of the distillation. Indeed, with the progression of the distillation, the boiler contains less and less 
alcohol, so it is necessary to heat more to get a constant alcohol flow.   
   
Taking in account these considerations, we established a power curve according to brouillis TAV and  distillation time. 
More the TAV is important, more it is necessary to heat to extract the maximum of alcohol (P = a*t + b). We 
determined the evolution of the coefficients a and b for the Power = f(TAVbrouillis, time). The power is controled by 
this equation until the approach of “le coeur” ending . When this order is reached, the program signals by a beep and a 
visual alarm that it is necessary to begin to control the spirit TAV. A reduction of 20% of this current value has been 
programmed. For the rest of time the power is constant. After “la coupe”, there is the “secondes” flow (BC1 heating 
power is 100%) or we stop  the distillation for BC2.    
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2.4.3 Validation of the distillation program  
To validate the distallation programm, we distilled many brouillis of a TAV range between 24 to 30% alc./vol in each 
14 L still. We only achieved the first good distillation.   
After having adjusted the 4 stills at least (position of the resistances, opening of the registers…), a rectification 
difference of less than 1% is observed for the 4 stills. Law of power heating used is the following:   
P (of it%) = (0,0083*TAVbr - 0,1417)*t + (0,8333*TAVbr + 0,8333) with t in seconds   
 
3 Sensory analysis 

3.1  The panel 
The panel was composed with laboratory members whose were trained and used to taste freshly distilled spirits. Nine 
panelists participated to those tests. 

3.2  The products 
Freshly distilled spirits have an alcoholic strength of 70% by volume. The testing was running in two steps : first, spirits 
were tested crude, then after a dilution. This dilution consists in decreasing the alcoholic strength from 70% to 40 % by 
vol., in order to modify the balance between compounds and getting some substances more fragrant. Three spirits were 
analyzed : two from the pilot scale (one for each 75 liters still) and one from a traditional 25 hl still take as the 
reference. 

3.3  The test 
We tested those three spirits with the duo-trio method (standard NF ISO 10399) in order to find if they were different or 
not. The principle is to present three spirits to the panelist and two of them are the same. The panelist have to find the 
spirit, which is the same as the reference, and to indicate the intensity difference between the two others. He has also to 
give a mark for each spirit, and the main sensory descriptors. Three sets of tests were performed in a total anonymous 
way.  
 

Test 1  A spirit pilot scale distillation n° 2 B spirit traditional distillation 
Test 2  B spirit pilot scale distillation n° 1 D spirit pilot scale distillation n° 2 
Test 3  A spirit pilot scale distillation n° 1 F spirit traditional distillation 

 
Sensory tests were running in the Station Viticole testing room equipped with ten boxes. Testing runs were performed 
only by nose smelling, without drinking. We used tulip glasses with about 20 ml of spirit. All the samples are prepared 
with the same way in order to prevent fortuitous identification.  
In order to test if the difference between the samples is significant, we apply the probability binomial law at the 5 % 
level. With nine panelists, a minimum of eight true answers is necessary. 
 
Analytical methods 
Volatiles were analyzed by mean of gas chromatography as described by O.I.V. (receuil d’analyse des boissons 
spiritueuses, O.I.V., Paris). Conditions were those : gas chromatograph H.P. 6890 (Agilent Technologies), capillary 
column CP Wax 57 CB, length = 50 m, inside diameter = 0.25 mm, phase thickness =  0.2 µm, H2 as carrier gas, split 
injector ration = 1/33 at 220°C, F.I.D. detector at 220°C, 0.2 µl of sample is injected with auto sampler. The H.P. 
Chemstation (Agilent Technologies) pilots the G.C. and calculates the concentrations. 
 
4 RESULTS 
 
In order to test the pilot scale spirits quality, we distillated the same wine in our pilot distillery and in a traditional one 
equipped with a standard 25 hl still. The same distillation process was used, at the same time. We also tested the two 75 
l still (n°1 and n°2, each one with the two associated 15 l stills). 

4.1 Sensory analysis 
Test n°1 and n°2 get only 6 true answer for 9 (P= 0.254). Therefore, the traditional spirit and the pilot scale spirit n°2 
would be considered as the same one, as the two pilot scale spirits. 
Test n°3 get 9 true answers for 9 : all the panelists found the sample, which was the same as the reference. Therefore, 
there was a difference between the traditional spirit and the pilot scale one n°1, in this case. Nevertheless, 2/3 of the 
panelists found that this difference was very low. This result is surprising. 
For the quality evaluation, the marks are between 5.4 and 6.8, but in a narrow range. It is possible to consider that those 
samples were appreciated quite at the same level. Those spirits were found fruity and flowery, with a heavy character, 
sometime soapy, due to distillation with less.  
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4.2 Chemical analysis 
Table 2 present the result of spirits direct G.C. injection. 
 
 

Compound  mg/l Trad. Pilot 1 Pilot 2 ∆ Trad / P 1 ∆ Trad / P 2 ∆ P1 /P2 
Ethanal 9,9 8 7,8 -19,2% -21,2% -2,5% 
Isobutanal 18,7 10,9 10,4 -41,7% -44,4% -4,6% 
Formiate d'éthyle 4 3,1 2,9 -22,5% -27,5% -6,5% 
Acétate d'éthyle 280 263 258 -6,1% -7,9% -1,9% 
Acétal 1,9 0,7 0,9 -63,2% -52,6% 28,6% 
Méthanol 273 248 249 -9,2% -8,8% 0,4% 
Butyrate d'éthyle 1,5 1,5 1,7 0,0% 13,2% 13,2% 
Butanol-2 0 0,51 0,53 / / 3,9% 
Propanol 238 244 245 2,5% 2,9% 0,4% 
Isobutanol 728 755 760 3,7% 4,4% 0,7% 
Butanol-1 1,4 1,5 1,5 7,7% 7,7% 0,0% 
Méthyl-2 butanol-1 413 427 430 3,4% 4,1% 0,7% 
Méthyl-3 butanol-1 1712 1772 1779 3,5% 3,9% 0,4% 
Lactate d'éthyle 221 189 204 -14,5% -7,7% 7,9% 
Hexanol-1 9,4 9,9 10, 5,4% 6,1% 0,7% 
Cis hexen-3- ol 1,7 1,7 1,7 0,6% 0,6% 0,0% 
Caprylate d'éthyle 16,7 18,4 19,4 10,2% 16,2% 5,4% 
Furfural 15,8 7 7,1 -55,7% -55,1% 1,4% 
Caprate d'éthyle 41,2 48,8 55,2 18,4% 34,0% 13,1% 
Succinate d'éthyle 4,8 4,05 4,4 -15,8% -9,4% 7,7% 
Laurate d'éthyle 19,8 15 19,7 -24,4% -0,7% 31,3% 
Phényl-2-éthanol 10,6 9,6 10,1 -9,4% -4,7% 5,2% 
Σ fusel alcohols 3092 3200 3216 3,5% 4,0% 0,5% 
Σ ethyl esters 305,1 276,7 304,4 -9,3% -0,2% 10,0% 

 
It is possible to notice a great similarity between those three spirits (∆ ~ 5%) for most of the compounds.  
Most important deviations are noticed with light compounds (ethanal, ethyl formiate, acetal) whose are very volatile, so 
it must be happen some losses during the distillation process or the analysis.  
In opposite, some heavy compounds  (fatty acids ethyl esters) also present variations. That will be due to their origin, 
because they are coming from the wine less which trend to settle down. So the quantity put in the still could vary, 
despite the utmost care which was taken to prevent this. 
Furfural and isobutanal are in a greater part in the traditional spirit and that could show a heat effect  due to the 
difference between the heating area and the wine volume in the different stills. 
 
5 Conclusion 
 
The distillation “charentaise” is a fundamental part in the Cognac production process. It is tune up for the extraction of 
characteristic volatile compounds from wines of this country.   
Contributions of the distillery pilot scale supervision are multiple and are the fruit of an active collaboration with the 
ENSIA of Massy. In addition to the mastery of the process, the programming permitted to assure a reproducibility of the 
process on the four 14L stills.  
The pilot scale unit can be considered like a reliable means permitting to reproduce traditional distillation  
Still. Finally, sensory analysis tests and chemical analysis show that there is a good repeatability between two different 
distillation runs of the same wine at the pilot scale. On the sensory and analytical point of view, the pilot scale spirits do 
not show deviation with respect to the traditional distillation in a standard 25 hl still. 
In addition to the mastery of the process, the programming permitted to assure a reproducibility of the process on the 
four 14L stills. 
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Figure 1 : charentais still 

 
 

 
Figure 2: 70 L  still (still instrumentation) 

 
 

 

 Thermocouples type K Lieu de mesure de la 
température 

1  In the boiler (one level) 
2 In « le chapiteau » 
3 Top of the swan-neck 
4 Bottom of the swan-neck 
5 Cooling waater input 
6 Cooling water outpout 
7 

 

Porte alcoomètre 
8 Electrical resistance  Purcent of power (%) 
9 scale Spirit weighte (g) 

 
 

Figure 3:  14 L still (still instrumentation ) 
 

 Position in the still 
1 In the boiler (different levels) 
2 In « le chapiteau » 
3 Top of the swan-neck 
4 Bottom of the swan-neck 
5 Cooling waater input 
6 Cooling water outpout 
7 Porte alcoomètre  
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Abstract:  A model for moisture transport in refrigerated facilities was developed to investigate factors 
affecting air relative humidity (RH).  The model was validated against data collected from a small-scale 
cool store under a range of operating conditions including variable sensible and latent heat loads and 
air cooling coil size. The model is recommended as a useful tool for the design and optimisation of 
passive or active RH control strategies for refrigerated facilities. 
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Introduction 
Relative humidity (RH) is an important environmental factor affecting the storage life and quality of 
many food products (e.g. fruits and vegetables, fresh meat, bakery products, cereals).  For foods that 
are stored without packaging, or in unsealed or ventilated packaging, control of RH is important to 
maximise product storage life, quality and safety.  A high RH is usually desirable to minimise 
evaporative moisture loss from the product, thereby reducing losses in yield and deterioration of 
product quality.  However, for many products too high an RH can also be detrimental, providing the 
potential for increased growth of micro-organisms (e.g. moulds) or causing deterioration in product 
appearance (e.g. surface splitting or wetness).  High RH can also affect the strength of paper-based 
packaging materials(1) and the operation of the refrigerated facility (e.g. condensation on structural 
surfaces and increased defrost frequency of air cooling coils). 

Amos et al.(2) conducted a steady-state analysis of sensible and latent heat loads in refrigerated 
facilities to predict RH as a function of refrigeration system design and facility operating conditions.  
They validated their model against data collected from a large commercial apple cool store.  However, 
commercial operation of the store meant that the model could only be validated for a relatively limited 
range of conditions.  In this paper, we update the model of Amos et al.(2) and validate it with data for a 
wider range of operating conditions in a small walk-in cool store. 

Analysis of Sensible and Latent Heat Loads 
Air temperature and RH in a refrigerated facility are determined by the balance between the rates of 
entry and removal of dry heat (sensible) and moisture (latent heat)(2).  Figure 1 illustrates these rates 
as a function of air RH for a typical cool store for horticultural products. 

The major mechanisms for entry or removal of sensible and latent heat in refrigerated facilities are: 

• heat conduction through insulated surfaces 
• air infiltration through doors 
• electrical equipment (e.g. fans, lights) 
• people 
• moisture sorption by paper-based packaging 
• cooling or warming of product 
• respiratory heat generation 

• moisture loss from stored product 
• active humidification/dehumidification 
• defrost systems 
• cooling & dehumidification by cooling coils 
• water condensation onto or evaporation from 

structures and surfaces 
 

In most refrigerated facilities, the air-cooling coils represent the major means of removal of heat and 
moisture from the facility air.  Moisture sorption by packaging materials or desiccants can represent an 
important secondary means of moisture removal in some cases.  As shown in Figure 1, generally 
moisture entry rates are only weakly dependent on facility RH, while moisture removal by the coil or 
absorption by packaging is strongly dependent on RH. 

Air Cooling Coil Performance 

Under steady-state operation, sensible and latent heat removal by the coil is balanced by the net 
sensible and latent heat loads from other sources and sinks.  Hence, if sensible heat removal by the 
coil is defined in terms of the air-on temperature difference across the coil: 

 ( ) ( ) ( )offonaacoiloneoncoilsen TTcQFTTUA −=−= ρφ  (1) 

Two common types of coil operation can be considered: 



ICEF9 – 2004 International Conference Engineering and Food 

Air Relative Humidity

M
oi

st
ur

e 
Tr

an
sf

er
 R

at
e

Moisture Removal

Moisture Entry

Facility RH  
Figure 1: Typical moisture entry and removal in a refrigerated facility showing the balanced air RH. 

(a) On/off control with a fixed evaporation temperature. The fractional operating time is defined by: 

 ( ) ( )eoncoil

sen
on TTUA

F
−

=
φ

 (2) 

(b) Continuous coil operation (Fon = 1) with evaporator pressure/temperature regulation to match coil 
heat removal to the sensible heat load.  The refrigerant evaporation temperature is given by: 

 ( )coil

sen
one UA

TT
φ

−=  (3) 

For a given coil air-on temperature (Ton), the temperature of air coming off the coil is given by: 

 
aacoil

sen
onoff cQ

TT
ρ

φ
−=  (4) 

Similarly, at steady-state the latent heat removal by the coil matches the net latent load: 

 ( )offonacoillat HHLQ −= ρφ  (5) 

The humidity of air coming off the coil can be related to the coil surface temperature and air-on/off 
temperatures by assuming a straight line approach from the air-on condition to saturation at the coil 
surface(3).  The straight line approach is illustrated in Figure 2, and yields: 

 ( ) ( )
( ) ( )offon
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offon TT
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HH −
−
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=−  (6) 

Combining Eqs (5) and (6) yields: 
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 (7) 

Coil surface temperature can be estimated from: 

 ( )eonons TTRTT −−=  (8) 

where R is the ratio of the coil’s air-side and overall sensible heat transfer resistances. 

Facility Heat Loads 

Estimates of the net sensible and latent heat loads in the facility are obtained by considering each of 
the non-coil heat and moisture transfer mechanisms listed previously. 

Under steady-state conditions, the rate of heat infiltration through the walls, ceiling and floor is limited 
mainly by conduction through insulation materials, although convection at the external and internal 
surfaces can also be important(4).  This heat load is sensible only and can be expressed as: 

 ( )inoutsurfsurfsurf TTΑU −=φ  (9) 
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Figure 2: Psychrometric chart showing the straight line approach relating the air-off condition to the air-on 

condition and the saturation condition at the surface of the cooling coil. 

where 
inoutsurf

x
U α

1
λα

11
++=  (10) 

The average heat load due to air infiltration through open doors can be expressed as: 
 ( )inoutadooropendoor hhQF −= ρφ  (11) 

The average rate of air interchange through an open door (Qdoor) can be estimated by methods such 
as those described by ASHRAE(4), Chen et al.(5) and East et al.(6).  The latent heat component of the 
door heat load is given by: 
 ( )inoutadooropendoor HHLQF −=′ ρφ  (12) 

Dehumidification reheat, fans, lights and other electrical equipment operating in a facility introduce 
only sensible heat.  The heat load can be estimated by summing individual kW ratings. 

Personnel working in a refrigerated facility (e.g. forklift operators) introduce both sensible and latent 
heat.  Typical values are given by ASHRAE(4). 

Paper-based packaging materials are hygroscopic and can represent a significant component of the 
packaged product mass.  If it is assumed that moisture adsorption or desorption is rapid enough that 
all product packaging leaving the facility is equilibrated with the facility air, then the heat load or sink 
represented by packaging materials entering the facility can be estimated as: 
 ( )LXXm inoutpacksorp −=′φ  (13) 

Note that moisture sorption actually represents a conversion of sensible heat into latent heat, or vice 
versa, as the heat of adsorption/desorption is countered by convective heat transfer between the 
packaging and the air (i.e. there is no net heat transfer unless the packaging enters at a different 
temperature to the facility air).  Equilibrium moisture content at a given RH can be estimated from the 
moisture sorption isotherm of the packaging material.  A commonly applied model is the GAB 
isotherm.  An isotherm based on this model for paper-based packaging materials is(7): 

 
62 1080.3153.0112.0 −×++−

=
RHRH

RHX  (14) 

Product-associated heat loads arise from product and packaging entering at a temperature different to 
the facility air (sensible heat), respiratory heat generation (sensible heat) and moisture loss from the 
product (latent heat).  As for packaging moisture sorption, moisture loss from the product represents a 
conversion of sensible heat into latent heat.  The product total and latent heat load contributions can 
be estimated from: 
 ( )( ) WMTTcMcM prodinoutpackpackprodprodprod +−+=φ  (15) 

 Lmmlprod =′φ  (16) 

Heats of respiration (W) and methods to estimate transpiration rates (mml) for a variety of fruits and 
vegetables are given by ASHRAE(4). 

Active humidification or dehumidification contributes an overall heat load expressed by: 
 ( ) reheatinvapvapvapvaphum TTcmLm φφ +−+=  (17) 
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Note that for dehumidification Tvap = Tin.  The latent component of this heat load is given by: 
 Lmvaphum =′φ  (18) 

During steady-state operation, the temperature of structures within the facility will be constant and they 
contribute no sensible load.  Structures may act as latent heat loads or sinks if moisture condenses 
onto or evaporates off their surfaces (again, this is a conversion between latent and sensible heat).  
However, a well-designed facility operating under stable conditions should not contain structures 
significantly colder than the air, and condensation on structures should be minimal. 

Cooling coil defrost systems contribute both sensible and latent heat load because not all of the 
supplied heat melts frost that drains away.  A simple approach is to assume that defrosting has a fixed 
efficiency (i.e. the energy used to defrost is greater than that required to melt the ice) and that the ratio 
of sensible to latent load is constant and equal to that for the non-defrost loads.  These assumptions 
allow the defrost heat load to be estimated as: 

 
( )

def

def
latdef η

η1
φ13.0φ

−
=  (19) 

and 
φ
φ

φφ lat
defdef =′  (20) 

Having considered the various individual contributions to heat and moisture loads, the net total latent 
and sensible heat loads that must be balanced by the air-cooling coil can be estimated from: 
 defhumprodpersequipdoorsurf φφφφφφφφ ++++++=  (21) 

 defhumprodsorppersdoorlat φφφφφφφ ′+′+′+′+′+′=  (22) 

 latsen φφφ −=  (23) 

Eqs (1) to (23) can be solved iteratively for Hon (and thus RH) for refrigerated facilities under any 
particular set of design or operating conditions, providing the refrigeration system has enough capacity 
to hold the air temperature constant.  Usually the coil air-on condition is taken as being representative 
of the facility air conditions (i.e. Ton = Tin and Hon = Hin). 

Cool Store Description 
The cool store used for model validation was a walk-in cool store located inside a large laboratory 
space.  The store was 3.3 m wide by 4.4 m long by 3.0 m high, with the walls, ceiling and floor 
constructed of 150 mm sandwich panel.  It had one hinged door measuring 1.2 m wide by 2.4 m high.  
The store (routinely used for product quality assessment) was brightly lit with 896 W of lighting.  
Refrigeration was supplied by two air-cooling coils, each having two 73 W fans.  Each coil had a 
nominal sensible heat transfer rating of 690 W/K.  The summer design heat load was 6.4 kW, so the 
design evaporation temperature was about -6°C for an air temperature of 0°C.  Temperature control 
was by an electronic evaporator-pressure-regulating (EPR) valve.  Two 2 kW electric heaters together 
with a 1.5 kW boiling water bath were used to provide extra sensible and latent heat loads. 

Experimental Validation and Sensitivity Analysis 
Data were collected during steady-state operation at an air temperature of 0.5°C under the following 
conditions (executed in random order with some replication to estimate random uncertainty): 
(1) Base case: no door openings, no people, no defrost, no extra sensible or latent heat loads, both 

coils operating on EPR control, fans operating at full speed, lights on. 
(2) Base case with lights off (i.e. –0.9 kW extra sensible heat) or with between 1 and 4.3 kW extra 

sensible heat. 
(3) Base case plus 1.6 kg/h moisture evaporation from the water bath (corresponding to an extra 

latent load of 1.1 kW and an extra sensible load of 0.4 kW). 
(4) Case (3) plus 2 kW extra sensible heat. 
(5) Base case with only one coil operating (i.e. (UA)coil halved so larger coil temperature difference). 

Temperature and RH were recorded from the store’s control probes (Carel SSTOOB temperature 
sensor and SSDOHH humidity sensor located in the coil air-on stream).  The control probes were 
calibrated against a cooled mirror dew-point meter with an accuracy of ±0.3°C (Michell Instruments). 

Ambient conditions were about 17°C and 50% RH.  The cool store contained about 400 kg of apples 
but no product or packaging entered or left the store during the trials.  Respiratory heat and moisture 
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losses from the fruit were estimated as 6 W and 0.009 kg/h, respectively.  The ratio of the air-side to 
total coil heat transfer resistance, R, was taken to be 0.75 (i.e. 75% of the resistance was on the air-
side).  The coil sensible heat transfer rating was reduced by 20% from the nominal value. 

In addition to the above, the model was used to perform a sensitivity analysis for 4 further cases: 
(6) Base case with on/off control of coils and a fixed evaporation temperature of –6°C. 
(7) Base case with entry of packaging at 1.5 kg/h from an environment at 0.5°C and 50% RH. 
(8) Base case with 5 door openings per hour, each of 30 s duration with ambient air at 17°C and 

50% RH. 
(9) Base case with insulation thickness reduced from 150 mm to 50 mm. 

Table 1 summarises the measured and predicted data.  Figure 3 shows measured and predicted RH 
as a function of extra sensible heat load (Case 2). 

Table 1: Predicted and measured air RH under different store operating conditions. 
Case Measured RH (%) 

 
Predicted RH (%) 

Average Std Dev. No. of trials 
(1) Base case 93 93 1.4 12 
(2) -0.9 kW extra sensible heat 
 +1.15 kW extra sensible heat 
 +2.0 kW extra sensible heat 
 +3.15 kW extra sensible heat 
 +4.3 kW extra sensible heat 

97 
87 
83 
78 
73 

95 
88 
81 
80 
76 

0.5 
- 

0.8 
- 

4.2 

3 
1 
2 
1 
2 

(3) Extra latent heat 98 97 - 1 
(4) Extra sensible and latent heat 87 86 - 1 
(5) Half coil area 86 84 - 1 
(6) On/off control 67 - - - 
(7) Packaging entry 62 - - - 
(8) Door openings 90 - - - 
(9) Reduced Insulation 91 - - - 
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Figure 3: Comparison of predicted and measured RH as a function of sensible heat load. 

Discussion 
Differences between predicted and measured RH for cases (1) to (5) in Table 1 and Figure 3 are less 
than the experimental uncertainty.  For the base case, the total predicted heat load was about 1.4 kW 
(99.5% sensible).  At this load, the predicted coil temperature difference (Ton - Te) is only 1.3°C, so the 
RH remains high despite the load being mostly sensible.  As expected, increasing sensible heat load 
reduces RH as evaporation temperature decreases and the rate of moisture removal by the coil 
increases.  At a total sensible heat load of about 90% of the design heat load, the RH had decreased 
by about 20% from that at the base condition.  Active humidification does increase RH, but its effect is 
quickly negated if the sensible load increases.  Thus, minimising sensible heat loads is an important 
consideration when designing and operating a facility where high RH is desirable.  Important design 
factors include fan power and the quality of insulation.  Important operational factors include 
precooling product before it enters the store and minimising the operation of lighting and electric 
equipment inside the store. 
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Two other important design considerations affecting RH are coil area and control strategy. Both affect 
coil surface temperature and thereby the rate of moisture removal by the coil.  For the cool store in this 
study, halving the coil area caused a 9% decrease in RH (with the model predicting a 7% decrease).  
For on/off evaporator control, when the coil is operating its dehumidification rate is higher due to the 
larger temperature difference, so the average RH is lower than for EPR control.  As well as maximising 
Ts and RH, temperature control by EPR provides more even control of coil temperature, thereby 
helping to reduce air temperature and RH fluctuations. 

Case (7) shows the potential impact of packaging as a moisture sink.  With incoming packaging 
equilibrated to an RH of 50%, store RH is reduced from the base case of 93% to 62%.  This large 
effect is seen because of the very low latent load for the base case, which is totally absorbed by the 
packaging material to give a net latent load of zero. 

The effect of door air infiltration depends on coil control and ambient conditions.  With on/off control, 
increased door openings will nearly always increase RH due to the increased latent load, but with EPR 
control, RH can decrease slightly due to the increased sensible load (decreased evaporation 
temperature) and the non-linear relationship between saturation humidity and temperature. 

Conclusions 
The moisture-transport model presented in this work was shown to provide reliable predictions of the 
air RH within a refrigerated facility.  The model is recommended as a useful tool for investigating the 
effects of facility design and operational factors on air RH. 

References 
1. Eagleton, D.G., Marcondes, J.A.  Moisture-sorption isotherms for paper-based components of 

transport packaging for fresh produce.  Tappi Journal, 77, 7, 75-81, 1994. 
2. Amos, N.D., Cleland, D.J., Cleland, A.C., Banks, N.H.  The effect of coolstore design and operation 

on air relative humidity.  Proceedings of the International Conference for Agricultural Machinery & 
Process Engineering (Seoul, Korea), 433-442, 1993. 

3. Stoecker, W.F.  “Industrial Refrigeration.”  Business News Publishing Company, Michigan, 1988. 
4. ASHRAE.  “ASHRAE Handbook: 2002 Refrigeration.”  ASHRAE, Atlanta, 2002. 
5. Chen, P., Cleland, D.J., Lovatt, S.J., Bassett, M.R.  An empirical model for predicting air infiltration 

into refrigerated stores through doors.  International Journal of Refrigeration, 25, 799-812, 2002. 
6. East, A.R., Jeffery, P.B., Cleland, D.J.  Air infiltration into walk-in cold rooms.  Proceedings of the 

IRHACE Technical Conference (Hamilton, New Zealand), 96-104, 2003. 
7. Merts, I. “Mathematical Modelling of Modified Atmosphere Packaging Systems for Apples”. PhD 

thesis, Massey University, New Zealand, 1996. 

Nomenclature 
Symbols: 
A area (m2) 
c specific heat capacity (J kg-1 K-1) 
Fon fraction of time that cooling coil operates 
Fopen fraction of time that doors are open 
h air enthalpy (J kg-1) 
H absolute humidity (kg kg-1) 
L latent heat of condensation/freezing (J kg-1) 
m entry mass flow rate (kg s-1) 
M mass (kg) 
Q volumetric flow rate of air (m3 s-1) 
RH relative humidity 
R coil air-side:total heat transfer resistance ratio 
T temperature (°C) 
U overall heat transfer coefficient (W m-2 K-1) 
W heat of respiration (W kg-1) 
x insulation thickness (m) 
X moisture content (kg kg-1) 
α convective heat transfer coefficient (W m-2 K-1) 
η efficiency 
λ insulation thermal conductivity (W m-1 K-1) 
ρ density (kg m-3) 
φ heat load (W) 
φ′ latent component of heat load (W) 

Subscripts: 
a air 
coil air cooling coil 
def defrost 
door door or opening  
e evaporation 
equip electrical equipment 
hum humidification 
in condition inside facility 
lat latent 
ml moisture loss 
off air off condition 
on air on condition 
out condition outside or entering facility 
pack paper-based packaging 
prod product 
reheat reheat for humidity control 
s surface of air cooling coil 
sen sensible 
sorp adsorption or desorption of water vapour 
surf surface 
vap water vapour 
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Abstract

The aim of this work is to follow the quality of coffee during roasting. The samples (100

g) of Arabica coffee (Colombia) was roasted at different air temperatures (200 − 300 ◦C)

for 10 min. On-line measurements of some physical properties (coffee bean’s temperature)

and chemical emissions (CO) of coffee, were made. These porperties can be used as a

helpful tool for monitoring the roasting process and to guarantee the product quality final.

Key words: coffee roasting, modelling, optimisation.

INTRODUCTION

Roasting is an important step in coffee processing. During roasting, coffee beans are

heated at high temperatures (over 190 ◦C), to initiate a series of complex chemical re-

actions [1]. These reactions induce specific properties in the roasted coffee. The most

important changes are the production of flavour compounds, darkening and texture mod-

ification (degree of roast). In the industrial practice, these changes are very difficult to

mesure on-line. For this reason, extensive work has been conducted to relate the degree

0This work was supported by the Consejo Nacional de Ciencia y Tecnoloǵıa (CONACyT) México and
l’Ecole Nationale Supérieure de l ’Industrie Agroalimentaire (ENSIA) France.
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of roast of coffee to the chemical or physical propierties (Da Porto et al., 1991; Dutra et

al.,2000; Massini et al., 1990, Geiger et al., 2002).

However, the mesurements are always done off-line, they can not be used to control

the roasting process.

In 2002, Schwartzberg proposed a dynamical model to predict coffee bean temperature.

Hernandez et al.,(2002) estimed on-line the colour of beans by artificial neural network,

as function of beans temperature. A good agreement was obtained between predicted

and real values of beans colour. So, it was possible to use this model as a control system

to stop the process. Nevertheless, some variables in the Schwartzberg model are very

difficult to establish in a roaster (the rate of heat production by roasting reactions, the

rate of transfert from metal parts to beans, the dry weight of the beans).

The aim of this work is follow on-line the coffee quality, from easily measurable vari-

ables (Figure 1). To follow indirectly the quality of coffee beans, the inlet (Tai) and

the outlet (Tao) air temperature in the roasting chamber, the coffee bean’s temperature

(Tb), such as the chemicals emissions (CO), were measured during roasting. The on-line

measures of CO could be used as a chemical descriptor and air temperature profiles can

be used as input of bean temperature (T̂ b) model. A neural network model can be utilised

to estimate on-line the colour of coffee beans, as function of this variables. To validate

these models, the coffee bean’s temperature (Tb) and colour of beans (by image analyse)

during roasting process were monitored.

Model 
coffee bean 
temperature

CO(t) 

Tao(t)

Tb(t)

Tai(t)

Neural 
network

Colour
of beans (t+1)

Time

Quality 
of 

roasted
coffee (t)

roaster
coffee 

Tb (t)

Figure 1: The aim of this work was follow the quality of coffee during roasting

MATERIAL AND METHODS

Green coffee

Hundred grams of green coffee Coffea Arabica from Colombia were roasted at different

hot air temperatures (200 - 300 ◦C) for 10 min. The roasting time was establised on the

basis of colour development of samples, and took into account the results of Hernandez

et al, 2002.
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Coffee roaster

The roasted developed is shown in Figure 2. The roasting chamber consists of a glass

column of 78 mm diameter and 400 mm long (Belleville). Hot air was supplied from

a blower HLS63E (Leroy-Somer) through an 5 kW electrical heater (Plastélec). The air

stream was equilibrated by a mixing system. After initial adjustments of the air velocity (8

m/s) and temperature, the green coffee was fed in the roasting chamber. During roasting,

the temperature of the air (inlet and outlet), the bean’s temperature, CO concentration

(outlet) and the beans colour were measured. After 10 min of roasting, the air flow was

stopped and the material was withdrawn.

Measurements

Air and coffee bean temperatures and the CO concentration were measured every 2

s during roasting. The inlet (Tai) and the outlet (Tao) air temperature in the roasting

chamber, such as the coffee bean’s temperature (Tb) were measured on-line by type K

thermocouples of 1 mm diameter (Lab facility). The inlet air temperature is regulated

through a control system (CB100, RKC Instruments). Thermocouples are connected to

a PC through a data logger (TC-08, Pico). The gases evolved during roasting were on-

line analysed by CO measurements (Testo 445). Beans colour was estimated by images

analyse [10]. The operating system for real time signal acquisition and processing was

built in a multi-tasks system (Unix), in order to guarantee the chronology of acquisitions.

The system used was “GNU/Linux” in “Debian’s” version. The programs writed in

Octave [8] the datas processed in real time.

CO

camera

roasting chamber

systeme of 
air mixing

electrical
heater blower

O O OO O OO O OO O O
O O O O O
O O 

O O 
O 

O O 

O 

Tao

Tb

Tai

Tr

Figure 2: Coffee roaster
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RESULTS AND DISCUSSION

Figure 3 shows the evolution of air and the coffee bean’s temperatures, for a test at

250 ◦C. During roasting, the inlet air temperature remains constant. Before the input

of coffee beans in the roasting chamber, a difference between the inlet and outlet air

temperature can be observed (period from 0 to 20 s). This difference can be explained

by a loss of heat in the roasting chamber. When the coffee beans are introduced into the

roasting chamber, the outlet air temperature decreases. At this moment the coffee beans

absorb the energy provided by the hot air.

Bean coffee

Hot Air Inlet

Hot Air Outlet
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Figure 3: Air and bean coffee temperatures during roasting at 250 ◦C

After 50 seconds (approximately), the outlet air temperature increases. As beans

temperature increases, the temperature difference between the beans and the inlet air

temperature decreases. Since heat transfers to the beans at a rate proportional to this

temperature difference, the rate of bean temperature rise progressively decreased [6].

After 300 seconds, the beans coffee temperature reaches the outlet air temperature, and

the difference between this last temperature and the inlet air temperature was the same, as

with empty roasting chamber. As beans temperature increases during roasting, the coffee

beans starts to show physicochemical changes: change of colour, texture and volume, as

well as the development of the flavour and the taste [1,7,9]. Coffee beans temperature

is the most important roasting parameter [6]. The physicochemical changes could be

monitored if we are able to estimate the temperature of the coffee beans during the

process.
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Actually, we work to develop a model of beans coffee temperature, which takes into

account the inlet and outlet air temperature profiles and the air flow in the roasting

chamber.

Figure 4, illustrates CO formation during coffee roasting. During the first second, the

CO concentration remains nearly 0 ppm. As the roasting advanced, the CO increased to

a maximum of 120 ppm. At the end of roasting, the value of CO decreased to 60 ppm.

At beginning of roasting, the bean’s temperature is to bass to initiate chemical reactions,

so the quantity of CO does not vary. As beans temperature increases (about 200 ◦C at

180 s) the chemical composition is modified (roast reactions), and the release of CO can

be observed. Thus, the results showed that the CO can be used as a chemical descriptor

during roasting process to follow on-line the quality of coffee beans.
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Figure 4: Evolution of CO during roasting coffee at 250 ◦C

CONCLUSIONS

The quality of coffee during roasting was followed by measurements of physicochemical

properties of beans. The inlet and the outlet air temperature in the roasting chamber, the

coffee bean’s temperature, such as the chemicals emissions (CO), were measured during

roasting. The development of coffee beans temperature is a important roasting parameter,

because it influences the specific properties in the roasted coffee (i.e., flavour, colour,

texture, etc). To model this parameter, air temperature profiles should be appropriates.

Actually, we work to develop a model of beans coffee temperature, which takes into

account the inlet and outlet air temperature profiles and the air flow in the roaster.
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The measures of chemicals emissions showed that CO is related to the chemical re-

actions of coffee beans. Thus, the CO concentration can also be used as a chemical

descriptor during roasting process to follow on-line the quality of coffee beans.

The measurements of some properties of coffee (bean’s temperature and CO concen-

tration) can by used as a helpful tool for monitoring the roasting process and to guarantee

the product quality final.
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Journées Technologiques. Instrumentation et Capteurs, 2002.



ICEF9 – 2004 
International Conference Engineering and Food 

AGING OF SUGAR CANE SPIRIT USING GAMMA RADIATION 
 
 

Walder, Júlio M.M. (1), Spoto, Marta F. (2), Novaes, Fernando V. (2), Alcarde, André R. (2) 
 

(1) Laboratório de Irradiação de Alimentos e Radioentomologia 
Centro de Energia Nuclear na Agricultura – CENA/USP 

C.P. 96 
13400-970, Piracicaba-SP, Brazil 

jmwalder@cena.usp.br 
 

(2) Departamento de Agroindústria, Alimentos e Nutrição 
Escola Superior de Agricultura “Luiz de Queiroz – ESALQ/USP 

C.P. 9 
13418-900, Piracicaba-SP, Brazil 

aralcard@esalq.usp.br 
 
 
Abstract: This work verified the influence of gamma radiation on the aging of sugarcane spirit. 
Samples of sugarcane spirit (single- and bi-distilled, normal aged in oak casks or not, or added with 
oak extract) were irradiated in a Gamma beam Cobalt-60 source with doses between 0 (control) and 
300Gy, with a 50Gy increase. The sensorial and chemical tests showed the dose of 150Gy as the best 
dose for sugarcane spirit irradiation based on its chemical characteristics, flavor and bouquet. 
 
Keywords: radiation, cachaça, aging, sensorial, chemical 
 
 
Introduction  
 

The sugarcane spirit market is one of the largest markets of alcoholic beverages in the world, 
with a steady growth in production and consumption over the last three decades. Currently, the 
estimated annual Brazilian production is two billion liters, taking up 86.95% of the spirit consumption in 
Brazil. The sugarcane spirit sector is one of the few strongly expanding sectors of the Brazilian 
economy, with a perspective of good businesses in the domestic and international markets. It is one of 
the priority Brazilian exports and one of the most dynamic products to enter the international markets 
successfully [1].  

One of the basic processes for the improvement of the quality of a spirit is the maturation 
process, according to which the spirit is stored from six months to two years in adequate and 
conveniently treated wood containers [2]. This process changes the beverage, reducing significantly 
its alcoholic concentration and improving its organoleptic properties.  

The high cost of the adequate wood for this purpose, the large amount of casks necessary, 
the long immobilization of the working capital in the form of beverage and containers stock, and the 
constructed area led to the search of ways to enable a faster maturation with a lower capital 
investment. The irradiation of distilled beverages has been studied with positive results; doses of 
about 100Gy have produced cognacs with flavor and aroma that are equivalent to those of three-year-
old cognacs [3]. Thus, the objective of this work was to evaluate the influence of the gamma radiation 
in the maturation of sugar cane spirit.  
 
 
Material and methods  
 

One-week-old sugarcane spirit samples from the Department of Food Science of ESALQ/USP 
were radiated in the Laboratory of Food Irradiation and Radioentomology of CENA/USP with doses of 
0, 50, 100, 150, 200, 250 and 300 Gy. The irradiation was carried out in a Cobalt-60 source, with 
activity of 5.376 x 1010  Bq, at a dose rate of 776 Gy/h.  

After the irradiation, the samples were rated by six experienced tasters in a 1-to-9 scale, 
ranging from extremely acceptable (grade 9) to extremely unacceptable (grade 1). The samples were 
served in a monadic presentation, in 50-ml glass cups, codified with 3-digit numbers. Water and cream 
crackers were served during each evaluation interval in order to remove the remaining flavor. The data 
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were submitted to the Variance Analysis (ANOVA) and Tukey’s test was used for the discrimination of 
the treatments (p?0.05).  

The volatile components of the samples were analyzed in a Hewlett Packard 5890 
chromatograph, with flame ionization detector and Superox LM-100 capillary column. The 
programmed temperature was 35°C for 7 minutes and 8°C per minute up to 250°C. The detector 
temperature was 300°C and nitrogen was the mobile phase. The identification of composites was 
done by comparing the resulting retention times to the standard ones [4].  

The second part of the experiment consisted of tests with samples of single- and bi-distilled 
spirits, matured in large oak casks or not, or added of oak extract. The samples were submitted to a 
150Gy dose irradiation, in the same conditions as the first experiment. The samples were sensorially 
compared with their equals through the paired comparison test by the same tasters who did the 
acceptability test, according to the following delineation:  
Test 1: single-distilled vs. single-distilled irradiated with 150Gy;  
Test 2: single-distilled aged in an oak cask vs. single-distilled + oak extract + irradiation with 150Gy;  
Test 3: bi-distilled vs. bi-distilled + irradiation with 150Gy;  
Test 4: bi-distilled aged in an oak cask vs. single-distilled + oak extract + irradiation with 150Gy.  
The single-distilled spirit was the one which went through distillation once only in pot still and was not 
stored or matured previously.  
 
 
Results and Discussion  
 

The spirit irradiated with 150 Gy was the most widely accepted by the tasters, having been 
rated 8 or as “very acceptable” in the acceptability scale (Figure 1). The sample irradiated with 200 Gy 
was regarded as slightly inferior, having been rated between “moderately acceptable (7) to “very 
acceptable” (8), although it had no significant statistical difference with the 150 Gy dose. The other 
samples irradiated with lower (50Gy) or higher doses (250 Gy and 300 Gy) had a one-point decrease 
in the acceptability scale, being rated as “slightly acceptable” and “moderately acceptable”. The 
samples irradiated with the highest doses (250 and 300 Gy) were considered to have a pungent odor 
and spicy taste by the tasters. The non-radiated spirit was rated with the lowest grade (5.25), which 
did not differ from the sample irradiated with 100 Gy, remaining between the categories of “neither 
acceptable nor unacceptable” and “slightly acceptable” in the 9-grade scale. 
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Figure 1. Acceptability test of the irradiated sugar cane spirit with the statistical significance. 
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As to the quality of the spirit regarding the chemical components of flavor and aroma, no 
significant changes were observed (Table 1). The spirit irradiated with 100 Gy was the one with the 
lowest amount of aldehydes, alcohols and esters, what probably caused the low acceptance by the 
tasters. The other samples, irradiated with higher doses, had a slight increase in these components. 
According to Puech [5] and Piggott [6] a global increase in the content of secondary components can 
be observed during the maturation process; a fraction of the ethanol is oxidized to acetaldehyde, 
which, in turn, leads to acetic acid; the ethanol and the acetic acid cause the formation of ethyl 
acetate, ester, which corresponds to about 80% of the total components of this class in the spirit; the 
other 20% include ethyl caprylate, caproate, and laurate, among other, whose contents can be 
increased during the aging process.  
 
 
Table 1. Chemical characterization of the sugar cane spirit submitted to the different doses of gamma 
radiation.  
 

Dose of Radiation (Gy) Component Unit 
Control 50 100 150 200 250 300 

Real density   (20/4°C)  0.9467 0.9468 0.9469 0.9467 0.9465 0.9465 0.9471 
Real alcoholic degree  % v/v in ethanol  40.84 40.78 40.71 40.84 40.96 40.96 40.59 
Total acidity  mg acetic ac./100mL 

ethanol  100%  
8.64 9.23 8.67 9.79 9.19 10.34 9.85 

Volatile acidity  mg acetic ac./100mL 
ethanol 100%  

9.79 12.11 12.42 13.82 12.06 10.91 11.58 

Fixed acidity  mg acetic ac./100mL 
ethanol 100%  

0.92 1.04 0.92 0.92 0.69 0.80 0.93 

Dry extract  g/L  0.06 0.5 0.02 0.02 0.02 0.04 0.04 
Copper  ppm  0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Aldehyde (acetic aldehyde)  mg/100mL ethanol 100%  50.46 54.14 43.55 53.65 56.71 60.70 64.41 
Acetone  mg/100mL ethanol 100%  1.59 1.51 1.02 1.55 1.42 1.64 1.24 
Ester (ethyl acetate)  mg/100mL ethanol 100%  19.69 19.90 11.29 18.15 17.27 19.02 18.31 
Methanol   mg/100mL ethanol 100%  16.10 15.30 11.98 17.15 15.86 18.09 16.26 
n-Propanol  mg/100mL ethanol 100%  66.87 67.88 68.65 66.66 66.82 67.86 74.43 
i-Butanol  mg/100mL ethanol 100%  75.40 76.36 72.08 72.20 74.08 75.43 74.38 
n-Butanol  mg/100mL ethanol 100%  1.46 1.30 1.21 1.42 1.38 1.32 1.36 
i-Amyl  mg/100mL ethanol 100%  175.76 179.01 171.83 175.27 174.54 175.11 174.40 
n-Amyl   mg/100mL ethanol 100%  0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Superior alcohols mg/100mL ethanol 100%  319.49 324.55 313.77 315.55 316.82 319.72 324.57 
Secondary components  mg/100mL ethanol 100%  399.43 410.70 381.03 401.17 401.86 410.35 418.87 

 
 

Aldehydes, which are products of the simple oxidation of alcohols, are regarded as 
intermediates in the formation of acids or superior alcohols, being also important in the aroma and 
flavor composition. The balance of these components makes flavor and aroma insipid, when in small 
amounts, or astringent, when in large amounts [7]. As shown in table 1, as the dose of radiation 
increased, so did the concentration of aldehydes.  

One of the factors observed in the evaluation of the spirit radiated with 150 Gy was the slight 
increase in its volatile acidity. This may have contributed to the aging of the spirit, as acidity tends to 
increase in the maturation process.  

This is important, once, when in the chemical reaction with alcohols, acids form esters, which 
are among the secondary components that grant the flavor and aroma to the spirit [8].  
 The sensorial evaluation with the paired comparison test showed that irradiation is a favorable 
factor in the maturation process of all the analyzed spirits (Table 2). Attributes, such as “smooth”, 
“soft”, “pleasant” and “aromatic”, were constantly used by the tasters when referring to the irradiated 
samples, whereas non-radiated samples were referred as “spicy”, “acid”, “burning” and “aggressive”.  
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Table 2.  Sensorial evaluation of the irradiated spirits by the paired comparison test. 
 
Treatments Preferences 
Single-distilled  
Single-distilled + irradiation with 150Gy 

1 
5 

Single-distilled aged in oak cask 
Single-distilled with oak extract + irradiation with 150Gy 

2 
4 

Bidistilled   
Bidistilled  + irradiation with 150Gy 

1 
5 

Bidistilled aged in oak cask (12 months) 
Bidistilled  + oak extract + irradiation with 150Gy 

2 
4 

Preference test based on the number of tasters who preferred the sample  
  
 
Conclusions 
 
 The results show that irradiation significantly improved the flavor and aroma of the sugar cane 
spirit, especially the samples irradiated with 150 Gy, which had an adequate balance of aldehydes and 
aromatic components, granting the spirit a pleasant flavor and aroma. Irradiation also granted the just 
produced bi-distilled spirit better sensorial characteristics than those of the bi-distilled spirit that was 
matured in oak casks for a year.  
 
 
References  
 
1. Infrosuco – www.infrosuco.com.br. Bulletin 114. April 18, 2002. 
 
2. Nóbrega, I.C.C. Características de qualidade de aguardentes de cana comerciais e comparação 
entre dois processos de fermentação. Universidade Federal de Viçosa, Viçosa, 131p, 1994. 
(Dissertation). 
 
3. Urbain, W.M. Food irradiation. Academic Press, New York, 351p, 1986. 
 
4. Almeida, M.E.W., Barreto, H.H.C. Álcoois superiores em aguardente de cana por cromatografia em 
fase gasosa. Revista do Instituto Adolfo Lutz, 31, 1, 117-124, 1971. 
 
5. Puech, J.L. Vieillissement du cognac. Sciences des Aliments, 4, 1, 66-80, 1983. 
 
6. Piggott, J.R. Distilled beverage flavour. VCA, Weinheim, 444p, 1989. 
 
7. Lehtone, M., Soumalainem, H. The analytical profile of some whisky brands. Process Biochemistry, 
14, 2, 5-9, 1979. 
 
8. Mutton, M.J.R., Mutton, M.A. Aguardente de cana – produção e qualidade. FUNEP, Jaboticabal, 
65p, 1992. 
 
 
 



 
 
 

ICEF 9 – 2003 
International Conference Engineering and Food 

 

 
1

LINEAR PROGRAMMING FOR WINE BOTTLING SCHEDULING OPTIMIZATION 
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Abstract:  In this paper a new methodology for the planning of the activities of the bottling lines, 
minimizing costs and improving overall throughput performances, is presented. Once the bottling 
process has been described by means of a linear model, the optimal schedule is then obtained solving 
a minimization problem by means of linear programming techniques whose constraints are supplied 
by the model.  
 
Keywords: wine bottling, scheduling, integer linear programming, optimization 
 
1. INTRODUCTION   
 
In wine production competitiveness is mainly determined on organoleptic quality as well as on good 
marketing strategies. Wines should be sold in the proper quantity, at the right period and at adequate 
price. In big wineries, as manpower allocated is high, the efficiency of the bottling plant has a strong 
influence on wine prices. The sequential bottling of small batches of different wines, as often happens 
in practice to meet consumer’s demand, generally increases costs. 
To minimize setup costs, the winery should increase bottling batch sizes till theoretically bottle only 
one type of wine per day. This in order to reduce setup times due to the washing of the filling machine 
among different types of wines. 
The customer’s demand and the minimum storage stock to maintain in the warehouse are different for 
each type of wine:  

• wines just produced following an order of the buyer: for these wines a stock is not necessary, 
but the date of delivering is very strict; 

• wines produced on the basis of historical sales data: for these wines a minimum stock should 
be always present to meet consumer’s demand. The date of delivering is therefore not so 
strict; 

• seasonally wines as sparkling wines: are sold in a well determined period. The total stock 
should be ready at the beginning of the selling period (e.g. before Christmas time). 

Each type of wine is then packed and labeled in different ways according to the consumer’s demand. 
There are limitations in resource availability to be considered while planning the bottling activity:  

• manpower availability during normal time and extra time; 
• storage capacity of the winery warehouse; 
• wine demand and minimum wine quantity in stock at the end of each scheduled period. These 

parameters are related to the orders, to the type of wine and to historical sales data and are 
customized for each wine type by the manager; 

• lost sales limits: depending on the type of wine, lost sales should not exceed a certain 
percentage of the demand, or are not allowed at all. 

The variable costs that have to be taken into account to minimize bottling costs are those related to 
manpower, storage, lost sales. 
Also, for each wine type to be bottled the following information must be considered: 

• wine stock at the beginning of the first period considered in the bottling scheduling activity. In 
this case data could be imported from the inventory database; 

• bottling plant production rates. The difference among bottling processing times rely both on 
wine type (sparkling, red or white) and on the type of cork, labels and bottle shape; 

• number of bottles per batch. Since the production is organized in batches of homogeneous 
products that are made by the same type of wine and bottle size, the manager has to specify 
the number of bottles per each batch, which could be e.g. a multiple of the number of bottles 
per pallet.  

Decisions regarding bottling scheduling involve a deep knowledge of many different aspects of the 
firm: sales, production dynamics and timing, logistic and storage management. 
For these reasons in big wineries the planning decision is usually afforded by a team. The large 
number of involved parameters that has to be considered makes the planning a difficult decision, so is 
often mainly based on personal experience of the teams members.  
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In this paper a new methodology for the planning of the activities of the bottling lines, minimizing costs 
and improving overall throughput performances, is presented. The bottling process has been 
described by means of a linear model that takes into account demand, stock availability, production 
dynamics as well as resources and costs. The optimal schedule is then obtained solving a 
minimization problem by means of linear programming techniques whose constraints are derived in 
the model. The model has been applied to schedule the bottling activities of a big winery in the 
Piemonte region.  
 
2. MODEL FORMULATION 
 
The winery processes nw different products. For handling purposes, the production is organized in 
batches of a defined number of bottles. Depending on wine type, the number of bottles in a batch 

could be changed by the manager and is summarized in the vector [ ]Tnwbbbb �21= . 

The packed bottles are stored in the winery warehouse, which has a limited capacity of  maxx bottles.  

The inventory of the bottles stocked at the end of the k -th period is reported in the variable 

( ) ( ) ( ) ( )[ ]Tnw kxkxkxkx �21= while ( ) ( ) ( ) ( )[ ]Tnw kkkk ξξξξ �21=  is the vector of the 

number of batches of bottle processed during the same period k .  
The finite capacity of the warehouse implies, for each period, the following constraint 

( ) ( ) max
1

1 xkxkx
nw

j
j ≤= ∑

=
 (c1) 

At the end of the last planned period pn a minimum warehouse stock of  

[ ]Tnwxxxx ∞∞∞∞ = �

21
 bottles of wines is required. Such bound is generally drawn up to 

prevent any possible lost of sales. Any lack of bottles with respect to this target is taken into account 
as an additional cost. In any case, we required that the final stock never be less than 50 percent of the 
desired warehouse stock at the end of the scheduled period. Additional costs are computed evaluating 

the lack of bottles ( ) ( ) ( ) ( )[ ]TkRkRkRkR
nw10075100751007510075 21 −−−− = h between the 

75% and 100% of the desired quantities  and, in the same way, the corresponding ( )kR 7550−  
quantities in the interval of the 50% and 75% of the target.  
Then the following constraint  

( )
( ) ∞−

∞−

≤
≤

xkR
xkR

25.0
25.0

10075

7550  (c2,3)

need to be satisfied for each k period. At the end of the last period it results that 
( ) ( ) ( ) ∞−− ≥++ xnRnRnx ppp 100757550  (c4) 

 
The wine demand, expressed as batches of bottles to be delivered at the end of the k  period, is 

indicated as ( ) ( ) ( ) ( )[ ]Tnw kvkvkvkv �21= .  The vector indicating the lost sales for each 

period k , in terms of bottles, is defined by ( ) ( ) ( ) ( )[ ]Tnw kukukuku l21= .  
Therefore, the inventory at the end of the k-th period is  

( ) ( ) ( ) ( ) ( )kvkukbkxkx T −++−= ξ1   

for any 0≥k , where ( )0x  is the wine stock at the beginning of the scheduled window. 

Analogously, since the inventory ( )kx is non negative for any k , the following sales-demand 
constraint 

( ) ( ) ( ) ( )kvkukbkx T ≥++− ξ1  (c5) 

can be formulated. 
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The bottling of each wine requires a different processing time. Times for a unitary bottling of a given 

wine are stored in the vector [ ]Tnwbbbb TTTT l

21
= . Since the model implements a fixed set 

up time sT for each period k, the labor balance results 

( ) ( ) ( ) ( ) s
T
b

T
rord TkTbkLkL +=+ ξ�  (c6) 

where [ ]bnwnwbb
T
b

T TbTbTbTb l�
21 21=  indicates the Hadamard product, ( )kLord  is the 

labor request per period in the ordinary labor time and ( )kLr  is the overtime labor request per period.  
The lost sales should do not exceed, in any period k , a given 

[ ]T
nwuuuu maxmaxmaxmax 21

l=  percentage of the demand, that is 

( ) ( )kvuku �max≤  (c7) 
 

2. OPTIMIZATION 

The storage of each wine has a cost [ ]Txxxx nw
cccc l

21
=  which is expressed in terms of 

€/bottle per period. The cost, in term of € per bottle, due to lost sales is [ ]Tuuuu nw
cccc l

21
=  

, while manpower cost during normal time ( ordc ) and manpower cost during overtime ( rc )  are 
expressed in €/minutes for the whole bottling team wage. The additional cost that has to be introduced 
whenever the minimum wine stock is not satisfied can be computed as a percentage, 10075−w  and 

7550−w , with 755010075 −− < ww , of the lost sale cost. 

The optimal scheduling is obtained recursively, solving at each period k  a pn step finite horizon 

optimization. The result consists in the vectors ( )kξ , pnk ,,1�= . 
The complete cost function to mi minimized results to be:  
 

( ) ( ) ( ) ( ) ( ) ( )∑ ∑ ∑∑∑∑
= = =

−−
=

−−
==

+++++=
p p pppp n

k

n

k

n

k

T
u

n

k

T
u

T
u

T
x

n

k
rr

n

k
ordord kRcwkRcwkuckxcckLckLz

1 1 1
75507550

1
1007510075

11
 

 
The minimization problem results 

( )

7,,2,1
..

,,2,1,
min

ccc
ts

nkk p
z

�

�=ξ
 

 
(p1) 

The cost function z , as well as the constraint c1,c2,….,c7, are linear in the integer parameters ( )kξ , 

pnk ,,1�= . Therefore the problem in equation (p1) can be solved with standard integer linear 
programming algorithms.  
 
  
3. DATA COLLECTION AND MODEL USE IN A WINERY 

 
An application of the model to the bottling planning of a winery is reported The input data of the model 
were taken in a big winery plant in Piemonte region. In this particular case the owner request was to 
group the different final products in groups homogeneous for wine type and bottle type, neglecting 
different labeling, cork and other bottle accessories. In fact, as resulted from the monitoring, the setup 
time of the machines involved in these operations didn’t have relevant influence on average 
processing times.  
After this grouping, 58 types of products resulted.  The average bottling processing time for each 
product was recorded in order to have a real data of the labor requirement for each wine.  
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The stock of each wine at the beginning was taken from the database of the warehouse. The demand 
data were taken from customer orders and historical data. All the other data were provided by the 
manager of the plant.  
The optimization (p1) can be performed to schedule the bottling activities over a variable number of  
periods, that in this study has been assumed equal to one week. However, due to the lack of data 
related to orders and forecasted demand, the schedule horizon was four weeks (i.e. pn =4). The 
parameters related to some of the 58 wine groups and the product demand for each week are 
presented in Table1. 
 
RESULTS 
Given the input data, some of which are reported, as an example, in Table 1, the optimal solution has 
been computed and it is presented in the Table 2. For each week the number of bottles to be filled is 
shown in the table, as it was requested by the manager of the bottling plant. For simplicity the bottling 
schedule of only 16 wines is reported, but the optimization was performed considering wn =58 
different products. 
However, the model does not suggest the bottling sequence within each day of the week, since that 
relies on the manager decisions. The lost sales are few, related to one cheap wine bottled (Piemonte 
Cortese). The stock deficit, that often resulted greater than zero, allows to adjust the production in  
very busy periods. In fact, in the four planned weeks, all the manpower was used, as well as some of 
the overtime labor available (not presented in table). 
The schedule of the following weeks can be obtained solving recursively the optimization (p1) at the 
beginning of each week, over a four week period, in order to update new orders, stock availability, and 
to improve the demand forecast. 
 
CONCLUSIONS 
The application of the model results in a feasible plan for bottling activities for the winery. The obtained 
scheduling make sense and this methodology results to be a very promising and helpful tool for the 
management of the bottling plants.  
The results of the optimization is very sensitive to the input data. The changes relative to some 
parameters and costs could yield completely different solutions, so it is useful for the manager to know 
the impact of the different parameters changes on the final costs and bottling schedule, in order to 
evaluate possible alternatives for bottling planning, work organization and variable costs. 
 Another issue related to the input is the amount of data that have to be entered for each simulation, 
since each wine has particular demand, storage policies and stock at the beginning and at the end of 
the scheduled period. This issue could be solved by automatic connections with the winery database. 
This solution could speed-up the insertion of new data in the model. 
The model, which has been developed analyzing a particular winery in our region, could be easily 
customized and adapted to other situations and wineries. Further improvement could concern the 
implementation in the model of the management resource planning of the raw materials (corks, labels, 
bottles, wine) used by the bottling process, needed to be purchased timely. 
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Table 1. –  Part of the input parameters for the model. 

Demand 

Group Name 

Bottling 
Processing 
Time Week 1 Week 2 Week 3 Week 4

Storage 
Cost 

Initial 
Stock  

Minimum 
Final 
Stock 

 (min/bott.) (bottles) (bottles) (bottles) (bottles) (€/bott) (bottles) (bottles) 
asti_075_spumante_euro 0,0146 180 150 0 120 0,003 8000 6200 
asti_1_5 0,0492 0 0 0 14000 0,003 4990 5000 
asti_12_075 0,015 0 0 0 45000 0,003 28800 29000 
asti_koscer 0,0155 12000 0 0 0 0 0 0 
asti_375_casse24 0,0109 0 0 0 15000 0,003 2200 2200 
barbera_alasia_075 0,0144 60 60 60 2460 0,002 23490 5800 
barbera_asti 0,0119 1920 120 420 4080 0,002 34780 12800 
barbera_ceppi_storici 0,0222 300 300 0 0 0,002 9380 5400 
barbera_koscer_12 0,0107 0 8000 0 0 0 0 0 
barbera_croia_12 0,0127 10000 0 0 0 0,002 22500 20000 
barbera_albera_12 0,0186 0 0 2000 10000 0,002 4920 9600 
piemonte_barbera 0,029 1680 0 0 4000 0,002 41850 10000 
… …. … … …. …. … … … 
… …. … … …. … … … … 
piemonte_cortese_12 0,0213 10000 20000 50000 30000 0,002 6000 0 
piemonte_moscato 0,017 0 0 10000 0 0,002 5300 0 
dolcetto_monferrato 0,0135 0 0 0 0 0,002 3900 2400 
moscato_bordolese_12 0,0124 0 0 0 0 0,003 40700 0 
 
 
 
Table 2. Model output: bottling activities per week, lost sales, stock deficit, final stock per wine at the 
end of the period. 

 Schedule Of Bottling Activities    

Group Name Week 1  Week 2 Week 3 Week 4 
Lost 
Sales 

R50-75+ 
R75-100 

Final 
Stock 

asti_075_spum_euro 0 0 0 0  0 7550 
asti_1_5 0 0 0 11880  2130 2870 
asti_12_075 0 1320 0 36960  6920 22080 
asti_koscer 12210 0 0 0  0 210 
asti_375_casse24 0 0 0 14520  480 1720 
barbera_alasia_075 0 0 0 0  0 20850 
barbera_asti 0 0 0 0  0 28240 
barbera_ceppi_storici 0 0 0 0  0 8780 
barbera_koscer_12 330 7920 0 0  0 250 
barbera_croia_12 7260 0 0 0  240 19760 
barbera_albera_12 4620 0 2640 7260  2160 7440 
piemonte_barbera 0 0 0 0  0 36170 
……. … … … … … … 
piemonte_cortese_12 5280 18480 51480 29040 240 0 520 
piemonte_moscato 660 0 4620 0  0 580 
dolcetto_monferrato 0 0 0 0  0 3900 
moscato_bordolese_12 0 0 0 0  0 40700 
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This paper deals with the identification of biological states that may occur during a culture of
microorganisms. A biological state is defined by a set of actives elementary biochemical reactions.
Associated models are deduced from stoichiometric considerations. A Principal Component Analysis
based processing of the on-line measured data provides an average model and residuals. A time
partition is recursively applied on residuals. The obtained time periods are associated to potentially
different models that are assumed to match with different biological states.

Key words: bioprocess, data analysis, monitoring.

Introduction

This paper deals with the monitoring of cultures that involve a single strain of microorganism. The
biological reactions that act in this process include microbial growth, maintenance and production
reactions [1]. In these types of reaction, substrates are consumed and are transformed either into
biomass or into products. Modelling of biological process is for a long time the purpose of many
studies. Its interest comes from the necessity of acquiring information about the behaviour of
microorganism during the cultivation to better understand its dynamics. In another hand, it intends to
predict some information as microorganism or substrate concentration.
In most of the proposed methods [1,2,3,4], one assumption is made about the set of reactions that is
actually acting at each instant. On the contrary, in [5,6] basic reactions and physiological states are
first defined from a dynamical model introducing yield matrix coefficients [1,7,8]. A set of relations to
be verified by the measured indicators is associated with each physiological state. The monitoring
purpose is then to detect the changes from one state to other one.
The proposed approach aims at establishing a link between such a dynamical modelling of
fermentation process and data analysis techniques.
Data analysis techniques have been widely used for monitoring processes – see [9] for a good review.
Stephanopoulos [10] proposed a pattern recognition approach that is performed after signal
decompositions into symbols. In [11] principal component analysis (PCA) is used to model normal and
abnormal behaviours of a wastewater treatment plant. A fuzzy classification procedure is utilised as in
[12,13,14] to identify the current physiological state.
An example, using the well-known yeast Saccharomyces cerevisiae fermentation, is used to illustrate
all the concepts that are developed in this paper. In a first part, the modelling is introduced to define
from measurements which indicator must be used by PCA techniques. This part shows also the
existence of various models that can be associated with residuals resulting from linear projections.
The second part introduces the principle of PCA methods and establishes the link with the models. A
non-parametric hierarchical decomposition procedure is then proposed to classify the measurements
into different states.  The last part presents and discusses the results obtained from a batch culture of
Saccharomyces cerevisiae.  The conclusion exhibits the interests and the limits of the proposed
approach.

Physiological motivations.

Fermentation process modelling
The fermentation in a bioreactor involves products and microorganisms. Regarding the evolution of
product concentrations in the liquid phase and microbial growth, the dynamic model rests on the
balance equations that are applied on each product present in the liquid phase. Thus, fermentation
processes are usually described by dynamical model (1) [1]:

( ) ( )d
D .

dt
= − + + +ξ ξ F Q ξ K r ξ (1)
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The 
p

n dynamical state vector ξ  is the concentration vector of products, included ions H+, involved in

the reactions. In this model, the matrix ijk =  K  is the yield coefficient matrix that expresses the

stoichiometry of the reactions involved by the culture. By convention negative yield coefficients are
associated with substrates in the reaction while positive ones are associated with product. A zeroed
value indicates the component is not involved in the reaction.
F  and ( )ξQ are respectively the input flows relative to the volume for the liquid and for the gas. The

notation ( )Q ξ  expresses here the influence of the value of the continuous state vector ξ  on flow

exchange rate between the gas the liquid phase. The evolutions of the production or consumption
rates ( )r ξ  are also functions of this vector.

As a batch process is considered in this study, the fact of neglecting the influence of the basic flow on
volume makes it possible to cancel the term of dilution D .
.

( ) ( )d
.

dt
ξ Q ξ F Kr ξ= + + (2)

The term F only concerns the base flow used to regulate the pH value. Relation (2) is then broken up
into two relations according to the gas or liquid mass balances.

( ) ( ) ( )L L G G

d d
. .

dt dt
ξ F K r ξ ξ Q ξ K r ξ= + = + (3)

Measurements

In relation (2), some terms are measured. Measured pH-value allows calculating H+ 
 

-concentration.

Gas consumption [ ]2COd  and [ ]2O
d  are measured too. Base flow rate is governed by pH control. It

provides information on ions flow rates 
H

d + 
  

 and 
4

NH
d + 

  
. In the following relations, 1C  and 2C  are

appropriated selection matrices and measurement are written as:

[ ]

[ ]

42

2

NHCO

G L 1H
O H

dd 1
(ξ) y y H

d 1 d

+

+

+

 
   +

 
  

 
  

           = = = = = =      − −     

y Q F C ξ (4)

The introduction of measurements (4) into model (3), leads to the following formulation with respect to
the measured species.

H4 G

L 2 L L 1 L G G

dyd NH d
y (ξ) (a) y (ξ) (b) (ξ) (c)

dt dt dt

+
+

 
  

 
  = + = − + = +

ξ
C K r C K r y K r

(5)

As 
4

NH
+ 

 
 and gas concentrations are not measured, relations (5).b and (5).c can only be used if

their derivatives are supposed to be equal to zero. That is mostly verified for gas, and supposes that

4
NH

+ 
 

 is completely consumed by the growth of biomass.

In this case, (5) can be written as:
* (ξ)=y K r (6)

[ ]

T

H TT *
L L G 3 1 L 2 1 L G

dy
with y y  and 

dt

+ 
  

    = − + − =     

y y K C C K C C K K

Eliminating ( )ξr  is obtained by projecting the relation (6) into the subspace orthogonal to *

K . Let

W  be the associated projection matrix. An invariant relation is directly derived whose residuals e  can
be computed:

*

with  e Wy WK 0= = (7)
Physiological modes
In relation (6), (ξ)r  expresses all the biochemical reactions that can act during the fermentation. In

[6], we propose a writing of these reactions such that a way that each *

K -column can be uniquely
defined from the stoichiometry matrix of the involved products.
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Only a subset of these reactions is active at a given time. This subset is induced by the physiological
mode of the strain. In the sequel of this paper, the physiological mode I is formally defined by the

corresponding set of reactions (I)
r .

At a given time k, relation (6) becomes:
( I)
* (I)

k k(ξ )=−y K r (8)

where 
( I)
*

K  contains the *

K -columns associated with the active reaction of the biological mode I.
In this study, a Saccaromyces Cerevisae strain is considered and following basic biochemical
reactions can be encountered:
Reaction Active in

mode
Reaction Active in

mode
(1) S + O2 -> CO2 + W I,II,V,VI,VII (6) E -> CO2+ W+ C2H3O2

- + H+ VII

(2) S + 
4

NH
+  -> X + CO2 + W + H+ I,II,VI,VII (7) E + 

4
NH

+ -> X + CO2 + W + H+ III

(3) S -> CO2+ E + W II (8) C2H3O2
- + H+ + O2 + -> CO2 + W VIII,IX

(4) S -> CO2 + W+ C2H3O2
- + H+ VI (9) C2H3O2

- + 
4

NH
++ H+ -> X+ CO2+ W IX

(5) E + O2 -> CO2 + W III,IV
Reactions (1), (5) and (8) describe respiratory reactions using respectively glucose S, ethanol E and
acetic acid C2H4O2. Reactions (2), (7) and (9) express the micro-organism X growth on the same
substrates. Reactions (3), (4) and (6) are the production reactions of respectively ethanol and acetic
acid from glucose and of acetic acid from ethanol. Reactions that involve either base NH3 or acid
C2H4O2 deal with ion H+.
Associating reactions that can act together according to the available substrates leads to possible
physiological modes. In the above table, each reaction is associated the modes in which it is active.
The fact of considering the available measurements and the reactions stoichiometry leads to
constraints between measurements that are given in the following table: In [5,6], it is clearly shown
that biological modes can be associated with different sets of relations between the available
indicators. In the sequel of this paper, we are interested in finding intervals of time during which that
relations may be verified form residuals of type (7).

PCA based hierarchical decomposition.

Problem formulation
During the fermentation measurement are gathered into a matrix [ ]k '=Y y  where ‘ means the

transpose operator.
Equality (6) expressed at time k leads to the following relation driving all the measurements.

[ ] *

k' (ξ )=−Y r K (9)

If several physiological states are concerned K* may be a full column-rank matrix.

Considering different biological states (I), the *

K -matrix will take different values *(I)
K . Grouping

measurements associated with the same biological state leads to an alternate formulation of Y .

( )(I) *(I) (I)
k' '

     = =
     

Y Y K r ξ (10)

Hence we aim at finding a partition of time that corresponds to the physiological modes from the
measurements Y .
Principal components calculation.
Principal component analysis provides a very powerful tool to answer the problem defined in the
previous part. The principle of this analysis is briefly recalled below and it application to our problem is
then presented. To transform the formulation of (10), let U be an orthogonal matrix such that ' I=U U .
Thus we can write:

( )[ ] ( )[ ]* *

k k k'= =K r ξ K U U r ξ Af (11)

U can be designed such that (I)
A - columns are normalised independent vectors.

Hence, the problem of finding the physiological modes can be applied to the modified expression.
Properties of A allow writing:

k k
' 'YA Af A f= =       (12)

That shows the possibility of finding a linear combination of the reaction rates from available
indicators.
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The determination of k and A f  such that kf  expresses the maximal variability in order to distinguish the
physiological modes can be obtained by principal component analysis (PCA).
Let 

k
p  must be an eigenvector of the matrix 'Y Y . By definition, we can write:

k k k
'Y Yp p= λ (13)

The vector 
k

Y p  is a linear combination of Y  columns and is called component. It is the estimate of

one column of 
k

'-matrixf . The associated eigenvalue 
k

λ  is the squared norm of this vector.

k independent eigenvectors can be calculated. Gathering these eigenvectors into a single matrix P
leads to the following expression:

' diag( )=Y YP P λ (14)
λ  is the vector of eigenvalues ordered according to growing size.
Splitting P  according to the sizes of eigenvalues, gives:

a a a a a a
' diag( ) diag( )   =   Y Y P P P λ P λ (15)

The matrix 
a
P  gathers the first eigenvectors while 

a
P  contains the remaining ones.

The principal components matrix 
a
T  is then written as:

a a
=T Y P (16)

a
P  is an estimate of A  and 

a
T  is an estimate of 

k
'f   . The “a” principal components 

a
T are thus

independent signals that can the processed instead of the original measurements. They take into
account the possible linear dependency between measurements while expressing the variability of
original data. They are thus the core of the hierarchical physiological modes identification procedure
given in the next part.

Hierarchical decomposition
The proposed procedure rests on two main principles:
•  At a given level of the decomposition a set “I” of measurements is considered and is projected in the

2-3 principal plane. The first principal component is not used as it reflects the variability induced by
the reaction rates instead of the variability induced by the different modes.

•  Isolating classes in the 2-3 principal plane is performed by a non-parametric procedure that is close
to object recognition in image processing

The main procedure Research_class() is a recursive one.
Research_classes(I)

Project (I)
Y  into the 2-3 principal plane

Classes ← Isolate_classes(I)
If card(classes) > 1

For J in Classes
If card(J) > tmin

Research_classes(J)
Else

Record J
Endif

Endfor
Else

Record the class
Endid

End Research_classes

Isolate_classes(I)
Decompose the 2_3 principal plane into card(I)/nmean
zones
Select zones containing at least one nmin projections
Gather selected zones into objects using an edge
connectivity between zones
For each object

Create a class with the measurements projection
of which are contained in the same object

Endfor
End Isolate_classes

tmin is a parameter that gives the minimal size of a class. A class smaller than tmin is not examined
for decomposition. nmean gives the mean number of projection expected in one zone. It allows
controlling the precision of the decomposition. nmin allows to eliminate selected zones that contain
less than nmin  projections. It avoids too small classes due to isolated points.

Results and discussion

The above procedure is applied to measurements obtained from a batch culture of Saccharomyces
Cerevisae. (15) gives a deep biological study of this kind on fermentation. This set of data is described
in (14). Shift measurements have been added to the original ones to take into account possible
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dynamics induced by neglecting the derivatives of concentrations. All the data are filtered to reduce
the effect of the discretisation of the base quantity measurement.
The row measurements of pH and added base quantity are given figure 1. This figure also exhibits the

H
+ 

 
-concentration and its derivative obtained from the pH measurement. It can be seen that the

magnitude of the derivative is very weak regarding to base flow d[
4

NH
+ ] is obtained by the derivation

of the added base quantity and is given in figure 2. The derivative can therefore be neglected in
equation (5).c. The decomposition leads to 22 classes that cover 75% of the measurement. Only
keeping the classes with cardinality over 10 gives 4 classes that cover 66% of the measurements.
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Figure 1: pH- and base- measurements and
derived concentration data.
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Figure 2: Indicators derived from measurements
and result of hierarchical decomposition

 This decomposition is given figure 2 that exhibits the components of the y -vector. The tuning
parameters were fixed to tmin=30, nmin=2, nmean=2. Figure 4 presents the hierarchy of the
decomposition only keeping classes over 10 elements.
Examining the contributions of variables on the principal components shows the first one is mainly
driven by gas evolutions as the second one reflects the base flow value. Hence, the decomposition is
mainly driven by the base flow value.
Figure 3 illustrates the result of the procedure Isolate_classes()for all the data (a) first and for the class
“I” obtained from the first decomposition (b). The main interest of hierarchical decomposition clearly
appears here as dealing in (b) with lower data variability leads to a decomposition that should be hard
to obtain in (a).
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Figure 4: Decomposition scheme
for classes with cardinality over 10.

Figure 3: Identification of classes in the 2-3-plane  (a) at the first
level of decomposition (b) by decomposing class at level I.

Level III of the decomposition (3 and 4 classes) both involves acid consumption and production. The
number of available data and the low rate of consumption don’t allow isolating these phases. In (13)
the decomposition is driven by the pH variable and allows this identification. However, the fuzzy set
based procedure uses directly the measured variables and the decomposition needs the help of an
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expert to set some tuning parameters. In our approach few tuning parameters are used values of
which have to be chosen in a restricted interval.
The proposed procedure can however be discussed. The choice of an edge connectivity in the
Isole_classes() procedure can leads to an over-splitting of the data set and thus to numerous small
classes. Eliminating selected zones with few projections allows eliminating data associated with fast
transient evolutions. The choice of a fixed projection plane for the decomposition can be discussed, as
it doesn’t take into account the actual dimension of the principal components space evolution.
However, instead of these limitations, a good decomposition is achieved with a very restricted set of
variables from the proposed procedure.
The choice of variable which feeds the PCA is directly derived from the dynamical modelling of the
fermentation process and such to the search of physiological states.

Conclusion.

This paper proposes a hierarchical non-parametric procedure to partition data of fermentation process.
The choice of variables and the existence of physiological states that can be associated with linear
composition is directly derived from dynamical modelling of this process. The classification procedure
doesn’t rest on statistical model and mainly recovers the separation of classes in a given projection
plane. Projection is obtained from PCA analysis. The procedure applied on experimental data gives a
decomposition that corresponds to stationary behaviour. Transient evolutions are thus excluded. This
decomposition is the basis of an expert analysis that will allow to validate the time partition and to label
to obtained classes.
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Abstract : A thermal sensor, based on the hot wire technique, was studied in order to monitor
fouling phenomena or product change in food process. An experimental device has been
devised with additional temperature probes, electrical parameters and generated heat
measured. An experimental investigation and a theoretical analysis (heat transfer
phenomena) highlight the potential application in food processes as well as its accuracy as a
function of deposit properties.
Key-words: hot wire method, fouling, food process, heat transfer.

INTRODUCTION

In the food industry, heating, holding and cooling operations are carried out in continuous or
batch processes. During these operations, the products evolve (biochemical reactions,
rheology, colour, pH) due to heating or maturation and fouling phenomena may occur in the
equipment. The control and monitoring of fluid properties constitutes a major subject of
investigation and is of evident industrial interest [1-14]. Various methods have been reported
including rheological, chemical and optical methods [6] and thermal methods [2, 5, 10].
Fouling detection and quantification in the food industry could provide an efficient and cost
effective solution for controlling and optimising a treatment. Several methods have been
proposed to monitor a fouling in a heat exchanger : (i) the measurement of a heat transfer
resistance (temperature probe, fluxmeter) [3, 7, 14], (ii) the reduction of cross-section due to
fouling (pressure drop) [3] and the ultrasonic detection [8]. To sum-up, product change and
fouling are two different mechanisms, which may occur in continuous (flowing fluid) and batch
(static fluid) processes under isothermal (holding) or thermal (heating or cooling) conditions.
In the present work, a thermal sensor based on the hot wire method associated with wall
temperature measurement, was investigated in order to monitor fouling phenomena and fluid
change in a continuous thermal process. Firstly, a bibliographic overview presents similar
experimental devices and theoretical considerations are described. Secondly, material and
methods are described before presenting our results and a discussion dealing with sensor
sensitivity to fouling (deposit elimination) and product change (starch suspension, milk
coagulation). Finally, the temperature profile and sensitivity are modelled for the existing
sensor geometry.

BIBLIOGRAPHY

Over the last two decades, the hot wire technique has been scrutinised and validated as an
accurate method of controlling milk coagulation or the gelation of macromolecular food
constituents and several scientific works have been published on this subject such as Hori
(1985), Bellon et al. (1988), Dulac (1990), Miyawaki et al. (1990), Shimada et al. (1996),
Passos et al. (1999) and Auvergne et al.(2002). Most of the experimental devices were similar
and have been employed to monitor or control physical changes during a reaction (gelation,
coagulation) in food process (dairy industry, gel-melting or gel-setting temperatures).
However they are not appropriate for continuous and/or on-line monitoring of viscosity [9], yet
modified hot wire methods (hot wire with temperature measurement) are already in use for
thermal conductivity determination with solid food products [11, 13].
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Industrial devices [1, 2, 4] are dedicated to process control and an electrical signal issued by
the hot wire is used as information. This signal is usually the electrical potential of a platinum
wire submitted to a constant direct electric current, whose resistance evolves with
temperature and heat dissipation efficiency. Obviously this limited information may indicate a
heat transfer change from natural convection into conduction phenomena, but could hardly be
used to appreciate or to estimate physical properties (viscosity, thermal conductivity). Dulac
(1990) reported that a thermal sensor was constituted of a platinum probe (wire and glass
sheath, L=14mm, ∅=2mm) and that a second temperature gauge measured the bulk
temperature.
Laboratory devices [5, 9] were scrutinised from a heat transfer point of view in order to
monitor the physical properties of a fluid. The hot wire sensor was composed of a platinum
wire (L=106mm, ∅=0.1mm) immersed axially and in contact with the sample. The authors
assumed that the surface temperature of the hot wire (θw) to be equal to the average
temperature of the hot wire, whose temperature is calculated from the electric resistance (R).
Unfortunately, hot wire is subject to the Joule effect (a stationary thermal regime with heat
generation). Thus, the temperature profile versus radius follows a parabolic curve in a
cylindrical wire, even if for a low power this point may be negligible. This statement becomes
more important if we investigate the heat transfer at the interface between the sensor and the
product. Free and forced convection heat transfer are described by semi-empirical
correlations between dimensionless numbers :Nu=f(Gr, Pr) for natural convection and
Nu=f(Re, Pr) for forced convection. The correlations are restricted to operating conditions and
geometrical systems. Dimensionless numbers (Re, Nu, Pr, Gr) require the determination of
physical properties (density, viscosity, heat capacity, thermal conductivity) at an accurate
temperature (wall, bulk or film temperature) in order to estimate the heat transfer coefficient
with a low precision (±10-20%) in specific conditions. The use of a relationship to determine a
physical property like viscosity appears hazardous as a heat transfer mechanism should be
perfectly identified (conduction, natural, mixed or forced convection), an accurate correlation
needs to be used and the wall temperature precisely measured.
Passos et al., 1999 developed an original system using a heated thermistor instead of
platinum wire in order to increase sensitivity. This thermistor (heated wire, ∅=0.08mm) was
placed in a hypodermic needle (L=30mm, ∅=0.55mm) and its voltage drop indicated product
change. In addition, a type T thermocouple was in contact with the hot wire inside the needle.
This sensor was validated to monitor thermal conductivity during milk coagulation.

Reported publications provide the following information:
• No direct measurement of the wall temperature at the fluid-product interface has been

carried out,
• Investigations have been limited to static fluids (batch process) under isothermal

conditions,
• Most of the applications concern dairy product.
Furthermore, we note that the hot wire method is mainly used for thermal conductivity
measurements in solid food products, whereas no investigation has yet been carried out in
continuous and thermal process.

MATERIALS & METHODS

Thermal sensor and Measuring system

The concept of the experimental device came from two specific food applications : (i) the use
of the hot wire method to monitor milk coagulation in static and isothermal conditions [1, 2, 4,
5, 10] and (ii) the wall temperature measurement in tubular Joule effect heaters (JEH) to
quantify the heat transfer coefficient and fouling mechanism in a continuous heating process.
The thermal sensor was made of two platinum probes (Sté Heraeus, probe UE go2327, class
B, L=25mm, ∅=3mm) and one thermocouple (Sté Thermo-Electric, Type K, ref. MTS-56025-
2500-1500, ∅=0.25mm).
One platinum probe acted as a sheathed hot wire sensor. A platinum wire with ceramic and
stainless steel sheathes was used, as shown in Figure 1. The ceramic sheath ensured the
electrical insulation between the stainless steel and the platinum wire. The platinum wire (hot
wire) was connected to a direct current generator (0-50mA) built by LEIMA laboratory. The
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electric current (I) and potential (U) applied to the standard resistance were recorded and the
heat power (P, 0-500mW), the flux (ϕ, 0-2 kW/m²) and the electric resistance (R) calculated.
The electric resistance enabled us to determine the average temperature of the platinum hot
wire, following the relationship between θ and R for a standard platinum probe (R0, A and B
are constant).

( )20 1 θθ ⋅+⋅+⋅= BARR
The thermocouple was stuck half way along the platinum probe and measured the wall
temperature (θw) at the sensor – product or deposit interface. The second platinum probe
measured the bulk temperature (θb).
Each sensor signal (I, U, θw, θb) was converted using a specific conversion card (Sté Analog
Device, module 6B) and recorded on a computer (PC type 386) with specific acquisition
software. After calibration and in our experimental conditions, the expected precision were for
temperature, ±0.5°C, electric current, ± 0.1% and potential, ± 0.1% respectively.
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Figure 1 : Thermal sensor structure, interface with
deposit or product and schematic temperature profile.

Figure 2 : Experimental system to
test the thermal sensor.

Theoretical considerations

In the platinum probe, we consider the heat transfer balance in cylindrical coordinates with the
following equations:
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C  Eq. 1, Eq. 2

Geometric and thermal simplifications lead to the simplification of this formula in the platinum
wire submitted to the Joule effect and in the ceramic and stainless steel sheathes. We made
the following assumptions:
• Permanent thermal regime, dθ/dt=0,
• Heat generation was limited to the platinum hot wire, q≠0,
• In the central cylinder (ceramic) flux was equal to zero, ϕ=0,
• Geometric simplification with L>>r.
Flux (ϕ) and power (P) were determined with electrical parameters (I, U) and the wall
temperature (θw) was measured at the sensor – product or deposit interface. Knowledge of
the bulk temperature allows the description of heat transfer by different modes (conduction,
natural or forced convection). Thus, heat transfer may be formulated for a constant flux, and
in a system in which a deposit layer may exist.

( ) ( )
( )
d

bw

eLn

erhK
withLKP

λ
θθπ

+
+

+⋅
=−⋅⋅⋅⋅=

111
2 Eq. 3, Eq. 4

We note that ∆θ, equal to (θw-θb), is a consequence of the flux and global heat transfer
coefficient (K). At constant flux, if the product structure evolves (fusion, gelation, cooking) or a
deposit layer increases or disappears (fouling, cleaning) then the global heat transfer
coefficient will change as well as ∆θ. In consequence, if our knowledge of the product is
reliable, heat transfer analysis (conduction, convection) may lead to interesting information
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about the product or process. An overview of the heat transfer in the probe and the product
leads to a calculation of the temperature profile versus the radius in permanent regime.

Experimental device and protocol

Our experimental device is described in Figure 2. This system was composed of a water bath
equipped with a thermal regulation and a stirrer. The sample was immersed in the water bath
and could be stirred with a magnetic stirrer, in order to simulate a continuous process with
fluid flow. The thermal sensor was plunged vertically into the test fluid and a thermal insulator
placed at the top. In a first instance, sensor response was studied versus heat power with
model solutions (water, polysaccharide solutions and glycerol) in isothermal (20 to 80°C) and
static conditions. These preliminary results were in agreement with previous scientific
publications and enabled us to define a constant electric current equal to 40mA (equivalent to
P ≈ 0.2 W) as a working condition.
For isothermal experiments, we analysed milk coagulation and a standardised milk (Sté
Lactel, Grand Lait Frais) was used. A solution of active chymosin (Sté Rhone Poulenc Rorer,
Cooper, 500mg/l) was added to the milk maintained at 30°C under static or stirred conditions.
For thermal experiments, a starch suspension (Sté Arnaud, Amidon Purity W Waxy Maize
Starch E1442) with varying concentrations (1.5, 3.0 and 5.0%w/w) was used as a test fluid.
Starch disruption occurred for temperatures close to 60°C, thereby inducing an important
viscosity change in the solution. During the experiments, the temperature increase of
+0.9°C/min (±10%) was maintained between 40 and 80°C, while the sample was constantly
stirred.
For the fouling study, a model deposit was simulated by a wax layer of different thicknesses.
Wax provides the advantages of being easily shaped around the sensor, of fusing at 57°C,
simulating a deposit layer elimination with rising temperature and of exhibiting a low thermal
conductivity (λ = 0.1 W.m-1.K-1).

RESULTS & DISCUSSION

Sensitivity to product evolution in batch and continuous processes

Previous publications [1, 5, 10] have demonstrated the accuracy of the hot wire method to
monitor milk coagulation under constant temperature and in static conditions. In a first step,
we evaluated the sensitivity of the thermal sensor to product change, under isothermal
conditions and discuss the effect of product flow. In figure 3, the temperature gradient (∆θ) is
plotted against time for milk coagulation at 30°C with the addition of active chymosin.
In static conditions, a widely recognised S curve was observed with an increase of the
temperature gradient due to coagulation. Then the passage from natural convection (in liquid)
to conduction (coagulated milk) heat transfer became noticeable.
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Figure 3 : Temperature gradient (∆θ) versus
time (t) during milk coagulation at 30°C under

static and dynamic (stirred) condition.

Figure 4 : Temperature gradient (∆θ) versus
bulk temperature (θb) during the heating of

starch suspensions under dynamic condition.

In dynamic conditions, our observations were identical, except that we noted a transition from
forced convection to conduction. Before active chymosin was added, the temperature
gradient were very different for static and dynamic conditions, in agreement with eq.4. Strong
stirring induced a high convection coefficient resulting in an initial temperature gradient close
to zero. After coagulation, the magnetic stirrer was immobilised in the coagulated milk. Then,
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the product properties (structure, thermal conductivity) appeared to be similar, as indicated by
an identical temperature gradient (∆θ≈ 3 – 3.5°C) after 20min. In a second step, we
investigated the sensor response in a transitory thermal regime for a constant heating kinetic
(+0.9°C/min between 40 and 80°C) with thermo-dependant products. Figure 4 represents the
temperature gradient versus the bulk temperature for starch solutions of varying concentration
under stirred conditions. An increasing temperature gradient step was observed against
starch concentrations at temperature exceeding 65°C. During starch disruption, the apparent
viscosity increased. For 3%w/w concentration, viscosity was close to 0.1 and 0.32 Pa.s at
30°C and 70°C respectively. As defined in eq. 3 and 4, a reduction of convection coefficient
resulting from higher viscosity and less efficient stirring induced an increase in the
temperature gradient. At the lowest temperature, we remarked that the temperature gradient
was different for each suspension. This fact is probably due to the low precision (for ∆θ: ±1°C)
of our experimental conditions, as well as the flexible position of the sensor inside the sample.
In this part, we draw conclusions to the thermal sensor efficiency in monitoring product
change under dynamic conditions (product flow) and a transitory thermal regime. However the
strong change of the global heat transfer coefficient requires an important product
modification. If only small changes in properties (viscosity, thermal conductivity) occur during
the process, then the global heat transfer coefficient is not affected and measurements are
almost impossible (i.e. 1.5%w/w starch suspension). If gel formation is observed, then heat
transfer is strongly modified (natural or forced convection to conduction) and the thermal
sensor would be suitable.

Sensitivity to fouling and detection limits.

Fouling control in continuous food processes is a fundamental parameter. Fouling may occurs
in heaters (compound denaturation, hot surface) or coolers (gelation or solidification at wall)
and even in holding sections (product maturation).
In the present work, we used a fouling model to evaluate the sensor sensitivity to deposit
thickness and elimination. Fouling layers were created at the sensor surface and the
temperature gradient versus bulk temperature was monitored as the sensor was immersed in
stirred water (Figure 5). For bulk temperatures below the fusion temperature of wax (57°C),
we observed an increase in the temperature gradient against the deposit thickness. If we
consider eq. 3 and 4, the temperature gradient led to a constant value when deposit thickness
increased. This point was experimentally observed and explained by the asymptotic value of
the global heat transfer coefficient when the deposit increased (eq. 4).
At temperatures exceeding 55°C, the deposit elimination was monitored without problem. For
temperatures above 60°C, a complete removal of the deposit was visible and the temperature
gradients reached a common value close to zero.
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Figure 5 : Temperature gradient (∆θ) versus
bulk temperature (θb) impact of deposit layer

and sensitivity to fouling elimination.

Figure 6 : Minimal deposit quantified (e)
versus deposit thermal conductivity (λd)and
heat power (P) for a temperature gradient

increase of 0.5°C.

Finally, we focussed on the limits of fouling detection for the thermal sensor. We considered
Fourier’s law in an annular cylinder. Internal (θw) and external (θb) temperatures were
controlled, and a heat flux was imposed. Our system was limited by wall and bulk temperature
precision (±0.5°C) and we assumed a variation of 0.5°C as the minimal temperature gradient
required to detect a significant deposit. In figure 6, the minimal deposit quantified is plotted
against the thermal conductivity of the deposit and heat power. We observed that in our
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experimental conditions (sensor geometry, heat power equal to 0.20W) for food products
(thermal conductivity ranging between 0.1 to 0.6 W.m-1.K-1), the thermal sensor may detect a
fouling of 0.1 to 0.5 mm in thickness.

CONCLUSIONS

In this study, a thermal sensor based on the hot wire technique has been scrutinised and
validated as an accurate method of monitoring fouling phenomena or product changes in food
process (cooling, heating or holding section). The heat dissipated by the sensor in the
process is negligible and could not affect the product. Minor sensor modifications need to be
integrated such as geometry (length, diameter) and temperature precision. In the future, the
thermal sensor used for on-line measurements in continuous processes should be
investigated.
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C Heat capacity, [J.K-1.Kg-1] Greek letters
Gr Grashoff number, [/] α Angle, [rad]
h Convection heat transfer, [W.m-2.K-1] ϕ Flux, [W.m-2]
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ABSTRACT  
Food processing plants are usually operated in batch or semi-continuous mode. Dynamic optimisation 
techniques can be used to compute optimal operating policies which can ensure maximum profits and 
product quality. However, the non-linear and highly constrained nature of food processing models can 
make dynamic optimisation a daunting task. Here, we analyse the performance of several state of the 
art methods considering two selected case studies. 
 
Keywords: dynamic optimization, optimal control, global optimization, food processing 
 
1. INTRODUCTION 
The computation of optimal operating policies for food processing units or full plants is of the highest 
interest. These policies are usually sought to ensure maximum profits and product quality subject to 
constraints coming from food safety issues and environmental regulations. Dynamic optimisation 
methods can be effectively used to compute these optimal policies [1]. However, the non-linear and 
highly constrained nature of food processing models can make the dynamic optimisation a daunting 
task.  
Here, we consider several state of the art methods based on the so-called direct approach for dynamic 
optimisation. The performance and robustness of these methods are illustrated considering two case 
studies which have received great attention during the last decade. The results are analysed, clearly 
showing common pitfalls which are frequently found in this context. Finally, we provide several 
guidelines to surmount these difficulties, thus increasing the robustness and efficiency of the dynamic 
optimisation computations. 
 
2. DYNAMIC OPTIMIZATION 
Dynamic optimization, also called open loop optimal control, considers the optimization of dynamic 
systems in order to compute a set of time-dependent decision variables (usually called controls, u(t)), 
during a certain time horizon, which minimize (or maximize) a performance index (J) of the dynamic 
behaviour of the system, subject to the following constraints: 

�� differential algebraic equations (DAEs) which describe the system dynamics 
�� equality and inequality algebraic path constraints  
�� bounds for the controls and/or states  

The mathematical models of food processing operations have certain characteristics which will pose 
special difficulties for their optimization: non-linear, distributed and dynamic nature, very often 
involving coupled transport phenomena, plus a number of nonlinear constraints coming from safety 
and quality demands. Moreover, the optimal control profiles can be very rough, often exhibiting 
additional difficulties, like e.g. singular arcs. These characteristics can make the dynamic optimization 
of food processing a hard task. Therefore, the adequate election of robust and efficient dynamic 
optimization methods is of the highest importance. It should be noted that the state of the art regarding 
the dynamic optimization of nonlinear systems is far from fully satisfactory: no existing method can be 
used automatically (i.e. in an unsupervised way) to solve any of the medium-to-high complexity 
problems from this domain. 
 
Basically, dynamic optimization methods can be divided in three groups: dynamic programming, direct 
and indirect methods. Dynamic programming can not be applied to nonlinear problems of realistic 
size. Indirect methods, also called variational calculation, are based on Pontryagin’s Minimum 
Principle (PMP), which leads to very challeging two point boundary value problems. Direct methods 
transform the original problem in a non-linear programming problem (NLP) by means of two possible 
strategies: total parameterization and control vector parameterization (CVP). In control vector 
parameterization, sometimes called single shooting (SS), the original infinite dimensional problem is 
transformed into a finite dimensional one using control parameterisation, which can be done by means 
of different basis functions (e.g. low order polynomials, like piecewise constants or piecewise linear). 
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Most existing CVP-based methods use gradient-based local search methods to solve the resulting 
outer NLP, which requires the solution of the systems dynamics as an inner initial value (IVP) problem. 
This can be rather costly if such IVP is large and complex. In contrast, in complete parameterization, 
sometimes called multiple shooting (MS), both the controls and the states are parameterized, so that 
the transformed problem is a NLP with a many degrees of freedom but without the need of solving an 
IVP for each function evaluation. 

In any case, any direct method will lead to NLP problems which could be either convex, i.e. unimodal 
(with a single extremum) or non-convex, i.e. multimodal (with several extrema). It turns out that many 
realistic problems related with food processing will generate nonconvex NLPs. In these cases, it is 
necessary to use suitable techniques of global optimization (GO) to ensure that the globally best 
solution is obtained [1-2]. 
 
3. METHODOLOGY 
In this contribution we have considered direct methods which use gradient-based local techniques to 
solve the NLPs. In particular, we have used  the dynamic optimisation methods implemented in 
gPROMS (PSE Ltd., London), a high-level modelling and dynamic simulation software package which 
has been successfully used in food process engineering, considering operations like drying [3], 
thermal processing of milk [4] and microwave thermal processing [5-6]. The gPROMS tool for dynamic 
optimisation is called gOPT, which can be regarded as an state of the art solver, and which offers both 
Multiple Shooting (MS) and Single Shooting (SS) approaches. 

In order to apply this tools for a given problem, the user must first implement the dynamic model of the 
food processing operation and test it by means of simulations. Then, the formulation of the desired 
dynamic optimization problem can be implemented, and for this aim the user must make a number of 
choices which will have an enormous impact on the performance of the dynamic optimization problem. 
Many of this choices are far from obvious for complex nonlinear problems, so in this contribution we 
will try to provide a number of effective guidelines to ensure proper solutions. The most important 
settings for the dynamic optimization solver are: 

�� Degree of discretization of the time horizon, which is  divided in � elements of time, typically 
with � values from 10 to 100. Further, these elements can be fixed (FI) or variable (VI) 
intervals, i.e. of fixed or free duration. 

�� Type of basis functions for the control variables, where piecewise constant (PC) and 
piecewise continuous linear (PCL) functions (i.e. steps and ramps) are frequent choices 
because their coefficients have clear meanings and bounds, and are simple to implement 

�� Initial guess for the different  control profiles (u0), specified in every example 

�� Integration and optimization tolerances. This is particularly important when gradient–based 
methods are used, since significant “numerical noise” arising from a loose integration 
tolerance can fool the NLP solver. 

Regarding the latter, convergence problems might appear if the integration and optimization 
tolerances are not correctly set. In general it is sufficient to set the integration tolerance two order of 
magnitude smaller. Here we have used an optimization tolerance of 1·10-5 and an integration tolerance 
of 1·10-7 for all the case studies. 

In the following, results for two selected case studies will be presented, using the following 
nomenclature: � is the discretization of the control, i. e. the number of time intervals, J the objective 
function, tf the final time, and Tcpu is the computation time (in seconds) using a Pentium IV 1.90 GHz 
PC (unless otherwise stated). 
 
4. CASE STUDIES 

4.1. PRODUCTION OF ETHANOL IN A SEMICONTINUOUS FERMENTOR 

The dynamic optimization of this process was studied, among others, by Hong [7], Luus [8] and Banga 
et al. [9] in its version of fixed final time, and by Bojkov and Luus [10] and Balsa-Canto [11] in its 
version as a free terminal time optimal control problem. We have considered the latter formulation 
where one must find, simultaneously, the control (flow of feed of the semicontinuous bioreactor) and 
the time of the process to maximize the yield of ethanol from the anaerobic fermentation of glucose by 
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the yeast Sacharomyces cerevisiae. Full details about the model and the dynamic optimization 
problem are not given here for the sake of brevity but can be found in e.g. [9]. 

In order to provide a reference, in Table 1 we present a selection of the best results obtained by other 
authors, where the computation time corresponds to a Pentium III 450 MHz PC (62 Mflops according 
to the Linpack-100 benchmark). 

 
Method J tf (s) Tcpu (s) 

DE / DS (Balsa-Canto, [11]) 20830 61.06 86.4 
gOPT (Balsa-Canto, [11]) 20824 64.78 25 

HyMDO (Balsa-Canto, [11]) 20839 61.17 57.0 
IDP (Bojkov and Luus, [10]) 20838 61.3 1045 

Table 1. Selected previous results for the  ethanol case study  

4.2. THERMAL STERILIZATION OF CANNED FOODS 

This problem has been studied by many authors, as reviewed by e.g. Banga et al. [1] and Durance 
[12]. Banga et al. [13] considered the formulation and solution of several problems with different 
objective functions and constraints. In this report, the formulation of the maximization of the final 
retention of a nutrient is considered, with constraints on the microbiological lethality at final time and 
on the final temperature in the hottest point.  

We will consider the particular case of a cylindrical container with conduction-heated canned food. The 
objective is to find the optimal autoclave temperature, Tret(t), between given lower and upper bounds, 
which maximizes the final retention of a nutrient (J, normalized between 0 and 1). Details about the 
model and parameters are provided in Banga et al. [13].  As a reference, a selection of best results 
from the recent literature are shown in Table 2, where the computation time also corresponds to a 
Pentium III 450 MHz PC. These results are similar to the values reported in [13], where nutrient 
retentions were about 47.9%. 

 
Method � u0 (ºC) J Tcpu (s) 

gOPT (Balsa-Canto, [11]) 10 u01 0.4785 7679 
gOPT (Balsa-Canto, [11]) 10 u02 0.4801 2338 
TNHp (Balsa-Canto, [11]) 14 u01 0.4713 654 

Table 2. Selected previous results for the thermal sterilization case study. 
 
 
5. RESULTS AND DISCUSSION 
5.1. PRODUCTION OF ETHANOL IN A SEMICONTINUOUS FERMENTOR 

The ethanol production optimization problem was solved for two initial constant control profiles 
(u01=3.0 and u02=1.0) and and a guess for the final time of 54 hours. The time intervals were always 
taken as variable-length (VI), since this is a free terminal time problem.A number of numerical 
problems during the optimization were found, especially using the multiple shooting (MS) method. 
Further, convergence to local solutions was also found in a significant number of runs, as shown in 
Table 3. The single shooting (SS) method performed better, although a closer examination of the 
results revealed difficulties in several runs. This case study, although apparently simple, exhibits a 
singular arc in the optimal control, and this is a source of problems for most gradient-based methods, 
especially when variable intervals are used. Figures 1 and 2 present two controls obtained with the 
settings shown for cases 7 and 8 of Table 3. Despite having a J value rather close to the best known, 
the profile of the controls clearly show a number of irregularities which are the result of bad 
convergence.  

Inspection of Table 3 also reveals that the initialization plays a decisive role. Using the initial guess 
vector u01 , convergence to near-optimal solutions was found, whereas using u02 , suboptimal values 
were computed, with weird control profiles like the ones mentioned above. The best result obtained 
corresponds to case 5 of Table 3, which was obtained with a fine piecewise constant discretization. 
However, the computation time was rather significant, almost 3 minutes using a Pentium IV. 
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Case Method Control � U0 J tf (hours) Tcpu (s) Fig. 

1 MS PC 10 u01 20736.23 59.93 160.1 -- 
2 MS PC 10 u02 20402.37 56.27 516.7 -- 
3 SS PC 10 u01 20791.11 62.91 12.4 -- 
4 SS PC 30 u01 20798.55 60.65 26.6 -- 
5 SS PC 100 u01 20838.05 61.85 174.0 3 
6 SS PC 10 u02 20774.54 60.24 14.6 -- 
7 SS PC 30 u02 20747.73 60.33 36.7 1 
8 SS PC 100 u02 20746.61 66.11 170.5 2 
9 SS PCL 20 u01 20822.00 60.90 110.6 -- 
10 SS PCL 20 u02 20791.39 62.09 46.0 -- 

(u01)i = 3.0, i = 1,…,�; (u02)i = 1.0, i = 1,…,�; 

Table 3. Results for the ethanol case study. 

 

      Figure 1. Control profile for ethanol case study 
(case 7 of Table 3) 

 
Figure 2. Control profile for ethanol case 

study (case 8 of Table 3) 

 
Figure 3. Optimal control and states profiles for the best found solution for the ethanol production 
optimisation (case 5 of Table 3), where u is the feed rate (control), y1, y2 and y3 are the cell mass, 

substrate and ethanol concentrations (g/L) and y4 is the volume (L).

Finally, we have also tested a procedure consisting of successive optimisations with increasing 
refinements and/or flexibility in the control discretization. Using the SS method and PC discretization, 
we first solved the ethanol starting from u01, tf0 = 54 hours, and taking � = 10, with the first 9 time 
intervals of fixed length and the last interval as variable, obtaining J = 19634.15 and Tcpu = 4.8 s. 
Then, in a second step, and starting from this solution, a second run was executed taking all the time 
intervals as variable length, arriving at J = 20833.16, tf = 61.06 hours, Tcpu = 8.9 s. This is a very good 
result, almost as good as the best found previously, but computed with an speedup of over 12 times. 
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This result clearly reveals the great importance of devising a proper computational procedure in order 
to ensure good solutions with reasonable computational effort. 

 

5.2. THERMAL STERILIZATION OF FOOD CANNED IN CYLINDRIC CONTAINERS 

The results obtained are summarized in Table 4, all of them obtained with the SS method because the 
MS method failed in this problem (very likely due to the large number of states arising from the 
discretization of the PDE for heat conduction). 

Case Method Control Time Interval � u0 (ºC) J Tcpu (s) Fig. 

1 SS PC FI 10 u01 0.4795 417.1 -- 
2 SS PC FI 10 u02 0.4800 86.1 -- 
3 SS PC FI 30 u01 0.4800 943.7 4 
4 SS PC FI 30 u02 0.4808 239.3 4 
5 SS PC VI 10 u01 0.4816 832.9 -- 
6 SS PC VI 10 u02 0.4813 217.0 -- 
7 SS PC VI 30 u01 0.4817 878.6 -- 
8 SS PC VI 30 u02 0.4818 245.4 -- 
9 SS PCL FI 30 u01 0.4810 1101.4 5 

10 SS PCL FI 30 u03 0.4818 3093.2 5 
11 SS PCL VI 10 u01 0.4817 1432.1 -- 

(u01)i = 123ºC; for i = 1,…,� 
(u02)i = 123ºC, i = 1,…,7/10·� and (u02)i = 22ºC, i = (7/10·�+1),…,� 
(u03)i = (50 - 0.015·�ti)ºC for i = 1,…,� 

Table 4. Results for the sterilization case studied. 

Although J values very close to the best previously reported were found in almost all runs, inspection 
of the corresponding controls reveals that some of them exhibit weird behavior (as shown in Figures 4 
and 5, were it can be seen that relatively different controls can have a very similar J value), This 
insensitivity of J with respect to the control is not unusual in many problems of interest, but it must be 
certainly taken into account, very especially when real implementation of the optimal policies is 
sought. As we have already mentioned, in an optimization problem we must take a compromise 
between a good objective value and a reasonable computational time. Having in account that the 
effect of the initialization is more important than the influence of the discretization, it is preferable to 
use flexible yet small discretizations, i. e. few time intervals of free duration, with good initializations of 
the control profile. 

 
Figure 4. Controls for cases 3 and 4 of Table 4. 

 
Figure 5. Controls for cases 9 & 10 of Table 4. 

 
Finally, we also used the procedure of successive optimisations: starting with u01, � = 10 and FI, and 
running a second step with � = 20 and VI, we obtained J = 0.4821 in Tcpu = 226.3 s, which is clearly 
the best solution.  
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6. CONCLUSION AND FUTURE RESEARCH 
For the two case studies considered, we have arrived to a number of recommendations which can 
greatly help in the solution of dynamic optimization problems from the food processing area. To begin 
with, in general we have found that the Single Shooting method performs better since in many 
problems the number of states can be large. Further, we recommend the use of small discretizations 
with variable length intervals. Regarding basis functions for the controls, piecewise constant and 
continuous piecewise linear are easy to implement and can result in solutions of high quality. 
Regarding initialization, since gradient based methods are very sensitive to starting control profiles, 
starting from good initial guesses is obviously very important. Since such initial guesses are in general 
not available, we suggest the use of successive optimizations with control refinement as a robust yet 
efficient procedure. Finally, it is also very important to use adequate optimization and integration 
tolerances, with at least two magnitude orders of difference between them.  

A topic of major importance, which we have not discussed in detail here, is how to handle the possible 
non-convexity of the NLPs which results from direct methods. The ethanol case study showed that 
sometimes local solutions are found by gradient based methods. In this regard, we recommend the 
use of global optimization methods with the CVP framework to obtain a solution which can be further 
refined by local methods. An example of such approach was described by Banga et al. [9]. Work 
continues along these guidelines. 
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ABSTRACT 
The optimum low temperature and frozen conditions are presented based on the artificial neural 

network analysis between measured viscoelastic properties of cooked rice and sensory evaluations for 

ordinary adults as well as the aged. Then the characteristic preferences of adults and the aged for 

cooked rice were revealed by artificial neural network analysis based on the results of the sensory 

evaluation. The models were useful for predicting “preference” of adults and the aged for cooked rice. 

 

Key words: cooked rice; viscoelasticity; ice crystal; sensory evaluation; storage condition;  

 

INTRODUCTION 
In the aging society the developments of novel technologies and food distribution systems are 

earnestly desired to provide healthy, safe and delicious foods prepared by simple cooking. It is urgent 

to develop new food products consistent with the preference characteristics of consumers and to reveal 

the optimum cooling as well as freezing operations and also preservation conditions for cooked rice. 

However, the conditions to maintain the taste of cooked rice and quantitative information to assess the 

“preference” of the aged have not been elucidated until now. 

The objectives of this study are to present the optimum low temperature and frozen storage 

conditions for cooked rice based on its viscoelastic properties, the nature of ice crystals formed within a 

kernel of frozen cooked rice and the scores obtained from sensory evaluations, and then to develop the 

artificial neural network (ANN) models for predicting the characteristic preference of adults and the 

aged for cooked rice based on the measured parameters such as viscoelastic properties and scores of 

sensory evaluations. 

 

APPARATUS 
 
Tensipresser 

Tesnipresser (My Boy System, Taketomo, Japan) is composed of compression and data 
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acquisition sections as shown in Fig.1. The former has functions to compress a sample molded in a 

vessel supported with a moving stage at a constant speed and to detect the force with a plunger 

equipped with a load cell. The resolutions of both loading and deformation distance of the system are 

0.001kgw and 0.001mm, respectively. 

As shown in Fig.2, six bites or a low-middle-high compression mode adopted by setting the 

deformation percentages of 23, 46 and 92%, respectively. The force as well as workload for a 

compression and those for a pulling off were expressed as signs of H, A and –H, –A, respectively. 

Sixteen parameters obtained were used for analysis using an artificial neural network (ANN) model. 

The four original indicators provided by the system were hardness H5, chewiness A5/A1, stickiness 

-H5 and viscosity -A5, and the remained twelve parameters were average values for H, A, -H and -A 

obtained during compressions of 23, 46 and 92%, respectively.  
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Fig.1 Schematic diagram of Tensipresser               Fig.2 Six bites compression mode 

 
Micro-Slicer Image Processing System (MSIPS) 

Fig.3 shows a schematic diagram of Micro-Slicer Image Processing System (MSIPS) used for 

measuring ice crystals formed within a cooked rice kernel. The system is composed of a multi-slicing 

section to expose the cross-sections of a sample, observation unit and imaging section. 

The frozen sample, that was embedded and fixed with paraffin as well as Optical Cutting Temperature 

(OCT) compound, was pushed up with a liner actuator using a stepping motor and then sliced 

continuously with a cutting blade installed on the rotating arm with the minimum thickness of 1µm.  

The multi-slicing section was maintained at 

-40˚C with an immersion cooler during 

observation. Each cross-section was captured 

with a CCD camera through a fluorescence 

microscope and recorded with a laser videodisc 

recorder. Then the 3-D image was reconstructed 

with a workstation to display the internal structure 

as well as an arbitrary cross-sectional image of 

the sample by choosing observation angles. 
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Fig.3 Micro-Slicer Image Processing System (MSIPS) 
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 MATERIALS AND METHODS 
 
Samples and storage conditions  

The rice varieties named Koshihkari and Nihonbare were chosen as the samples, which were 

harvested as the first crop for the year in Niigata and Shiga prefectures, Japan, respectively. White rice 

was cooked with a household rice cooker and cooled to the room temperature at 25˚C. Then the 

samples were stored in thermostatic freezers at 25˚C for 2 days, 10, 7 and 3˚C for three days and -5, 

-15 and -30˚C for ten days, respectively. The moisture contents of samples were periodically measured 

during storage, using the oven method of 105˚C -24hours. After storing the sample was divided into two 

groups; one part was left until its temperature reached equilibrium with room temperature at 25˚C, while 

the other was heated with a household microwave oven. The former group is referred to as 

“room-temperature”, while the latter as “heated” in this paper. 

Viscoelastic characteristics and sensory evaluations  
Viscoelastic characteristics of samples were measured with the tensipresser, using the six bites 

mode, and also the sensory evaluations were carried out for both ordinary adults, 2,292persons, as 

well as the aged, 272persons. The average ages for ordinary adults and the aged were 30 and 85 

years old, respectively. In sensory evaluation the eleven characteristics of cooked rice; namely, 

“transparency”, “luster”, “whiteness”, “flavor”, “sweetness”, “umami”, “hardness”, “chewiness”, 

“stickiness”, “viscosity”, and “smoothness”, and “preference” were evaluated by using scoring values 

from one to seven. 

Ice crystals measurement 
White rice was cooked in aqueous solution of 1.0wt% fluorescent Rhodamine B (C28H31ClN2O3) in 

concentration, and five kernels were sampled at specified stages during cooking and then frozen under 

the temperature of -30˚C. These frozen kernels were sliced with the thickness of 5µm in the 

multi-slicing section of the MSIPS to capture their images. The frozen samples after cooking were 

stored for 50 days under -5 and -30˚C, respectively and sliced in the same manner to observe the 

changes in ice crystal distributions within a rice kernel after frozen storage. 

ANN analysis 
The ANN analysis was carried out to 

investigate the quantitative relationships among 

the storage conditions, viscoelastic 

characteristics obtained from the tensipresser 

measurements and scores of sensory tests for 

each characteristic of rice and “preference”. The 

ANN model is usually used as an analytic tool to 

approximate arbitrary nonlinear functions, 

expressing the relationship between two groups 

of data sets such as “preference” and its related 

factors of foods. 

Scores for the 11characteristics 

Measurements with 
Tensipresser 

Neural 
Network 
Analysis (c) 

(d) 

(b) 
(a) 

Preference
s 

Storage 
Conditions 

Fig.4 Schematic diagram of neural network 

analysis 
Most of these factors have possibilities that 
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affect “preference” positively or negatively, and thus the nonlinear relationships exist frequently among 

them. The ANN model has been demonstrated to provide adequate functions to correlate these 

relationships. As shown in Fig.4 the following relationships were clarified by ANN analysis: namely, the 

relationships between (a) the scores obtained from sensory evaluations of adults as well as the aged 

for each characteristic of rice and “preference”, (b) the storage conditions and each characteristic 

score as well as (c) “preference” of adults, and (d) the viscoelastic parameters of rice and the scores of 

adults as well as the aged for each characteristic, respectively. 

 

RESULTS AND DISCUSSION 
 

Viscoelasticity 
Fig.5 and Fig.6 show the changes in the stickiness -H5 for the samples of Koshihikari stored under 

low temperature and frozen conditions, respectively. The values of -H5 for room-temperature samples 

stored at 7, 3 and -5˚C decreased remarkably, and that under 10˚C markedly decreased after 24hours 

storage. Those of the heated samples stored under low temperatures and -5˚C indicated slight 

decreases.  

Changes in all the values obtained from compression test were recognizable for the samples 

without heating stored at 7, 3 and -5˚C, and were slight at 10˚C. Since the viscoelastic values of 

cooked rice stored at -5˚C changed remarkably, the ice crystal distributions were observed within a 

kernel of rice. 
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Ice crystals in frozen cooked rice 
Fig.7 shows a cross sectional image of the 

sample stored under -5˚C for 50days. The ice 

crystals were observed as the low brightness or 

black portion in the images of fluorescence 

observation. Since ice crystals within food are 

formed by eliminating solute and impurities during 

freezing, these can be observed as an achromatic 

figure by dyeing the main ingredients of foods such 

as starch and proteins (Sagara Y., 2001).   

50µm 
 
Fig.7 Ice crystals in rice stored at –5℃
 for 50days 
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Consequently, the ice crystals appeared to be visualized as low brightness or black parts in this 

image. In Fig.7, relatively large ice crystals having approximately 50µm diameter were observed in the 

central portion of the sample comparing with smaller ice crystals distributed within whole body of a 

kernel stored under -30˚C. From these results it was shown that ice crystals in frozen rice grew 

remarkably during frozen storage at -5˚C. 

The granular structures having approximately 150µm in the major and 100µm in minor axes were 

observed in the cross sectional images of samples frozen at -30˚C immediately after cooking. These 

structures were considered to be the cells for storing starch based on considerations for these 

structural characteristics presented by Ogawa Y. et al. (2001) and Ohtsubo K. (2001), and 

consequently the ice crystals within a cooked rice kernel were found to exist at both inter- and 

intra-cellular spaces. 

Neural network analysis 
From sensory test results for adults and the aged, the relationships were determined between the 

scores for eleven characteristics of rice and “preference” of each group, respectively. The 

approximated functions were determined to predict the score of “preference” for both groups based on 

the characteristic scores. As a typical result the relationship between “hardness” and “preference” for 

both was presented in Fig.8. The “preference” for the aged showed the peak with scores from 2 to 3 for 

“hardness”, and then represented a remarkable decrease with an increase in score values. Thus the 

“preference” for the aged indicated the tendency to be affected greatly by the “luster” and “flavor” 

comparing with that for adults, and to decrease as increasing “hardness”. Fig.9 illustrated a curved 

surface in three-dimensional space showing the contour of “preference” for the aged against the 

relationships between “chewiness” and “stickiness”. The “preference” curved surface indicated the 

peak at the locations of relatively lower scores for “chewiness” and higher scores for “stickiness”, while 

that for adults increased as both “chewiness” and “stickiness” were increased. 
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Fig.10 illustrated a curved surface of “preference” against the relationship between the conditions 

of preservation or temperature and storage period for room-temperature Koshihikari given to adults. 

The storage at the temperature above 15˚C for one day and the frozen storage below -25˚C for 

long-term were demonstrated to be the optimum conditions for maintaining the “preference” of adults. 
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Abstract :  
The growth of lactic acid bacteria has been monitored using an on-line impedance 
sensor. This study has been focused on the comparison between this new technique 
and other usual methods. A closely relationship between permittivity and other 
biomass measures during fermentation was showed. These measurements will 
provide a tool for a better control of biomass during lactic acid fermentations. 
 
Key words : on-line sensor, impedance, acid lactic bacteria 
 
 
 
Introduction   
 
In the food industry, lactic acid bacteria are widely used for the production of 
fermented foods, such as cheese, yoghourt, wine and fermented meat products. To 
obtain reproducible products, starter cultures are routinely used. The quality of these 
starters is defined by both their viability and their physiological state (1). To assess 
the viability of microorganisms, the plate count technique is still the reference 
method. This time-consuming method underestimate the bacterial number in the 
case of chains or clumpy cells and gives only an estimation of cell cultivability (some 
metabolically active cells do not form colonies). Many other direct and indirect  
methods have been developped to monitor growing cultures.  While direct methods 
are based on techniques that measure the cell physical properties and its 
components (e.g. dry cell weight, turbidity, fluorescence…), indirect methods 
measure parameters related either to the cell composition or to their activity (e.g. 
protein content, ATP content, oxygen uptake rate…). However, none of these 
methods give an accurate and rapid estimation of the viable cell concentration during 
cell culture. During the past few years, a new powerful on-line and real-time 
technique, based on the dielectric properties of cells, has given an answer to these 
requirements. Under the influence of an electrical field, cells behave as small 
capacitors due to the presence of their non-conducting membranes. Only intacts cells 
(i.e. viable cells) can be polarised and participate to the permittivity signal. Studies on 
some biologicals such as yeasts (2,3), molds (4), bacteria, plant and animal cells (5) 
have demonstrated a close relationship between capacitance and biomass 
concentration.  
 
The aim of this work was to study the reliability of this technique in the case of the 
lactic acid fermentation, where the high conductivity is recognized as a major 
measuring problem, in comparison with other usual methods, particularly turbidity 
and plate count. 
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Materials and methods 
 

Strain and culture conditions 
Lactobacillus casei (DN01) from the Danone Company Collection was used in the 
experiments. Cultures incubated for 22 h at 37°C in Erlenmeyer flasks containing 
MRS medium (AES laboratoire, France) at 20g/l dextrose were used for inoculation 
to obtain an initial cell concentration of 1.107 colony forming units per millilitre. Batch 
cultivations were carried out in a 2-L bioreactor (SET 2M, SGI) modified to accept 
two 25-mm probes through lateral ports. Cultures were run in 1.7L of sterile MRS 
medium at 37°C with an agitation (200 rpm) to maintain an homogeneous medium. 
The initial dextrose concentrations were 20g/L and 40g/L. Automatic addition of KOH 
solution (38%, Prolabo) was used to maintain a constant pH (6.5).  
 
 
Biomass measurements 
 

Off-line analyses  
 

Samples of bacteria culture were removed at selected intervals for determination of 
optical density (O.D580nm) and plate counts: 
Off-line optical density of the medium was measured at 580 nm on a 
spectrophotometer (Spectronic 20 Genesis, USA) after dilution with distilled water to 
remain in the 0-0.3 linear range.  
Cultivable counts were determined by plate counts. Serial dilutions in tryptone salt 
were plated on MRS agar plates with an automatic platter (WASP2, AES laboratoire) 
and incubated for 48 h at 37°C. Colonies were counted by an home-made image 
analysis system. 

 
On-line analyses 

A commercial Biomass System (BS, Fogale Nanotech, France), fitted with a standard 
25 mm diameter probe was used. This system measures both medium permittivity 
(pF/cm) and conductivity (mS/cm). 
A biomass optical probe (modele 653/BT65, Wedgewood, USA) was plugged in the 
second 25mm port of the fermenter. The probe was connected to a data acquisition 
computer via an A/D converter card (National Instruments). The response was 
corrected to linearise the signal according to biomass concentration. 
 
 
 
Results and discussion 
 
 The viable and total cell concentrations have been measured during a batch 
culture of Lactobacillus casei by permittivity and optical density (O.D.) respectively 
(figure 1).  
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Figure 1 : Batch fermentation profile of Lactobacillus casei. The cells were grown in MRS medium with 
40g/L dextrose and the evolution was followed by on-line permittivity (pF/cm) (x), and optical density 
( ) and off-line methods : (optical density * 6) (•) and plate count (cfu/ml) (     ). 
 
The fermentation profiles obtained with on-line and off-line optical density were 
identical and similar to the permittivity profile. Growths began at 4 h and whatever the 
method used, cell concentrations reached a maximum after 15h. This similarity is 
supported by the linear relation observed between permittivity and optical density 
(∆ε =2.08±0.02*OD, R=0.98). A relationship was also established between 
permittivity and plate count (cfu/ml) (∆ε =(1.02±0.01)10-9*cultivable cell, R = 0.99). In 
these experimental conditions, permittivity allowed the monitoring of lactic acid 
fermentation as well as usual methods (O.D., plate count). During the fermentation, 
the conductivity varied from 15 mS/cm to reached 45 mS/cm. Serial dilutions of the 
medium (results not shown) demonstrated that this large variation was not affecting 
the permittivity determination. 
 
Cell growth evolution has been compared during Lactobacillus casei fermentations at 
two dextrose concentrations (figure 2).  

Figure 2 : Comparison between two fermentation profiles of Lactobacillus casei. On-line permittivity (x) 
and optical density ( ) were monitored during fermentation in MRS medium with 20 g/l and 40g/L 
dextrose. 
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Whatever the sugar concentrations used, the permittivity profile could be 
superimposed to the optical density evolution. Moreover, the same biomass evolution 
was observed during the first twelve hours, growth rates seeming independent of the 
initial dextrose concentration (20 and 40g/L). The relationship between permittivity 
and on-line optical density (O.D.) was influenced by initial substrate concentrations : 
at 40g/l, one permittivity unit corresponds to 2.08 ±0.02O.D. unit against 1.59±0.02 at 
20g/L . Considering the reproductibility of these experiments, this difference is highly 
significant and could be related to cell state changes. In fact, permittivity is 
dependent not only on the cell quantity but also on biological parameters, such as the 
volume fraction of cell with intact plasma membranes, the cell membrane 
capacitance per unit area and the cell size. As long as no change in cell morphology 
or in membrane capacitance is observed, the permittivity is proportional to the 
amount of viable biomass. Many authors reported changes of morphology (size, form 
and surface apparence) (6,7) and physiology (metabolic activities, membrane lipid 
compositions...)(8) of cells according to environmental conditions ( temperature, pH, 
osmotic pressure, medium composition...).  
 
 
Conclusions 
 

This study shows a closely relationship between permittivity and other 
measures of biomass during a lactic acid fermentation. On-line permittivity gives 
quantitative information of viable biomass in real-time. This measure is also 
dependent on the cells state. A study of physiological and morphological cells state 
could explain the different relationships observed between permittivity and turbidity 
measures. 
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Abstract: In order to estimate thermal properties of conduction heated food simultaneously using 
hotwire probes, the information content of an experiment should be maximised. In the present work 
optimal (dynamic) heat generation profiles as well as an optimal location to measure temperature 
response in the food product were computed based on modern global optimisation algorithms. 
Implementation of these optimal heating profiles showed that more accurate and unique estimates 
were obtained. 
Keywords: hotwire probe, op timal experimental design, global optimisation, heating strategy 
 
INTRODUCTION 
As a result of the new European directives in food treatment processes, the organisations of the sector 
call for more fundamental research on the techniques to apply and, more particularly, for optimal 
treatment policies for their products. The general goal is obvious, a higher knowledge and control of 
the food products and processes, both regarding microbiological safety and final quality.  
Since the final quality and marketing of food products are closely related to their thermal treatment 
history, knowledge of the thermal product properties is crucial for modelling, simulation and evaluation 
of several thermal food process scenarios.  
 
Besides the estimation of thermal food prop erties based on chemical composition of the food using 
empirical equations, various measurement methods exist involving the steady and transient state heat 
transfer methods. Among others the transient hotwire probe method is frequently used to measure the 
thermophysical properties of conduction heated foods, and emerged to be the method of choice 
because of its accuracy (Bristow et al., 1994). In this method, a needle with a heating wire is inserted 
in the food and the heating is started. The thermal conduc tivity can then be calculated from the time-
temperature data measured in the probe or at some position in the food. Recent interests are directed 
towards simultaneous estimation of the thermal conductivity and heat capacity by means of single or 
dual heat probe methods (Bristow et al., 1994, Tagawa et al., 1996, Nahor et al., 2001 & 2003).   
 
Commonly recognized as important properties contributing to the parameter estimation accuracy are 
both quality and quantity of the experimental data. High quality data are mostly acknowledged as 
experimental observations featuring low measurement error. Moreover, the persistency of excitation of 
the system evoked by the applied experimental input (in this case the heat generation) contributes to 
the unique and accurate estimation of the involved parameters. This means that if the dissipated 
power fails to excite the probe-food system, the measured signal may not be sufficiently rich to 
estimate the parameters simultaneously. Previous research showed that by using specifi c time varying 
heat generation profiles unique and accurate estimates were obtained as compared to the traditional 
constant heating (Nahor et al., 2003). Likewise, the degree of excitation may not be equal at every 
location in the food, leading to the existence of an optimal measurement position associated to a given 
heat generation profile applied.  
 
In this contribution we will evaluate and optimize the information content of an experiment with respect 
to these factors. Modern global optimisation algorithms will be used for this purpose.  
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EXPERIMENTAL HOT WIRE PROBE SETUP 
In order to estimate thermophysical properties of conduction heated food simultaneously, a dual probe 
hot wire setup was designed and constructed (Figure 1).  
 

 
Figure 1: (a) Scheme of hot wire probe set up, (b) details of the heating probe (dimensions in mm) 

 
The hot wire probe was made from a stainless steel hypodermic needle 21G x 2” (Terumo, The 
Netherlands) which encases an insulated constantan (Cu55/Ni45) resistance wire (Good fellow  
Cambridge Ltd., UK) with 0.07mm diameter. Constantan was selected for its distinct characteristics 
that the resistance is practically independent of temperature. The remaining space in the needle hole 
was filled with a heat tolerant resin (810 electrical resin, Schotchcast, Germany). The probe was 
inserted at the geometrical centre of a container (D =35 mm and L = 90 mm) filled with a food simulator 
medium. A T-type thermocouple was used to measure the temperature in the medium at a known 
distance from the heating probe. Electrical current was supplied to the heating probe by a DC power 
source (HP E3632A, Agilent technologies, U.S.A.), which is equipped with a multi -meter to measure 
the voltage and current. For the acquisition of the time temperature data and the applied power a data 
logger (HP 34970, Agilent technologies, U.S.A.) was used. As food simulator media, agar gel and 
tylose were selected. The thermophysical properties of these food simulants are well known and were 
assumed to be the nominal parameters (Incropera & De Witt, 1990; Cleland, 1990). In order to control 
the hardware for the dynamic heat generation profile and the synchronization of the data acquisition 
from the different measuring devices, a program was written using the LabView (National instruments 
Co., Austine Texas) data acquisition environment. 
 
HEAT TRANSFER MODEL 
Heat conduction in the hotwire probe setup was modelled by means of the Fourier equation (Incropera 
& De Witt, 1990).   
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where  ρc is the volumetric heat capacity [J m-3 °C- 1], T  the temperature [°C], t the time [s], k the 
thermal conductivity [W m-1 °C- 1] and Q(t) the time-dependent volumetric heat generation [W m-³]. The 
initial condition for the Fourier equation (Eq. 2) is described as a spatial function at t=0. At the 
boundary of the food container convection heat transfer to the environment was considered. A 
schematic representation of the geometric model for the hot wire probe set up is given in figure 2. The 
detailed components of the heating probe, namely the heating wire, the filler resin, and the needle 
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wall, were incorparated in the spatial domain making up the heat transfer problem. A 1-D finite 
element model consisting of 42 nodes and 41 1-D linear iso-parametric elements was built for the 
numerical solution of the heat equation (Eqs. 1-2). The finite element model and algorithms to solve 
the governing systems of differential equations were implemented in MATLAB (The MathWorks Inc., 
Natick, Massachusetts).  

 
Figure 2: 1-D axi-symmetric geometric model (Dimensions in mm) 

: Copper: Medium: Stainless steel: Resin: Constantan wire : Copper: Medium: Stainless steel: Resin: Constantan wire
 

 
OPTIMAL EXPERIMENTAL DESIGN (OED) 
In practice, identifiability of thermophysical parameters requires heat generation input profiles yielding 
data that contain sufficient information to allow unique parameter estimation. Optimal experimental 
design techniques for parameter estimation have been developed with the objective of defining the 
experimental procedure such that parameters can be estimated uniquely and with greatest statistical 
confidence. Optimisation of the experimental procedures include initial conditions, experimental inputs, 
sensor location and the like. Parameter estimation is an iterative procedure, in which parameter values 
are searched in such a way that some identification cost functional is minimized. The identification  
functional (Eq 3) quantifies the deviation between the model predictions and the experimental data.  
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with y the vector of predicted temperatures at n measurement positions, ym the vector of measured 
temperatures at n measurement positions, Q a user supplied square weighing matrix, and t the time.  
The information content of an experiment is defined by the Fisher Information matrix (Munack, 1989),  
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The matrix∂ ∂y p  contains the sensitivity functions and quantifies the dependence of temperature 

predictions on the parameter values relative to the nominal parameter set ∗p . With respect to the 
problem at hand, the parameter vector p has two elements namely the thermal conductivity and the 
volumetric heat capacity, [ ],k cρ=p .  
In order to quantify the quality of the estimation, several optimal design criteria have been suggested  
(Mehra, 1974, Walter & Pronzato, 1990). In this work the modified E-criterion was used, which 
minimizes the ratio of the largest (λmax) to the smallest (λmin) eigenvalue of the Fisher info rmation 
matrix F.  
The advantage of the modified E-criterion is that the minimum value is one. For the case of two 
parameters, the contours of the identification functional are circles. Algorithms to compute the optimal 
experimental design measures were developed and implemented in MATLAB. 
 
OED via GLOBAL OPTIMIZATION 
Mathematically, the OED problem can be formulated as a dynamic optimization (optimal control) 
problem. The objective is to find a set of time-varying input variables (controls) for the experiments 
optimizing the quality of the estimated parameters in some statistical sense. This optimal control 
problem is subject to a set of equality constraints (the DAEs describing the system dynamics) and a 
set of inequality path and/or point constraints on the state variables. These inequality constraints can 
be associated with restrictions concerning issues like practical implementation, safety and/or model 
validity. Here, we have considered the Modified E-criterion as the performance index to minimize, 
using the heating profile as the control variable. 
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Numerical solutions to this dynamic optimization problem can be obtained using direct methods, which 
transform the original problem into a non -linear programming (NLP) problem via parameterizations. 
However, due to the frequent non -smoothness of the cost functions, the use of gradient-based 
methods to solve this NLP might lead to local solutions (Banga et al, 2002). These authors also 
shown, for the case of systems described by ordinary differential equations, that stochastic methods of 
global optimization can be used as robust alternatives. 
 
In this work, a general approach, based on the framework of control vector parameterization (Banga et 
al, 2002), was pursued by defining a general block-type heating profile through characteristic 
parameters such as the amplitude, duration and frequency of the peaks. This was accomplished by 
piecewise discretization of the input profile. Hereto, simple basis functions such as ramps or steps 
were introduced. This leads to a substantial number of degrees of freedom transforming the problem 
into a multi -dimensional non-linear optimization problem. Moreover, the measurement position was 
also considered as an additional degree of freedom along with the characteristic input profile 
parameters. This requires computationally more powerful algorithms to solve the parametric 
optimisation problem under several imposed constraints, which may ensure global optimal solution.  
 
In the present work, two stochastic strategies for global optimisation were employed, namely, the 
Integrated Controlled Random search method (Banga and Casares, 1987) and the Stochastic Ranking 
Evolution Strategy (Runarsoon and Yao, 2000). Parametrisation of the input heating profile was 
realized by discretising the input heat generation profile into 10 steps. Only steps were considered 
because previous research revealed that general block-type profiles give more informative 
experiments (Nahor et al., 2003). Two cases were considered with respect to the measurement 
position, in the first case the measurement position was part of the parameters set to be optimised.  
Alternatively, the position was fixed to 4mm in the second case. Additional constraints were applied on 
the magnitude of the heat generation in such a way that the temperature increase was restricted to 
some extend to avoid excessive overheating of the product.  
 
GLOBAL OPTIMIZATION RESULTS AND IMPLEMENTATION 
The optimal heat generation profiles obtained for the two cases are presented in Figure 3.  
 

(a) 

 

(b) 

 
 

Figure 3: Optimal heating profiles obtained from global optimisation. 
(a) 11 degrees of freedom; optimal measurement location = 2.25mm; Modified E -ccriterion = 1.0. 

(b) 10 degrees of freedom; fixed measurement location = 4.0mm; Modified E -criterion = 1.32. 
 
In the first case (a), where the optimisation procedure was left to determine the optimal profile as well 
as the measurement position, the a priori known global minimum has been attained. Pulse heating 
with two peaks, one at the beginning and one at the end of the experiment, was identified as an 
optimal profile with the optimal sensor position located at 2.25mm from the centre of the probe. In the 
second case (b), where the measurement position is imposed (fixed) at 4.0mm, the optimal solution 
was found at a slightly higher value than the global minimum. A single heat pulse at the beginning 
followed by a “gradual” decrease of heat generated was found as optimal profile. When the 
measurement position is altered, a different heating profile is obtained.  
 
In order to validate the optimal experimental design and global optimization methodologies, the 
heating profile with global minimum of unity was implemented. An exact implementation of the 
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“computed” optimal heating profile turned out to be difficult because of practical limitations related to 
the control of the hardware involved and the acquisition frequency in the experimental set up. For this 
reason, the theoretically obtained time intervals were adjusted in such a way that the generated  
heating profile was close to the optimal one (Figure 4a). The parameter estimates and their accuracy – 
obtained with an implementation of the optimal heating profile – are summarized in Table 1. 
 
Table 1: Parameter estimates for tylose using optimal heating profile and optimal sensor location 
k [W/m/°C] ?c [MJ/m3/°C] δk [%] δ ρc   [%] Modified E-criterion 

0.53 3.93 5.62 5.82 2.71 
 
A practical implementation of the theoretically optimal heating profile results in a different value for the  
modified E-criteria (2.71 instead of unity). The deviation of the estimated parameters (δk and δ ρc ) is 
in the order of magnitude of estimates obtained using non-optimal heating profiles (Nahor et al., 2003). 
In order to ensure that the parameters are estimated uniquely, the corresponding functional plot is 
shown in Figure 4b. The cone-like structure of the functional leads to unique estimation of the 
parameters irrespective of the initial guess in the parameter estimation procedure. 
 

(a) 

 

(b) 

 
Figure 4: (a) Implemented optimal heating profile. (Optimal measurement location = 2.25mm; Actual 

measurement location = 1.55mm). (b) Functional of the implemented optimal profile.  
 
CONCLUSIONS 
The application of optimal experimental design, novel as it is in thermal food processing, provides a 
basis to evaluate the information content of a given experimental protocol theoretically and facilitates 
the design of informative experiments. In this work global optimization was used as a methodology to  
derive optimal heating profiles for a hot wire probe setup for simultaneous estimation of thermal food 
properties. The Fisher information matrix was applied as a measure to evaluate the information 
content of heating strategies.  
 
Pulse heating with two peaks – one at the beginning and one at the end of the experiment – was  
found to be an optimal heating profile. The optimal measurement position was located at some 
distance away from the heating probe.  
 
The parameter estimates obtained from the implementation of the optimal experiment protocol showed 
a maximum deviation between 5% and 6%. The relatively large deviations observed on the estimates 
can be attributed to the “implementability” of the optimal heating profile. This means that inherent 
limitations of experimental setups – with respect to the frequency of measurement and control of the 
involved hardware – can lead to substantial loss of information due to the inability to capture the full 
dynamics, especially in heating profiles with steep changes. This leads to loss of accuracy in the 
estimates in spite of the fact that a given profile can theoretically be proven to give the maximum 
information. Due to the limitations in implementing theoretically obtained experimental designs, a 
careful choice of simpler profiles to implement – with respect to an optimal measurement position – is  
needed to achieve unique as well as accurate estimates.  
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Irrespective of the nature of the parameter estimation procedure, the theoretical analysis and 
experimental validation showed that estimates of the thermophysical properties are unique. 
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ABSTRACT 
Parameter estimation is a key step in the development of mathematical models for food processing. 
Standard (gradient-based) methods for data fitting in nonlinear dynamic systems can suffer from slow 
and/or local convergence, among other problems. However, this is frequently ignored, potentially 
leading to wrong conclusions about the validity of a model regarding a certain data set. In order to 
surmount these difficulties, we present alternative methods based on global optimisation. 

KEYWORDS: parameter estimation, model calibration, global optimization, food processing 

INTRODUCTION 
Parameter estimation, or model calibration, is a key step in the development of reliable dynamic 
models for food processing. Given a model structure and a set of experimental data, the objective of 
parameter estimation is to calibrate the model (looking for parameters which can not be measured 
directly) so as to reproduce the experimental results in the best possible way. This calibration is 
performed by minimizing a cost function which measures the goodness of the fit, like the least squares 
criterion. 

Since most food processing models involve coupled and highly non-linear phenomena, usually 
described by sets of partial and ordinary differential equations, the resulting parameter estimation 
problem can be very challenging to solve. In particular, complex non-linearities might cause non-
convexity, i.e. the optimisation problem may contain several local minima in the area of interest. Thus, 
traditional gradient-based methods, like Levenberg-Marquardt or Gauss-Newton, mail fail to identify 
the global solution of the calibration problem. Further, when these methods find a parameter set which 
gives a poor fit to the experimental data, the user can not be sure if the reason is due to an incorrect 
model, or if it is an indication of the convergence of the optimisation solver to a local solution. 

Schittkowski [1] has recently presented a thorough review of parameter estimation in dynamical 
systems. This author presents a detailed overview of local optimization methods (including gradient-
based methods such as Gauss-Newton, sequential quadratic programming, SQP, and others) that can 
be used to compute parameters by a least squares fit. As the author noted, even qualified numerical 
algorithms can fail, or compute unacceptable answers, when using local methods. Schittkowski [1] 
provides examples of possible difficulties that can arise: 

�� Convergence to a local solution, which is in general unacceptable 

�� Round-off errors because of an inaccurate iterative solution of the dynamical system 

�� Narrow curved valleys where progress towards the solution is hard to achieve 

�� Very flat objective function in the neighbourhood of a solution (e.g., when there are large 
perturbations in measurement data) 

�� Over-determined models in case of too many model parameters to be estimated, leading to 
infinitely many solution vectors 

�� Bad starting values for parameters, requiring a large number of steps 

�� Badly scaled model functions and, in particular, measurement values 

�� Non-differentiable model functions 

In order to avoid many of the pitfalls which can make gradient-based methods fail, a number of 
authors have used direct search methods (e.g. the popular Nelder & Mead method). However, 
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although these methods are still local methods, i.e. they can only guarantee that the solution found is 
a local one. In order to surmount these limitations and barriers, in this contributions we will present 
alternative methods based on global optimisation. Their capabilities will be illustrated considering a 
case study involving coupled heat and mass transfer during drying. 

PARAMETER ESTIMATION USING GLOBAL OPTIMIZATION (GO) METHODS 
Global optimisation (GO) methods can be roughly classified as deterministic, stochastic and hybrid 
strategies. Deterministic methods can guarantee, under some conditions and for certain problems, the 
location of the global optimum solution. Nevertheless, no deterministic algorithm can solve general GO 
problems with certainty in finite time [2] . Actually, computational effort increases very rapidly (often 
exponentially) with the problem size. 

In the case of parameter estimation of algebraic models, Esposito and Floudas [3] presented a 
deterministic approach based on a branch and bound framework and convexification techniques for 
general twice differentiable nonlinear optimization problems. Gau and Stadherr [4] developed a 
deterministic approach based in interval analysis. In the case of parameter estimation in dynamic 
systems using deterministic GO methods, significant advances have been made recently by Esposito 
and Floudas [5] and Papamichail and Adjiman [6] . However, these methods have a number of 
requirements about the dynamics of the system, and currently they do not seem to be applicable to 
problems with a relatively large number of parameters. 

Stochastic methods are based in probabilistic algorithms, very often with an important heuristic 
component, and they rely on statistical arguments to prove their convergence in a weak way. 
However, many stochastic methods can locate the vicinity of global solutions in modest computational 
times. Additionally, stochastic methods do not require transformation of the original problem, which 
can be treated as a black-box. Hybrid methods combine different optimization strategies in order to 
take advantage of their benefits and also eliminate their limitations or difficulties. 

GO methods  
In this study, we have considered two stochastic GO methods which can handle black-box models:  

ICRS: an adaptive stochastic presented by Banga and Casares [7] , improving the Controlled Random 
Search (CRS) method of Goulcher and Casares [8] . Basically, ICRS is a sequential (one trial vector at 
a time), adaptive random search method which can handle inequality constraints via penalty functions. 
Although this type of methods are not so popular as e.g. evolutionary optimization methods, they have 
shown good properties specially regarding their scalability with the problem dimension. 

DE: the Differential Evolution method, as presented by Storn and Price [9] . DE is a heuristic, 
population-based approach to GO. The original code of the DE algorithm [9] did not check if the new 
generated vectors were within their bound constraints, so the code has be slightly modified for that 
purpose.  

This selection has been made based on both our own experiences and the results published by other 
authors [10]. For the sake of fair comparison, we have considered Matlab implementations of both 
stochastic GO methods (ICRS and DE). 

Hybrid method  
A common characteristic of the majority of stochastic global optimization methods is that they present 
rather slow convergence rate, particularly in the final stage of the search. This can result in excessive 
computation times, very especially if a large solution accuracy is required. In contrast, local 
deterministic methods (like those gradient-based) converge very fast if initialised properly, i.e. inside 
the radius of attraction of the global solution.  

In order to speedup the stochastic GO methods while retaining their robustness, hybrid approaches try 
to combine both methodologies in a suitable (synergistic) way so as to take advantage of their benefits 
while reducing, or eliminating, their limitations. In this work, a sequential two phase hybrid method is 
used, as proposed by Banga and Seider [11] . 

In the first stage of this hybrid method, an stochastic GO method is used, like ICRS or DE presented 
above. The stochastic method is stopped when a relatively loose stopping criterion is satisfied. 
Although this criterion does not ensure a proper final solution, it is chosen as tight enough as to 
ensure that a point in the vicinity of the global solution is found. The second stage is started from this 
point and is carried out by a fast gradient based parameter estimation techniques. In our work, we 
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have used, with excellent results, the gEST method included in the gPROMS software (Process 
Systems Enterprise Limited, www.psenterprise.com ).  

In order to illustrate the advantages of the GO and the hybrid methods, we have also used standard 
local methods for the solution of the case study. The methods considered were an implementation of 
the Levenberg-Marquardt and Gauss-Newton method, called lsqnonlin, included in the Matlab 
Optimization Toolbox (The Mathworks, Inc., MA, USA), as well as the parameter estimation 
techniques included in gPROMS, as already mentioned. 

CASE STUDY: Air Drying of Foods 
Drying is one of the most important preservation operations used in the food and pharmaceutical 
industries, among others. We have considered the problem of the estimation of 8 parameters of an air 
drying model system of a thin slab of cellulose. The mathematical formulation of the dynamic model 
involving two coupled nonlinear phenomena was taken from [12] and is summarized here: 

Mass transfer 
It is assumed that the transport of water within the solid is the controlling mechanism, and that the 
driving force is the gradient of moisture content. Thus, the governing equation will be Fick's equation 
for diffusion (Fick's second law): 

� �mD
dt
dm

���  (1) 

If the diffusivity D is a function of temperature and also depends on the water concentration (Schoeber 
& Thijssen) the governing equation reads: 
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with the diffusivity value calculated following Luyben et al.[13] : 
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where Dref and ED are functions of the moisture content: 
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The average moisture content of the slab is calculated using: 
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Heat transfer: 
The temperature of the slab is assumed to be uniform. Therefore, an energy balance gives (thin slab 
assumption): 
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where the latent heat of vaporization �w depends on temperature: 

sw T537.00.744 �	�  (9) 
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The heat transfer coefficient and the surface area are variable during drying, so hA is estimated using 
an empirical linear function of moisture: 

� �210 pmpAAh avg ��  (10) 

where: 

� �3231210 2 LLLLLLA ���  (11) 

The model calibration problem is then to fit the parameters b1, b2, b3, b4, b5 and b6 included in the 
expression of the diffusivity (3-5) and p1 and p2 defining the heat transfer coefficient (10). 

 Nominal value Lower bound Upper bound
b1 34.2 1 1000 
b2 138 1 1000 
b3 6.74 1 1000 
b4 100 1 1000 
b5 200 1 1000 
b6 10 1 1000 
p1 8.73 � 10-4 10-4 1 
p2 1.87� 10-2 10-4 1 

Table 1.- Nominal value and bounds for the 8 parameters 

The optimization problem is stated as the minimization of a weighted distance measure between 
experimental and predicted values of the two state variables, represented by the vector y: 
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where n is the number of data for each experiment, m is the number of experiments, yexp represents 
the known experimental data, while yteor is the vector of states which corresponds to the predicted 
theoretical evolution using the model with a given set of the 8 parameters. Furthermore, wij correspond 
to the different weights. 

The experimental measurements are in this case pseudo-experimental data generated via simulation 
considering the parameter values published by Luyben et al.[13] as the real values (see table 1 to 
examine the nominal value and the bounds for each parameter). Therefore, the pseudo-experimental 
values of the average moisture content of the slab mavg and its temperature Ts are the result of 5 
different experiments (simulations) with altered dry bulb temperature Tdb (see table 2). These 
experimental data are considered without errors. 

Tdb (ºC) 55 65 75 85 100 
 

Table 2.- Tdb values considered to generate the 5 sets 
of pseudo-experimental measurements 

RESULTS AND DISCUSION 
All the computations were performed on PC/Pentium 4 (1.80 GHz) platforms running Windows 2000. 
The local methods were executed starting from over 20 random initial vectors. No lsqnonlin run 
converged to the global solution. The gEST method reached the global optimum (solution A in table 3) 
on 10 % of the runs. With gEST a set of parameters different from the nominal values but which 
predict accurately the pseudo-experimental values is also found (solution B in table 3). It is a local 
solution with a rather food fit to the experimental data. This behaviour is due to an identifiability 
problem of the model as described by Walter [14] : the parameters cannot be identified in a unique 
way so it is possible to arrive to different solutions with the same fit to experimental data. A closer look 
to the functional form of equations (4) and (5) confirms this. 
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 Nominal 
value Solution A Solution B 

B1 34.2 34.199 35.548 
B2 138 137.981 164.503 
B3 6.74 6.739 7.980 
B4 100 99.986 143.906 
B5 200 199.969 393.524 
B6 10 9.998 18.484 
P1 8.73 � 10-4 8.730 � 10-4 12.691 � 10-4

P2 1.87� 10-2 1.8 0 � 107 -2 1.843 � 10-2  
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Table 3.- Decision vector Figure 1.- Convergence curves for two runs of DE
 

The best result (solution A in table 3) was obtained with the hybrid method using ICRS in the first 
stage and gEST in the second one, after a total computational time of 1503 seconds. The second best 
method was the hybrid method with DE in the first stage (convergence curve shown in figure 1) and 
gEST in the second one, which converged to a very close value of the objective function J but with 
larger computational time (6635 seconds). 

Figures 2 and 3 show a comparison between the predicted and pseudo-experimental data for the best 
decision vector (solution A in Table 3, found with the hybrid method ICRS + gEST) of the temperature 
of the slab (Tdb) and the average moisture content (mavg). The parameters estimated in the 
optimization problem allow to reproduce, nearly exactly, the experimental data. There is an excellent 
correlation between the data and the estimations. 

0 1000 2000 3000 4000 5000 6000 7000

40

50

60

70

80

90

100

Ts
 (º

C
)

time (s)

Tdb= 55 

Tdb= 65 

Tdb= 75 

Tdb= 85 

Tdb= 100 

0 1000 2000 3000 4000 5000 6000 7000
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

m
av

g

time (s)

Tdb= 100

Tdb= 85
Tdb= 75
Tdb= 65
Tdb= 55

Figure 2.- Ts theoretical (continuous line) and 
experimental (marker) for the 5 experiments 

Figure 3.- Average moisture content theoretical 
(continuous line) and experimental (marker) for the 

5 experiments 

CONCLUSIONS 
Traditional (gradient-based) methods for data fitting in nonlinear dynamic systems can suffer from 
slow and/or local convergence, among other problems. However, this is frequently ignored, potentially 
leading to wrong conclusions about e.g. the validity of a model regarding a certain data set. In order to 
surmount these difficulties, we have presented alternative methods based on global optimisation. 
Their capabilities are illustrated considering a drying case study, where the inverse problem is solved 
almost exactly by the suggested approaches. Moreover, these techniques helped to reveal 
identifiability problems in the model which have not been reported previously. 
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Abstract: This paper aims to design a control system for a drying process. Firstly, a 
process model was developed through a system identification procedure. Then two 
feedback controllers including a PID controller and a nonlinear model-based GMC 
controller were designed. The control systems were tested successfully through 
simulations. Performance of the controllers was evaluated which demonstrated that 
GMC was more effective. 
 
Keywords: process modelling, process identification, drying, process control, generic 
model control. 
 
1. Introduction 
 
Process modelling can be carried out at different levels, with different accuracies, and 
for different objectives. Modelling for control purpose often requires a model that 
captures the major dynamics of the controlled variables to the manipulated variables 
and important disturbances. Being an import food processing method, drying has 
been studied extensively [1], and various models and modelling approaches have 
been developed to describe the heat and mass transfer mechanisms and dynamics 
inside a food during drying [2,3].  

 
In this study, we took a different approach that focuses on the system rather than the 
food material in a pilot-scale drying process. It aimed to create a model capable of 
predicting the relationship between the various process variables confined in the 
drying chamber, so that a controller can be designed to improve the drying process 
and the quality of a dehydrated product.  Two control strategies, PID control and 
generic model control (GMC), were applied. GMC is an advanced nonlinear model-
based control strategy, while PID is classic and easy to implement. Results obtained 
from these two designs were analysed and compared. 
 
2. Materials and methods 
 
Fresh shitake mushrooms (Lentinus edodes) were purchased from a local market. 
The initial moisture content of the mushroom was determined by the oven method at 
100oC. It varied from 85.95% to 86.63%. The whole mushroom was fed into the 
drying system without further preparation. The drying system used in this study was a 
DS-1000 by e-LaB Pte Ltd, Singapore. It was a pilot-scale batch dryer, comprising a 
hot-air convection chamber, an air pump (blower), a heater and an online data 
acquisition system.  

 
To develop a high quality process model, 27 sets of experimental runs were 
designed. The varying factors include sample weight (W), heater setpoint (Ts) and 
blower speed (BS, the fan regulator settings). Each of them was held at three 
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different levels. To evaluate the quality of the model to be developed, seven 
additional runs with different Ts were also carried out to produce the validation data 
sets. Details of the experimental methods can be found in [4]. 
 
Process model was developed by establishing mass and energy balances at two 
different levels: mushroom and drying air. Two controllers were then designed based 
on the model. Process modelling, controller design and closed-loop system 
simulations were all conducted using Matlab. 

 
3. Results and discussion 
 
3.1. Process modelling 

 
A dynamic model was developed for the drying process to account for the influence 
on the drying chamber temperature from the inlet hot air temperature, airflow velocity, 
sample weight, as well as heat loss to the environment. The model was obtained by 
combining the mass and energy balance equations for mushroom and drying air. 
 
The developed dynamic model was then discretised and the resulted discrete time 
model was reasonably easy to handle. Model parameters were estimated by 
nonlinear regression based on the experiment datasets. The model performance was 
evaluated by calculating the mean square error (MSE) between the experimental 
values and the modelled values for all seven verification data sets. As shown in Table 
1, the MSE values are very small, indicating the high quality of the model developed. 
Figure 1 shows the result for one of the data sets.  

 
Table 1. MSE values for the verification data sets 

No Blower 
Speed 

Heater Set 
point (oC) 

Weight of 
mushroom (g) 

Ta 
(oC) MSE 

1 7 70 151 36.5 0.00149 
2 5 50 86 37 0.00204 
3 10 50 121 35 0.00107 
4 4 70 163 48.5 0.00354 
5 4 30 166 29 0.000389 
6 3 100 167 77 0.0487 
7 4 65 174 63 0.465 
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3.2. Controller design 
 
The model developed was used for subsequent controller design. The drying 
chamber temperature T∞ was selected to be the controlled variable, because it is the 
major variable directly responsible for a stable drying condition therefore the quality of 
the final dried food product. Among several candidates for the manipulated variable, 
the inlet hot air temperature Ta was selected. Two feedback control systems including 
a generic model control (GMC) [5] and a PID control [6,7] were designed based on 
the model. A schematic diagram of the feedback control system structure is shown in 
Figure 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 2. Schematic diagram of the feedback control system 

 
The conventional PID controller is still the most popular controller used in industry 
due to its simplicity and easy implementability. The control law in time domain can be 
described by:  

dt
de(t)Ke(t)dtKe(t)K∆u(t) DIP +∫+=       (1) 

 
where u(t) is manipulated variable, e(t) = y*(t) – y(t), y*(t) is the setpoint for controlled 
variable, y(t) is controlled variable. KP, KI and KD are controller parameters for the 
proportional, integral and derivative modes respectively. 
 
GMC on the other hand, is a model-based control strategy where a nonlinear process 
model is directly imbedded in the final control algorithm. The basic concept of GMC is 
to find the values of the manipulated variable that will force the controlled variable to 
follow a desired, pre-defined trajectory. One such trajectory r(y) can be conveniently 
defined by:  

∫ −+−= t
0

*
2

*
1

* y)dt(yKy)(yK)y(:r(y) &      (2) 
 

where *)y( &  is the desirable rate of change of the controlled variable y(t). K1 and K2 are 
controller parameters that have direct effects on the shape and speed of the 
trajectory. Equating (2) to a process model and solving for u(t) yields the 
corresponding control law. 
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3.3. Performance evaluation of the controllers 
 
The controllers were tested through simulations. The closed-loop responses of the 
controlled variable in four data sets are shown in Figure 3. The setpoint Ts for the 
controlled variable was 80oC and the sampling time interval was 300 s. 

 
With the PID controller, for all data sets, T∞ overshoot to a temperature higher than 
Ts, before it stabilized to Ts. This overshoot is acceptable in most runs with its 
maximum T∞ value being less than 90oC. Due to the integral action of the controller, 
the overshoot was quickly reduced and the controlled variable was driven back to the 
setpoint. Generally, the control system took one-third of the total drying time to 
stabilize T∞ into the range of ±1oC of the setpoint.  
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Figure 3. Closed-loop response of T∞ for different data sets 
 

It is evident from Figure 3 that GMC performed differently from PID. The temperature 
initially had a smooth rise until it reached Ts and then stabilized. The system took an 
average of 1.5 hr (6% of the total simulated drying time) to stabilize within Ts±1oC. 
Unlike PID, GMC produced the desired shape of the closed-loop response. It did not 
significantly overshoot to temperatures higher than Ts. 
 
Performance comparison between the PID controller and the GMC controller were 
also carried out by evaluating the ITAE values of the closed-loop responses, as 
shown in Table 2. Results in this table clearly demonstrate the superior performance 
of GMC. With a model-based control action that could also compensate measurable 
disturbances, GMC reduced the ITAE values for all drying conditions by 70+% over 
PID. For half of the drying conditions, the reduction was 85+%. 
 
The high ITAE values by the PID controller were due to the limited capacity of the 
controller to stabilize T∞ to Ts. Besides the large overshoot, it was also observed that 
the final T∞ by PID lay within the range of 80.1oC to 80.2oC. These errors, although 
being small, lasted for long time towards the end of the drying process, and were 
penalized by the ITAE criterion. 
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Table 2.  ITAE values for GMC and PID 
Drying Condition GMC PID 

B10H50-120 12.8 118.8 
B9H40-100 8.2 46.8 
B9H60-138 8.3 29.0 
B9H80-100 8.3 38.7 
B6H80-100 8.9 40.9 
B5H50-50 16.0 124.4 

B4H70-200 42.9 338.3 
B3H80-138 47.7 404.3 

  
It was found that the ITAE value increased when the blower speed decreased. For 
runs with low air velocity (B5H50-50, B4H70-200 and B3H80-138), the ITAE values 
for both GMC and PID were much higher than those for other runs with higher blower 
speed. The closed-loop response for B3H80-138 in Figure 3 revealed the limitation of 
the controllers at low blower speed. With the PID controller, T∞ never settled to Ts, 
even at the end of the drying process. With the GMC controller, T∞ also took longer 
time to reach Ts, compared to other conditions at high blower speed. 
 
Figure 4 shows the manipulated variable Ta of the closed-loop system for some data 
sets. The controllers determined the level of Ta needed to be input to the process. For 
both controllers, there were rapid rises in Ta during the initial drying process. To 
effectively increase T∞ to its setpoint, there was a need to supply more heat by 
increasing the temperature of the inlet air. The upper limit of the inlet air temperature 
was set at 150oC, considering otherwise a possible product damage brought by the 
hot inlet air. Ta decreased once the chamber temperature approached the desired 
setpoint. The control action varied according to the corresponding control law and 
eventually stabilized the system. 
 
Despite their poor performance at low blower speed, the two control systems 
developed will be very useful as most industrial drying processes operate at high air 
velocity (≥1.50 m/s). Overall, both controllers fulfilled all of the design criteria, with 
GMC performed much better. 
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Figure 4. Manipulated variable (Ta) response for different data sets 
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4. Conclusion 
 
A process model has been developed successfully for the batch hot-air dryer. This 
model provided the basis for controller design. The high quality model leads to the 
successful implementation of a GMC controller, which is highly model based. 
Through various assessments, GMC was proven to be more effective than PID 
control. The controllers performed well to control the drying process under most 
drying conditions, except those with very low air velocity. However, this is not a major 
concern as most industrial drying processes operate at a relatively high air velocity. 

 
One strategy to improve the control performance under low air velocity could be to 
generate two sets of tuning parameters, for high air velocity condition and low air 
velocity condition respectively. An alternative manipulated variable to replace the 
current one (Ta) might also be considered. 
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Abstract 

Time Temperature Indicators are a powerful technology to experimentally 
determine process values for thermally preserved foods.  Presented here are a 
series of case studies that extend their use to find a variety of important, process 
specific, information.  Indeed whole processes can be examined in this way and 
the impact of variable processing conditions determined at an industrial scale. 
 
Keywords: Time Temperature Integrators, Process, Safety, Investigation. 
 
Introduction 

Biochemical Time Temperature Integrators (TTIs) are now available in a 
variety of forms and can be used to validate the thermal treatments encountered 
in a variety of preservation processes (Van Loey et al., 1996,1997a,b,c; Tucker 
et al., 2002, 2003 and Tucker, 2001).  A recent paper by Cox et al. (2004) has 
shown the applicability of TTIs and concomitant mathematical modelling to 
validate pasteurisation processes using TTI measurements.  However, the 
flexibility of TTIs along with their small physical size and autonomous nature 
during the passage through processes make them ideal for investigations other 
than simple pasteurisation value determination. A number of potential 
applications for practical situations are discussed below and the proposed routes, 
using TTIs, to define a variety of processing parameters and variables are made.  
As the response of the TTIs is directly comparable to the commonly used 
calculation of integrated lethality (Ball 1923) they might also be used to divine 
some of the parameters inherent in the equation.  Equation 1 defines Balls 
equation and shows its direct equivalence to the process values generated by 
TTIs (Tucker 2001).  This directly comparable response of TTIs allows the TTI 
data to be used to deduce some of the parameters inherent in the equation for 
the improvement of process efficacy.   

( )

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
== ∫

−

final

initial
T

t
z

TtT

A
ADdtP

ref

log10
0

)(

    (1) 

where P is the integrated process value (minutes) T the temperature (oC) at any 
given time point t and Tref the reference temperature. 

Additionally, the use of well placed TTIs might also be exploited to 
examine process specific problems in equipment where the use of 
thermocouples or data loggers is difficult or impossible.  Indeed, in all of the case 
studies below it is assumed that the processes being examined all preclude other 
forms of in-product temperature measurement.  Finally, TTIs might be used to 
examine the efficacy of chillers/freezers in cooling products post pasteurisation 
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and identify possible hold ups in processing that might adversely affect product 
quality for the whole of the manufacturing process. 
 
Materials and methods 

The TTI particles used in all trials consisted of a bacterial α amylase 
encapsulated into small silicon tubes.  The amylase was a solution of 200 mg of 
Bacillus amyloliquifaciens α amylase (EC3.2.1.1. Type II-A, Sigma A6380) 
dissolved in 20 mL of 0.1 M Tris Buffer (pH 8.6 at 25 oC).  The TTI particles were 
prepared by sealing the ends of 10 mm lengths (2.0 mm bore 0.5 mm wall) 
silicone tubing with 2-3 mm of Sylagard 184 elastomer (Dow Corning Ltd), cured 
at 70 oC. 15 µL of the enzyme solution was placed into the tube and then 
plugged at the open end again with Sygard 184.  The second plug was cured by 
placing the tubes into 40 oC water which was then placed in a 40 oC oven for 2 
hours.  The tubes were then trimmed to 7-8 mm in length.  Amylase activity was 
assessed by withdrawing 10 µL of the α amylase through the plug with a 
hypodermic syringe and dissolving it in 290 µL of Tris buffer.  20µL of the 
buffered solution was added to 1 mL of Sigma amylase reagent (Sigma 
diagnostics, Cat. No. 577-20) at 30 oC.  For unheated controls the change in 
absorbance at 405 nm was recorded spectophotometrically at 1.5 and 2.0 
minutes.  For the heated test TTIs the activity was recorded at 3.0 and 4.5 
minutes.  Process values could then be calculated using Equation 1.  The 
finished tubes were mechanically very strong, the encapsulating materials 
chemically inert and small enough to be easily placed to and around test foods.  
Sylgard 184 also has a similar thermal diffusivity to many water containing food 
stuffs (Tucker et al., 2002). 

 
Case studies 
 
(i) Measuring the heat transfer coefficient to conduction cooked foods 

Equation 1, shown above, might be rearranged to Equation 2 and used to 
determine surface temperatures for products.   

refTztPT +∆−= ).log(log
        (2) 

In this new form of Ball’s equation the integrated temperature of exposure 
now becomes the subject.  However, all other values in the equation are known.  
i.e. the measure process value from the TTIs, the duration of the heat exposure, 
∆t, should be known from the process used, and Tref is defined by the TTI.  The 
environmental temperature used in Equations 3 & 4 below should also be 
measured routinely. In practical trials this method of temperature measurement 
gave estimations of surface temperatures to within three degrees of the value 
measure by a surface thermocouple, where a low heat transfer coefficient 
caused a large (>70oC) difference between the environment and product surface 
temperatures.  Figure 1 shows an ideal conduction cooked product placed into a 
continuous cooker where a restriction to the heat transfer coefficient is 
suspected. 
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In this situation the positions of the TTI can be used with Equations 3 and 
4 (see the figure) to identify the heat transfer coefficient and so improve process 
definition and practice.  Additionally, a similar process might be used to examine 
process specific variations during processing, for example the product load upon 
a belt affecting the heat transfer to individual products. 

TTIs 
Thermal 
boundary 
layer 

Food 

dx
dTq λ−=

)( ∞−
=

TTw
qh

(3) 

(4) 

 

 

 

 

 

 

Figure 1. A conduction cooked product in a continuous process. 
 
(ii) Internal thermal resistance of particulates 

During practical trials large particulates within a canned product presented 
significantly lower than expected process values.  Subsequent discussions 
centred upon whether the product was conduction limiting the heat transfer or a 
boundary condition existed.  Here, well placed TTIs could be used to identify the 
cause and offer solutions to remedy the situation.  Figure 2 shows such a product 
with a large single particulate surrounded by a fluid e.g. a sauce. 
 
 

(a) 

(c) 

(b) 

 
TTIs 
 
Can wall 
 
Particulate 
 
Fluid 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  A particulate containing canned product 
 

In such a case it is the similarities, or differences between the process 
values observed in the TTIs (a, b and c) which can define the mode of heat 
transfer to the particulate.  Assuming that a and b are in geometrically similar 
positions, and if a and b demonstrate similar values then no significant heat 
transfer resistance exists between the fluid and the particulate.  However, if a 
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and b are significantly different then some form of boundary to heat transfer 
exists.   

Additionally, if the values of b and c are considered in a context of the 
values seen between a and b then the effective heat transfer across the 
particulate might be estimated qualitatively (and if modelled quantitatively).  If b 
and c are and similar, and a and b are different then no resistance to thermal 
conduction exists within the particulate.  However if b and c are different whilst a 
and b are similar then it is the particulate that presents the greatest resistance to 
the passage of heat. 
 
(iii) Examination of the efficacy of chill / freeze processes 

This application might be a little esoteric but may have certain merit for 
identifying over and under processing at an industrial scale.  Typically, large 
products, e.g. sous vide packages, have a large heat capacity and once 
thermally processed (where process values can be determined by TTIs) will 
retain a certain amount of heat during cooling.  Here the effects can be two fold: 
firstly, the experimental TTIs values will be affected by the cooling rate and 
secondly, the process values for a product will also be affected i.e. too long at 
critical temperatures due to long standing times or efficient chilling.  In certain 
critical cases it may actually be the cooling rates which provide the opportunity 
for safe process values to accumulate and to exceed pre-desired values; and not 
the accumulation of heat during processing.  Therefore the appearance of safe 
processing values may be a function of the position of the package during 
inefficient heating and cooling processing steps providing a lag in the thermal 
removal.  For example, the common use of water bath immersion for both 
processes and where the product load is high the thermal penetration or removal 
might be limited in some instances. 

Therefore, to divorce one effect from another and to develop a tool to 
examine chill freeze processing variables, consideration of process in the heated 
products at the end of the process needs to be made.  Typically, this might be 
done by using a large sample of TTI containing processed packages, that should 
be extracted post heating and rapidly chilled to quench the TTI reaction, and a 
comparison made to the packages that have undergone the traditional chilling 
method.  It would be important to chill the pre-cooled samples as quickly as 
possible so that the TTI data was representative of the thermal process alone i.e. 
using a system which would have the greatest temperature difference possible, 
perhaps liquid nitrogen. Comparison of the two TTI populations would then 
illustrate the effectiveness of the chill freeze cycle and the thermal carry over 
from one process step to another. This is shown schematically in Figure 3. 

In the experiment shown in Figure 3, if the mean values from the TTIs in 
sample 1 are similar to sample 2 then the chilling process is efficient in removing 
heat from the processed product and the thermal design applied to the process is 
correct in achieving the desired level of pasteurisation.   
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Figure 3. Schematic representation of sampling of the cook chill experiment 
 

However, if the values between samples are significantly different i.e. 
sample 2 is much higher than sample 1, then these values would indicate that 
the chilling process is inefficient and process values accumulation, and so quality 
deterioration, continues post heating.  Here the requirements of the thermal 
design have not been met and so the full treatment has not been applied during 
the thermal cycle and opens the system up to process failure. For example 
should the operating conditions change, e.g. the temperature of the cooling bath 
or a more rapid entry to the chiller, then the residual heat (which completes the 
pasteurisation) is removed more quickly and the desired process value for the 
product might not be met. 
 
Discussion 
 The case studies above are intended to show a range of applications to 
which TTIs can be put beyond measuring the process values at the centre (or 
cold spot) within products.  The case studies above are by no means exhaustive 
of the list of applications to which TTI s might be applied.  The case studies do 
illustrate a range of potentially powerful applications with which to examine the 
processing received by individual products and, possibly more importantly, whole 
processes.  Indeed if used in combination the techniques, particularly case study 
3, above can be applied to the whole of a manufacturing process.  Figure 4 
shows the whole of a hypothetical manufacturing process and the proposed 
sampling points for TTIs.  In this case the variations in mean process values will 
show areas of thermal impact and possible lags in the process where product is 
detrimentally held at temperature between operations. 

In Figure 4 at each of the TTI sampling points, indicated by the stars, 
comparisons between the mean process values for TTIs could be made.  
Between processes such as formulation or heat treatment differences between 
pre and post TTI values would be expected.  However, differences in the mean 
values before and after the conveyer steps would indicate hold ups in the 
processing route, as described in case study 3, and measures could be taken to 
alleviate this.  Similarly, sampling from the final two positions would show the 
total thermal impact upon the product and therefore its quality. 
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The use of TTIs is strongly advocated for the solving of process specific 
problems and for the examination of the total impact of thermal treatment upon 
final product safety and quality. 

    
Formulation Conveyer Shape Conveyer  

   
Chill Conveyer Heat Treat

  
Conveyer  Pack 

Indicates a TTI 
sampling point 

 
Figure 4.  A hypothetical manufacturing process 
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ABSTRACT 
 

A computer vision system was developed to identify the ripening stages of bananas. Nine simple 
features of appearance: L*a*b* values, brown area percentage, number of brown spots/cm2, and 
homogeneity, contrast, correlation and entropy of image texture were extracted from images of 
bananas for classification purposes. Results show that in spite of variations in data a simple 
classification technique is as good to identify the ripening stages of bananas as professional visual 
perception with an accuracy of 98%. 
 
Key Words: Computer vision, ripening of bananas, color, appearance, classification  
 
INTRODUCTION 
 
The peel color of bananas is considered as the first quality parameter evaluated by consumers, and it 
is associated with specific tastes or uses that can determine their acceptance or rejection. In fact, peel 
color correlates well with physical and chemical changes that take place during the ripening of 
bananas, including pulp color, pH, conversion of starch into sugar and development of flavor (1, 2).  
 
In the trade seven ripening stages of bananas are generally recognized: Stage 1: green; Stage 2: 
green, traces of yellow; Stage 3: more green than yellow; Stage 4: more yellow than green; Stage 5: 
green tip and yellow; Stage 6: all yellow, and Stage 7: yellow, flecked with brown (3). The 
disappearance of the green color and the corresponding yellowing of the peel are associated with the 
synthesis of pigments (such as carotenoids) and breakdown of the green pigment chlorophyll (4). 
 
Ripeness is currently assessed visually by comparing the color of the peel to standardized color charts 
that describe the seven ripening stages (3) and sometimes, by instrumental techniques (4). Human 
visual inspection is a highly subjective, tedious, time-consuming and labor-intensive process (5, 6). By 
contrast, instrumental techniques (i.e., colorimeters) allow accurate and reproducible measurements 
of the colors not influenced by the observer or surroundings. Their main disadvantages are that the 
surface color must be quite uniform (7) and that many locations on the sample must be measured to 
obtain a representative color profile (8). In addition, in the case of bananas these techniques are 
usually destructive requiring the removal and flattening of the peel for the measurement. 
 
An interesting alternative is computerized image analysis techniques (also known as computer vision 
systems), which overcome the deficiencies of visual and instrumental techniques and offer an 
objective measure for color and other physical factors (9). Basically the system consists of standard 
illuminants, a digital or video camera for image acquisition and a computer software for image analysis 
(8, 10). Some recent applications in foods include variety classification and quality evaluation of 
various materials such as fruits (5, 11), seeds (12), Cheddar cheese (13), meat (8), and pizza (14, 15). 
 
The objectives of this study were: (i) To implement a standardized computer vision system to 
characterize quantitatively color changes during ripening of bananas, and to identify features of 
interest which can be related with the later ripening stages such as development of brown spots and 
textural features of the images, and; (ii) To analyze the features extracted from images for their 
discriminatory power and to develop a statistical model to identify the seven ripening stages of 
bananas from samples previously classified by expert visual inspection.  

mailto:fmendoza@ing.puc.cl
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MATERIALS & METHODS 
 
Samples 
 
Good-quality bananas (Musa cavendish) of Ecuadorian origin were obtained from a commercial 
distributor in Chile. In a first experiment, six hands at the ripening stage 1 (green) were stored at room 
temperature (18±1º C) and 90±5% HR until used. Bananas were taken randomly from each hand and 
their color changes and development of brown spots were measured daily during 12 days. In a second 
experiment, 49 bananas from a single batch and stored similarly were visually selected by qualified-
workers of the banana industry according to the seven ripening stages (7 samples per stage). 
 
Computer vision system (CVS) 
 
The CVS consisted of the following elements: 
(i) Lighting system. For image acquisition samples were illuminated using four fluorescent lamps 
(Philips, TL-D Deluxe, Natural Daylight, 18W/965) with a color temperature of 6500 K and a color-
rendering index (Ra) close to 95%. The four lamps (60 cm long) were arranged as a square, 35 cm 
above the sample and at an angle of 45º with the sample. Additionally, light diffusers covering each 
fluorescent lamp and electronic ballast assured a uniform illumination system. 
(ii) Digital camera and image acquisition. A Color Digital Camera (CDC), model Coolpix 995 (Nikon, 
USA) was located vertically over the sample at a distance of 22 cm. Sample illuminators and the CDC 
were placed inside a wooden box whose internal walls were painted black to avoid the external light 
and reflections. Images from one side of the bananas were taken on a matte black background using 
the maximum resolution of the CDC (2048 x 1536 pixels) and storage in JPEG format. The camera 
was connected to the serial port of a PC to acquire the images directly from the computer. 
(iii) Image processing. All the image processing algorithms for segmentation of the banana, color 
analysis, brown spot quantification and image texture analysis were written in MATLAB 6.5 (The 
MathWorks, Inc., USA).  
 
Color analysis 
 
Typically, the RGB signals generated by a CDC are device-dependent and not identical to the RGB 
intensities of the CIE system. Therefore, for ensure the correct color reproduction according to the 
International Telecommunication Union (ITU-Rec. 709) a linear transform that defines a mapping 
between RGB signals from CDC and a device-independent such as CIEXYZ was previously 
determined. After segmentation of the image, the calibrated color data in CIEXYZ were converted to 
CIELAB or L*a*b* color space. L* is the lightness component which range from 0 (black) to 100 
(white), and parameters a* (from greenness to redness), and b* (blueness to yellowness) are the two 
chromatic components, which ranges from –120 to +120. The average value of the segmented pixels 
for each color band (L*, a*, b*) was registered as the color of the banana.  
 
Brown spot analysis 
 
Development of brown spots on the peel of bananas was evaluated from binarized images and 
quantified by two indexes: brown spots as a percentage of the total area (%BSA) and number of 
brown spots/cm2 of surface (NBS/cm2). Brown spots were identified from the a* color band of the 
L*a*b* space, since this color band best represented the appearance and development of brown spots 
during ripening. Images were binarized using a threshold of 130 (for a* values ranging from 0 to 255), 
that is to say, pixels with values higher than 130 belonged to brown spots on the banana peel. For 
analysis, only spots with a diameter higher than 5 pixels (or 0.05 cm) were considered.  
 
Image texture analysis 
 
Image texture was analyzed studying the spatial dependence of pixel values represented by a co-
ocurrence matrix. For a given directional orientation and distance of the patterns, 14 textural features 
can be extracted from a grayscale image using this matrix (16). Only four textural features, 
homogeneity, contrast, correlation and entropy, were extracted from images, others considered 
redundant for the purpose of this study. The segmented images were converted to grayscale and 
analyzed using the average of four directions, θ = 0, 45, 90, 135º and distance, d = 1. 
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Chemical analysis 
 
The 49 bananas coming of the second experiment (7 per stage of maturity) were disintegrated in a 
blender and the pH was measured using a digital pH meter E200 (Hanna Instruments Inc., Portugal). 
The content of total soluble solids was determined in duplicate (20ºC) using a digital refractometer 
model ABBE NAR-3T (Atago CO., Ltd., Japan) from a dilution of the blended banana puree. Averages 
were correlated with parameters extracted from the banana images. 
 
Classification  
 
Classification is the process of reducing images to usable information. To choose the best subset of 
features, nine parameters (L*, a*, b* bands, %BSA, NBS/cm2, homogeneity, contrast, correlation and 
entropy) were evaluated with three simple feature selection methods proposed in the literature (17). 
The first uses the best individual features determined from a previous correlation analysis with 
chemical parameters and the visually assessed stage of ripening. The second, using Sequential 
Forward Selection (SFS), consists of selecting the best single feature and then adding one extra 
feature at a time which in combination with the selected features maximizes the classification 
performance (17). Finally, the performance of all possible subsets, with more than three features from 
those previously selected by SFS, was compared. Discriminant analysis (implemented in Statgraphics 
Plus V5.1 for Windows software) was used as selection criterion.  
 
RESULTS & DISCUSSION 
 
Color changes using CVS 
 
Figure 1 shows the L* a* b* color space when random samples were taken from six different hands of 
bananas during ripening. The storage or ripening time (days) had a significant effect on color data and 
in their variation (P<0.05) as would be expected. Data shows that major color changes in L*, a* and b* 
occurred in the first four days and in the last day of storage. Between the fifth and eleventh day of 
storage color changes were clustered in a small region of the color space without noticeable 
differences among samples probably due to the increased variability in the color of samples. Contrary 
to L* and b* values, a* values increase during most of the storage period (increase in redness), as a 
result of the breakdown of chlorophyll and loss of green color of the peel. These results are similar to 
those previously reported by Ward and Nussinovitch (1), who studied color changes of bananas at 
different stages of ripening using a colorimeter.  
 
Variability in ripening rates among lots is commonly observed by commercial banana ripeners (18). In 
this case, an important variability among samples of the same lot and even from a single hand of 
bananas was observed. Several factors can contribute to this variability in color such as growth 
conditions, maturity at harvest, post-harvest handling and environmental conditions during storage (4). 

 
Fig. 1- L*a*b* colour space of six hands of bananas during ripening measured by CVS 
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Development of brown spots 
 
Preliminary tests were performed to calibrate the performance of the selected parameters (i.e., a* 
band and threshold of 130) in the identification and quantification of brown spots from images. Figure 
2 shows selected images of one banana from stage 3 to the over ripe stage, as well as color changes 
and development of spots expressed as %BSA and NBS/cm2. 

 
Fig. 2-  Color changes and development of brown spots in a same banana to18°C and 90% HR. 

 
Figure 3 shows changes in brown spots during ripening of six hands of bananas taken randomly. 
Steady increase in %BSA was observed after the sixth day of storage (Fig. 3A) resulting in final values 
between 20 and 50% of dark area. The NBS/cm2 showed a continuous increase from day 3 until the 
ninth or tenth day of storage where it reached a peak value, to decrease later to final values between 
6 and 19 brown spots/cm2 (Fig. 3B). The late decrease in NBS/cm2 was due to fusion of spots and the 
concomitant enlargement of their size. These results suggest that the quantification of brown spots 
using any of the two parameters proposed here (%BSA or NBS/cm2) may be used to discriminate 
between intermediate stages of ripening.   
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Fig. 3- Development of brown spots as: (A) brown area percentage, (B) number of brown spots/cm2

 
Bananas by ripening stages 
 
In a second experiment, 49 bananas previously classified visually into ripening stages, were evaluated 
by image acquisition and image analysis. Table 1 shows the correlation coefficients between the nine 
parameters extracted from the segmented images and the chemical parameters (ºBrix and pH) of the 
pulp. Results suggest that parameters a*, %BSA, NBS/cm2, and contrast better depicted the 
appearance characteristics as an indicator of banana ripeness and the agreement with the visual 
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assessment. Values of a* showed higher correlation coefficients which were highly significant (P<0.01) 
in all cases. Similarly, the visually assessed stage of ripening presented a high correlation (P<0.01) 
with the four parameters previously mentioned.  
 
Table 1- Correlation coefficients between nine features extracted of the peel versus chemical 
parameters and visual assessed stage of ripening 
 

 
L* a* b* % BSA NBS/cm2 Homo-

geneity 
Contrast Correla-

tion 
Entropy 

 
ºBrix 
 
 pH  
 

Stages 

 
0.327 

 
0.487 

 
0.212 

 
0.984** 

 
0.925** 

 
0.953** 

 
0.572 

 
 0.719* 

 
0.410 

 
0.645* 

 
0.486 

 
  0.773** 

 
 0.780** 

 
0.620* 

 
 0.880** 

 
0.216 

 
0.114 

 
0.314 

 
 0.815** 

 
 0.721* 

 
 0.832** 

 
0.543 

 
0.530 

 
0.548 

 
0.446 

 
0.294 

 
0.593 

 
* denotes significance (P <0.05);  ** denotes significance (P <0.01). 
 
Classification 
 
Features extracted from images were neither independent nor equally useful. Table 2 summarizes the 
classification performance using three different methods to select features and the use of discriminant 
analysis as the selection criterion. Selecting L*, a*, b*, %BSA and contrast permitted the correct 
classification of the 49 samples in different ripening stages with an accuracy of 98%. The performance 
of the other two selection methods confirmed the importance of color parameters L*, a* and b* and of 
%BSA to discriminate the ripening stages of bananas. Choosing the best individual features which 
involved a*, %BSA, NBS/cm2 and contrast was less correct (91.8%) than using the combinations of L*, 
a* and b* or L*, a*, b* and contrast (both with 95.5%). Also, the combinations L*, b* and %BSA or a*, 
b* and %BSA permitted a correct classification of the samples of 95.9%. Consequently, the 
combination of the four parameters L*, a*, b* and %BSA showed the highest performance providing 
98% accuracy in the classification, which is similar to that provided by the SFS method which 
additionally involves the contrast parameter. 
 
Table 2- Performance of classification using three different methods to select features 
 
Selection Method 

 
       Features 

 
Performance (%) 

 
Best individual features 

 
a*, %BSA, NBS/cm2, Contrast  

 
91.8 

 
Sequential Forward Selection (SFS) 

 
L*, a*, b*, %BSA, Contrast 

 
98.0 

 
Exhaustive search 

 
L*, a*, b* 
L*, a*, %BSA 
L*, a*, Contrast 
L*, b*, %BSA 
L*, b*, Contrast 
L*, %BSA, Contrast 
a*, b*, %BSA 
a*, b*, Contrast 
a*, %BSA, Contrast 
b*, %BSA, Contrast 
L*, a*, b*, %BSA 
L*, a*, b*, Contrast 
L*, a*, %BSA, Contrast 
L*, b*, %BSA, Contrast 
a*, b*, %BSA, Contrast 

 
95.9 
87.8 
89.8 
95.9 
85.7 
81.6 
95.9 
93.9 
85.7 
81.6 
98.0 
95.9 
87.8 
93.9 
93.9 

 
 
In spite of that we seek the particular set of features that maximizes overall classifier performance and 
with smaller number of features, Fig. 4 shows, the discriminant analysis to classify bananas by 
ripening stages using the SFS method and five selected features: L*, a*, b*,  %BSA and contrast. The 
proposed discriminant functions permitted the correct prediction of the ripening stages of good quality 
bananas at the 95% confidence level. However, they did not distinguish perfectly between stages 4 
and 5 due to the high variability of the color data and %BSA in the samples at these stages. Workers 
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of the banana industry, who frequently carry out the classification task by visual inspection, coincided 
to indicate that these stages are the most difficult to discriminate. Therefore, computer vision system 
technique can simulated the human quality classification by discriminant functions based on simple 
features of appearance in the peel of bananas. 

 
Fig. 4- Discriminant functions used for classification of bananas 
Function 1 = -a* - 0.65 b* + 0.09 L* + 0.08 %BSA + 0.15 Contrast 
Function 2 = -0.07 a* - 1.35 b* + 0.82 L* + 0.72 %BSA + 0.48 Contrast 

 
CONCLUSIONS 
 
In spite of the inherent variability of banana samples the proposed computer vision technique has 
great potential to differentiate among ripening stages of bananas using simple features (L*, a*, b* 
bands, %BSA and contrast) extracted from the appearance of the peel. Using a simple discriminant 
analysis technique as classification criterion it was possible to identify 49 bananas in their seven 
ripening stages with an accuracy of 98%. This approach is more versatile, consistent, efficient, and 
economical for the identification of ripening stages of bananas in comparison to current techniques 
(e.g., color charts and colorimeters). Also, it permits identification and quantification of appearance 
features and defects without destroying the sample due to the capability to examine curved surfaces. 
Computer vision shows promise for on-line prediction of ripening stages of bananas. 
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Abstract

This paper introduces a new method for automatic grading of ready meals using machine vision.
The different components of a meal are segmented and features are extracted. A self-organising
feature map (SOFM) is then trained using examples of meals graded as “approved” by sensory
experts. The trained SOFM is then used to discriminate invalid meals from valid ones, by considering
the similarity between the test samples and the acquired sensory model as a measure of food quality.

Key words: ready meal, vision system, neural network, image analysis, sensory values

1. Introduction

Industrially prepared ready meals are a growing market in Europe. One of the challenges for the
industry is to make the production more automatic and flexible, ideally by use of autonomous robotic
systems. However, as yet, there is no automatic system to identify, classify or grade the components
of a meal or a complete meal in the same way as a human being, using his/her senses.

In the food industry, discrimination between valid and invalid products is done routinely, and is
traditionally performed by human vision. To meet the increased demands for consistency and speed,
machine vision systems (also called computer vision) have become popular [1]. With a machine vision
system, different visible attributes can be measured such as shape, size and colour. The attributes
can then be used for a quality-based classification [2]. There is a series of necessary steps before the
classification can be done. The most common steps are; image acquisition, pre-processing, feature
selection and feature extraction. These steps have been used in work in this area on grading and/or
inspection of pistachio nuts [3] [4], beef [5] [6], pork [7], lentils [8], poultry carcasses [9] and fruits [10].
The image acquisition is done either by using a video camera and a frame-grabber card, or by using a
digital camera, but the result is the same; a digital image of the product to investigate. The selection of
features depends on the specific properties of the product, but the most common ones used in [3-10]
are features describing size, shape, and colour. Different kinds of approaches for classification were
presented in [11], which also concludes that the use of neural network classifiers is growing. A
collection of neural networks were evaluated for classification of cereal grain in [12].

The aim of this work was to automatically grade the quality of individual components of a meal on
a plate from digital images. Our approach is based on a technique known as “novelty detection”, which
is concerned with recognising inputs that differ in some way from those that are normally seen [13].
This technique has proved useful in related classification applications, such as medical diagnosis or
machine fault detection, where an important class of data (the disease that should be diagnosed or the
fault that should be detected) is under-represented in the training set. In general, novelty detection
systems are trained using only examples of the “normal” data, then the trained system is used to
highlight significant variations or anomalies in the input stream, i.e., data samples that probably do not
meet the required specifications.

The work presented in this paper focuses specifically on the evaluation of one meal component (a
fish burger) in a meal consisting of fish burger, peas, mashed potatoes and melted butter. After
segmentation of the meal components, various features concerning the properties of the burger (e.g.,
size, shape, colour, etc.) were extracted. The novelty detection system used was based on a neural
network known as the self-organising feature map (SOFM) [14]. The network was trained using only
images graded as “approved” by human sensory experts. During testing, the similarity (“novelty”) of
the tested meals compared to the acquired neural network model could then be used as a measure of
food quality, i.e., based on the assumption that acceptable meals should be more similar to those
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used for training. The results presented show that the method is able to reliably detect those meals
that do not meet the required sensory specifications.

2. Image Acquisition and Pre-processing

Images were collected by taking photographs of 36 meals with a hand-held digital colour camera
with automatic flash. The prototype meal consisted of a white plate, placed on a yellow tray, with
mashed potatoes, green peas, a fish burger and melted butter (see Fig. 2). The resolution of the
images was 1280x960 pixels with a pixel value range of 0-255 (8-bit) in each colour channel. The
colour representation used was RGB (red, green, blue).

In this application, the information needed for the experiments was the meal on the plate. The
images were cut down manually, to a size of about 500x500 pixels, using ordinary image tools to
remove the unwanted information (see Fig. 1).

The automatic flash caused some reflections in the images, mainly on the plate and on the fish
burger covered by melted butter. The reflections are indicated by pixels with values close to the
maximum value in R, G and B. As the plates used were white, we manually examined some of the
images to find out the typical range of RGB values for the areas corresponding to the plate. It was
found that the R, G and B values for the plate areas were at most 170. The pixel-value ranges in all
images was therefore chosen to be [0-170], with values above 170 set to 170, and then the images
were re-normalised by multiplying the images with a constant to obtain the original range of [0-255].
This made the reflections appear as compressed compared to the rest of the image (see Fig. 1)

Fig. 1. The image in after re-cutting
and removal of reflections.

Fig. 2. An image of the three new
complementary layers calculated from

Fig. 1.

To obtain further contextual information about the meal components, three new layers, R´, G´, B´,
were added as complement to the RGB layers. The new layers contained information concerning each
pixel’s neighbourhood. A new pixel value was calculated by checking how many pixels in the 9x9
neighbourhood that had a similar value compared to the centre pixel, by calculating the difference and
then using a fixed threshold of 5 to determine whether or not the two pixels are considered to be
similar. This meant that with small differences, e.g., on the plate, the R´, G´ and B´ pixel values
became high, but with large differences, e.g., on the fish burger, they became low (see Fig. 2) The
calculations were made by stepping through each pixel in the image to calculate the corresponding R’,
G’, B’ values. The new values were calculated as:
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Since the range of values in the three new layers was smaller than in the other layers (0-81,
compared to 0-255), the three new layers were multiplied by a constant (k= 255/81) to obtain the same
range of values. This algorithm has similarities with the SUSAN algorithm described in [15], with the
difference that a rectangular mask was used in this work.

3. Image Segmentation

To segment the individual meal components from the images, a Bayes classifier [16] was used. To
train the classifier, some sub-images were taken from a training image corresponding to the various
components; tray, plate, mashed potato, peas, fish-burger and melted butter. The mean values of
each sub-image RGB-layers and their co-variance were calculated. For classification of each image,
every pixel was presented to the trained classifier, in turn. The class that the classifier gave the
highest posterior probability was chosen to represent the pixel in a new grey-scale, one layer image,
where each colour represents a different class (see Fig. 3).

Fig. 3. One of the segmented images
produced with a Bayes classifier

Fig. 4. One of the images after binarisation,
morphological operations and mapping

back onto the original image

For a more precise extraction of each meal component, i.e., to remove noise, some morphological
image operations were then applied to each class. For each image, binary images of each component
were produced with the specific component pixels set to one and the rest to zero. Standard
morphological operations, fill, dilate and erode, were then used [17] to remove small regions of
wrongly classified components and to obtain a homogenous region. The original images were then
mapped onto the binary images to get images containing complete information about each component
(see Fig. 4).

4. Feature Extraction

A total of 18 features were selected in order to describe the sensory properties of the fish burger.
The features were selected in order to represent the fish burger’s size, shape, colour, structure, and
also whether there were peas lying on top of it (since this was seen as an indicator of poor quality by
the human sensory experts, see Figs. 5 & 6). The features extracted are described in Table 1.

Descriptor Feature Calculated by:
Size 1 Counting the number of non-black pixels
Peas on
top

2 Counting the number of pixels containing both fish burger and peas (see
Figs. 6 & 7).

Shape 3 – 6 Calculating the maximum, minimum, mean and standard deviation of
the burger radius (the edge pixels’ distances to the mid-point in the fish
burger).

Colour 7 – 12 Calculating the mean and standard deviation for the R, G and B layers
Extended
colour

13 – 18 Calculating the mean and standard deviation for the R’, G’ and B’
layers.

Table 1. The features and the way they are achieved
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Fig. 5. Image where peas can be seen
lying on top of the fish burger

Fig. 6. The identified peas (light grey),
fish-burger (dark grey) and area identified
as peas on top of the fish burger (white)

5. Evaluation of Meal Quality

In our experiments, the images of the meals were graded by two different methods: (1)
automatically, by using a self-organising feature map (SOFM) [14] to learn a model of “normal” meals,
and then detecting deviations from this learned model, and (2) manually, by human sensory experts.
In the results, we then compare these two different methods.

The self-organising feature map (SOFM) is an unsupervised neural network that can be used for
clustering sensor data. One self-organising map consists of a set of neurons or cluster units that are
arranged in a regular geometric pattern. Each unit j has a weight vector wj that acts as a prototype.
When a pattern vector x is presented to the network, the best matching cluster unit is determined
according to the smallest Euclidean distance between x and wj. During training, the weight vector of
the best matching unit is adapted to be more similar to the input vector. In addition, the weight vectors
for the geometric neighbours of the winning unit are also adapted by a smaller amount, with the result
that the network learns a topographic mapping from the input space onto the cluster space that
preserves the underlying distribution of the training data. In other words, similar input vectors are
mapped onto similar regions in the map of neurons. In all of our experiments, a SOFM was used with
a 2D grid structure containing 10 x 10 = 100 neurons.

To manually grade the quality of the fish burgers, the 36 photographs of the meals were presented
to two sensory experts at SIK Gothenburg in a randomised order. The experts graded them into two
classes; “approved” and “not approved”. The SOFM was then trained and tested using a “hold-one-
out” strategy, due to the relatively small amount of data available. In this approach, the images
corresponding to all but one of the “approved” fish burgers were used for training, and then the SOFM
was tested using the one held-out “approved” burger together with all of the “not approved” images.
This processed was then repeated 18 times, i.e., once for all 18 of the “approved” images, so that all
of the “approved” images were held out once during training and included once during testing.

6. Experimental Results

A. Distance = 12.28 B. Distance = 19.11 C. Distance = 104.50

Fig. 7. Four different samples of meals. Image A represents the “approved” one. B-D
the “not approved” ones judged by the sensory experts. B has the lowest distance of

the not approved ones, and C has the median distance.

As a result the distance error (i.e., the distance to the best matching unit in the SOFM) gave a
measurement of each fish burger’s novelty compared to the ones used for training. A big distance
equals a big novelty, which equals a big difference to the training samples. In Table 2 the results can
be seen, where columns two and three show the mean results of all the 18 tested SOFMs, i.e., one for
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each held out “approved” fish burger. Column two shows the mean and standard deviation for the
tested “approved” fish burgers, and column three, the same for the “not approved” fish burgers. The
fourth column shows the average rank of the “approved” fish burgers (out of 19). The worst rank, when
all features were included, was 3. The results from the tests, with all features included (row 1 of Table
2), shows that there is an extremely significant difference (P<0.0001 using Student’ t-test [18])
between the distance measurements for the two classes “approved” and “not approved”.

Holding out each group, one at a time, also tested the influence of the different feature groups on
the overall performance (see rows 2-6 of Table 2), and it was found that they all contributed to a better
performance. The individual contribution of each group was also examined (see rows 7-11 of Table 2).
It was found that the feature about whether or not there were peas on top of the fish burger
contributed the most, which it also did during the human evaluation. Tests were also done by
excluding single features, but there was no improvement in the SOFM’s performance.

Feature groups used Distance for
approved fish
burger

Distance for not
approved fish
burgers

Mean ranking for
approved fish
burger (out of 19)

All 13.75 ± 4.34 106.21 ± 56.95 1.28

Excluding area 13.43 ± 4.12 105.08 ± 59.11 1.50

Excluding pea information 13.67 ± 4.22 63.47 ± 51.70 1.83

Excluding shape 12.09 ± 4.43 67.85 ± 65.11 2.44

Excluding colour 9.41 ± 3.84 100.81 ± 60.87 1.83

Excluding extended colour 10.71 ± 3.37 102.77 ± 60.90 1.33

Area 0.25 ± 0.41 3.18 ±   5.61 6.89

Peas 0.50 ± 2.12 49.42 ± 73.15 1.61

Shape 2.32 ± 1.53 45.75 ± 57.20 5.17

Colour 6.22 ± 3.67 11.27 ±   8.58 5.50

Extended colour 4.21± 2.34 9.33 ±   9.79 6.11

Table 2. Results from the SOFM, tested with different feature groups.

7. Conclusions & Future Work

The conclusion from this work is that it is possible to identify and validate meal component, by
using a machine vision system, in a manner that is similar to human experts. One of the main reasons
that our system did not perform perfectly was the lack of data to train and test the system – the human
expert has several of years of training and testing of their skills. As future work, we would suggest to
use better photographs, to eliminate the need for re-cutting and removal of reflections. We would also
suggest that a bigger amount of pictures should be taken so that a better training and testing scheme
could be applied.

This system should also be suitable for use in factory production of ready meals. The suggestion
for an industrial implementation is to use a threshold value to discriminate the “approved” products
from the “not approved” products. In general, no system will be 100% perfect – there will always be
some errors (as in our experiments, where a perfect mean ranking of 1.0 for the “approved” burgers
was not achieved). However, by choosing a suitably low threshold, it should be possible to filter out all
of the “not approved” meals, provided that a few wrongly classified “approved” meals can be accepted.

Another improvement would be to use multiple sensors and/or different image acquisition
techniques. There are different kinds of electronic tongues and noses on the market today, and the
possibility to fuse them with a vision system could make the sensor system even more comparable to
human testers on sensory evaluations. The use of other image acquisition techniques could also
improve the results. There are different kinds of infrared and x-ray camera techniques used in other
applications, e.g., for pistachio nut classification [3] and human recognition [19], that could be suitable
for this kind of system.
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Abstract A system is being developed for predicting the meat yield in beef carcasses. The system is 
based on machine vision. Images of the carcasses are acquired on the dressing line. These images are 
used to measure the amount of muscle visible. There is upward of 230 weighing for each half carcasses 
during cutting. The data acquired showed that yield may not always be correlated to visual aspect, but can 
be predicted with a machine vision system. 
Keywords. Machine vision, beef yield, SEUROP scale 
 
Introduction 
In Europe farmers are paid using the SEUROP scale based on carcass weight compounded by 
conformation and fat cover grades. The conformation and fat grades are an attempt at evaluating the 
saleable meat in a carcass. This method has been very effective for uniformizing the payments to the 
farmers throughout Europe. However, there has been for a long time attempts at developing systems to 
evaluated the actual meat yield. Farmers and processors are equally interested in such systems to get to 
the actual value for the quality of the animals. Many countries have been developing their own system 
with the support of their respective Beef Councils: Germany (1), Australia (2), Canada (3), Denmark (4, 5, 
6, 7), France (8, 9, 10, 11). Such grading machines are installed in slaughterhouses to avoid a certain 
number of skews during the evaluation of the carcasses inherent to a human judge, and they should limit 
the number of conflicts between the stockbreeders and the slaughter-houses. The grading machines can 
be used to predict the actual quantity of meat within a carcass, and the distribution between the various 
muscular masses (neck, shoulder, forequarter flank, full loin and round). The estimated value of a carcass 
can be used to select the type of processing for each carcass: butcher shop, prepared pieces, prepared 
meals, ground meat. In France, cutting protocols are numerous and involve a considerable number of 
muscular parts. Thus, by taking account of these characteristics, a synthetic protocol of cutting was 
elaborated. The machine developed by the Normaclass company not only makes it possible to classify the 
carcasses of large bovines according to EUROP grading system but also to imagine the decomposition of 
the carcass in muscle, bone and fat. 
 
Materials and Methods 
Normaclass Machine 
For the yield estimation, measurements are made on the acquired images by the machine (12). The main 
principle is to extract a carcass features using adaptive thresholding and then divide the carcass into its 
main components. Figure 1 presents images of a carcass with grids applied to the image. These grids are 
adapted to each image as some of the measurements need to be independent of the carcass overall size. 
The shape and surface of the carcass in each grid element are then used to compute the approximated 
value of the main parts of the carcass. The system processes this information before giving an estimated 
yield for the carcass in a second step. An alternative use of the data is the prediction of the value of the 
back and the front of the carcass. The value ratio is used to direct the carcass towards the cutting room or 
the ground meat process. The accuracy of the prediction for each part is relatively low, but the overall 
yield estimation is enough to make good decision for the type of processing on a carcass. 
 
Cutting protocol 
The cutting protocol (Figure 2) includes several stages:   

• separation of the half-carcass in forequarter (5 ribs) and hindquarter (8 ribs)  
• separation of the forequarter in three sub-quarters:  neck + pony-bockrib, shoulder and 

forequarter flank,  
• separation of the hindquarter in two sub-quarters:  full loin and round  
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• deboning of each sub-quarter and separation in muscular parts  
• separation of each muscular part in muscle, fat, nervous fabrics and small meats  

 

  

  
 

Figure 1: Images of a carcass with the grid applied to measure surfaces and shape of parts 
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Figure 2. Cutting protocol. 
 
At the end of the protocol, starting from each half-carcass, a whole of 30 muscles is obtained and the 
muscles can be bagged under-vacuum and marketed. 
For the realization of the protocol, approximately 15 people are mobilized : 

• technicians ensuring the operations of cutting, deboning and separation of the muscular parts:   
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• technicians from OFIVAL who ensure the respect of the experimental protocol, identify if 
necessary the muscular parts being on the tables of cutting and gather the data: 

• warehousemen for the transport of the quarters, sub-quarters and muscular pieces. 
They used scales of various ranges : 3 kg with a precision of 1g ; 15 kg with a precision of 5 g ; 60 kg with 
a precision of 20g and 600 kg with a precision of 200g. They had also personalized sheets for the data 
acquisition. 
The protocol of cutting was drawn up so that with each stage the mass balance was satisfied : the sum of 
the masses of the pieces after the stage must be equal to the mass of the initial piece. However, tiny 
differences could exist insofar as: 

• it is often necessary to use scales of different range and different precision,  
• there were some losses of mass at each cut: blood, particles of meat, bone or fat.   

For each half-carcass, it is necessary to carry out 200 weightings (Table 1). In these conditions, it is 
possible to the intermediate masses of parts as well as the distribution in muscles, fat, nervous fabrics, 
non-marketable meats and bone for the half-carcass, the two quarters and the five sub-quarters. 
 

Table 1 : Number of weightings according to the sub-quarters 

 
 Muscular part 

 
Separation 

of piece Muscle Fat Nervous 
tissue 

Small 
meat 

Bone Total 

Half carcass 24      24 
Neck 5 3 3 3 3 2 19 
Shoulder 8 7 7 7 7 2 38 
Forequarter flank 8 6 6 6 6 4 36 
Full loin 15 7 7 7 7 1 44 
Round 9 7 7 7 7 3 40 
Total 69 30 30 30 30 12 201 

 
Calculation of the commercial value of a carcass 
The value of a carcass is calculated starting from a grid which depends at the same time on the category 
of the animal (young bull, steer, heifer or cow), of the season and the final retailer (butcher, 
supermarket...). Table 2 gives as an example the commercial value of some muscular parts (base 100 
corresponds to the fillet). 
 

Table 2 : Example of commercial value of some muscular part 
 

Piece Value Piece Value 
Fillet 100,0 Thin skirt 42,1 
Thick skirt 80,0 Strip loin 80,0 
Arm clod 39,0 Bone 0,1 
Neck 21,1 Fat 0,1 

 
 
Results 
Distribution in mass of the cut carcasses 
Weights of the 136 cut carcasses (Table 3) vary between 169,2 kg for lightest (young bull P) and 576,6 kg 
for heaviest (cow U). This amplitude is slightly lower than what was observed in the experimentation 
carried out for the classification of the carcass by the Normaclass machine according to EUROP grid, 
which was from 137 kg to 691 kg. 



ICEF9 – 2004 
International Conference Engineering and Food 

 

 

Table 3 : Distribution in mass of the cut carcasses according to beef category and class 
conformation (kg) 

 
  Conformation 
  E U R O P 

Minimum  400.6 327.2 289.6 169.2 
Average  440.4 404.5 354.7 307.0 Young 

bulls Maximum  485.4 461.0 414.3 381.6 
Minimum  408.4 364.4 247.4 225.3 
Average 497.4 482.4 424.8 328.7 276.2 Cows 
Maximum  576.6 576.6 417.6 297.2 

 
Mass balance 
The analysis of the cutting results shows that the ratio (=efficiency) between the sum of the muscles, fats, 
bones, nervous fabrics and small meats and the initial mass is in more than 95 % of the cases ranging 
between 99 % and 101% (Figure 3). 
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Figure 3. Efficiency of the cutting protocol 

 
Composition of carcasses 
The distribution (expressed as a percentage) between muscle, bone, fat, nervous tissue and non-
marketable meats show a great dispersion (Figure 4). Also, there is a low correlation between the 
conformation grades expressed in the SEUROP scale and the meat yield (Figure 5). 
 
Distribution of muscles according to sub-quarters 
The total mass of muscles of each sub-quarters is variable within the same class of conformation and 
decrease when conformation passes from U to P. similar observations could be made for the cows 
(Table 4). 
 
Prediction of the carcass value by the Normaclass Machine 
The Normaclass machine was used to predict the commercial value of the cut out carcasses in the 
database. In approximately 90% of the cases, the ratio between the predicted value and the actual value 
is between 0.99 and 1.01 (Figure 6). 
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Table 4 : Distribution of muscle weights according to sub-quarters and class conformation (weights 
expressed in kg) 

 
 
  Conformation   Conformation 

  U R O P   U R O P 
Minimum 40.6 35.8 27.8 18.5 Minimum 51.5 41.5 33.8 20.1 
Average 48.3 43.0 35.5 32.8 Average 59.5 52.1 42.3 35.3 Shoulder 
Maximum 53.1 47.4 45.5 42.0 

Full loin 
Maximum 67.1 61.8 51.7 41.6 

Minimum 46.5 41.3 30.0 18.3 Minimum 94.8 80.1 58.2 43.2 
Average 62.3 57.4 43.7 37.2 Average 110.0 94.7 78.5 69.9 Neck 
Maximum 73.9 72.3 59.1 51.4 

Round 
Maximum 118.3 108.5 92.2 84.5 

Minimum 47.3 38.0 31.9 17.5       
Average 54.9 50.7 42.4 35.5       Forequarter 

flank Maximum 64.7 64.0 51.4 45.6       
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Figure 4. Composition of carcasses (in percentage) 
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Figure 5. Composition of carcasses (in percentage) compared to conformation grade 



ICEF9 – 2004 
International Conference Engineering and Food 

 

 

0

10

20

30

40

50

60

0.9
5<

0.9
5-0

.96

0,9
6 -

 0,9
7

0,9
7 -

 0,9
8

0,9
8 -

 0,9
9

0,9
9 -

 1,0
0

1,0
0 -

 1,0
1

1,0
1 -

 1,0
2

1,0
2 -

 1,0
3

1,0
3 -

 1,0
4

1,0
4 -

 1,0
5

> 1
,05

Pe
rc

en
ta

ge

Efficiency
 

Figure 6. Ratio between predicted commercial value and true commercial value 
 

Conclusion 
A complex cutting protocol has been developed to compute the composition of beef carcasses. The 
accuracy of the protocol has been very good, and the protocol is probably too precise for the final 
prediction results. There should be clear threshold between carcasses used for the butcher shop, the 
industrial cutting in pieces for retail in supermarkets, and the processing of ground meat. However, it has 
been shown that the percentage of meat by weight is poorly correlated with the conformation grade. Also, 
the Normaclass machine was used to measure the images of the carcasses used in the cutting protocol. 
The measurement of precise areas on the images allowed the prediction of the value of the carcass with a 
good accuracy. It is expected that a yield prediction system would be able to make estimations with a 2% 
to 5% error. The database must be completed for different kind of animals and more breed of animals. 
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Microbiological safety of an ohmically heated fruit product was evaluated using the novel technique of 
encapsulating an α-amylase time-temperature integrator into silicone fruit particles. Degradation of the 
amylase by heat represented similar kinetic pathways to death of microorganisms of public health 
significance for pasteurised fruits. Precise knowledge of pasteurisation levels enabled throughput 
increases of 30% without compromising safety. 
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Introduction 
 
Food pasteurisation is a processing technology of ever-increasing importance. As the number of 
products and their variety increases, food companies are faced with the challenge of proving that their 
products are safely pasteurised. This validation can be difficult if temperature probe systems cannot 
be used and other approaches need to be adopted, for example: 
 
a) Microbiological methods whereby cells or spores of a non-pathogenic organism are embedded into 

an alginate bead (Brown et al., 1984). The beads mimic the food pieces in their thermal and 
physical behaviour and so pass through the process with the food. Enumeration of the surviving 
organisms allows the log reduction and process value to be calculated. 

b) Simulated trials are carried out in a laboratory where the heat transfer conditions of the process 
are replicated, and probe-based systems can be used. 

c) No validation is attempted, with process safety inferred from temperature probing of the bulk 
product or the environment. Substantial over-processing is allowed. End product testing for 
microbiological activity is usual. 

d) Process models can be developed that predict, for example, the time-temperature and time-
lethality history of the food particles as they travel through the heating, holding and cooling zones 
of a process (McKenna & Tucker, 1991). 

e) The novel method using Time-temperature integrators (TTIs) can be applied to gather similar 
process data to that from microorganisms. 

 
The use of TTIs as an alternative means of process evaluation, to either temperature or microbial 
systems, has received considerable attention recently (Kim and Taub, 1993; De Cordt et al., 1994; 
Maesmans et al., 1994; Hendrickx et al., 1995; Van Loey et al., 1996; Tucker et al., 2002). A TTI can 
be an enzyme, such as amylase or peroxidase, that denatures as it is heated in a buffer. If the 
reaction kinetics of the temperature-induced denaturation match those of the first order microbial 
death kinetics, the enzyme can be used in such TTIs as a biochemical marker of a process. 
Specifically, the decimal reduction time at a defined reference temperature (DT) and the kinetic factor 
(z) are the kinetic parameters used. 
 
The objective of the work reported here was to apply TTIs to estimate pasteurisation values (P-
values) achieved at the centre of fruit pieces pasteurised with a commercial ohmic heating system 
(APV Ltd).  
 
Materials and Methods 
 
Preparation of amylase solutions 
 
To prepare the amylase solutions, 200 mg of α-amylase from a Bacillus amyloliquefaciens (BAA) or 
Bacillus licheniformis (BLA) source (EC 3.2.1.1 Type II-A, Sigma A-6380) was dissolved in 20 mL of 
0.1 M Tris buffer (pH 8.6 at 25 °C). This was stored at 4 °C for no more than 10 days before use. 
Amylase activity was determined by first diluting 10 µL of the α-amylase solution with 290 µL of Tris 
buffer, then adding 20 µL of this to 1 mL of Sigma amylase reagent at 30 °C (Sigma Diagnostics, 
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catalogue number 577-20). The rate of increase of absorbance at 405 nm was measured for the 
unheated samples between 1.5 and 2.0 minutes in a spectrophotometer (ThermoSpectronic PU8755). 
For heat-treated samples, this rate was measured between 3.0 and 4.5 minutes. 
 
Calculation of pasteurisation values 
 
The calculation of a pasteurisation, or P-value, used first order destruction of microorganisms, except 
that the calculation used the initial and final enzyme activities instead of numbers of organisms. P-
values can also be calculated by integrating the killing power of a thermal process over the time-
temperature history experienced by the product, providing that this can be measured. A P-value will 
be the same as that calculated from the time-temperature integration, provided that first order kinetics 
have been followed for the enzyme destruction throughout the heat process (see Equation 1).  
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−
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t

0

z
TT(t)
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AlogDdt10P
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   ...........(1) 

 
where,  Afinal  is the final activity after a specific time-temperature history (min-1) 
 Ainitial is the initial activity (min-1) 

DT is the decimal reduction time at a fixed temperature (T) to reduce the enzyme activity by a 
factor of ten, minutes 
T(t) is the product temperature, which is a function of time (°C) 

 Tref is the reference temperature for the DT value (°C) 
 t is the process time (minutes) 

z is the kinetic factor, the temperature change required to effect a ten-fold change in the DT 
value (C°) 

 
Preparation of the Silicone Particles 
 
The material chosen for encapsulating the α-amylase was Sylgard 184 silicone elastomer (Dow 
Corning Ltd), because it was transparent, robust, chemically inert and could be moulded into particles 
(Tucker, 1999). To match the thermal characteristics of the silicone particles precisely to those of the 
target fruit pieces, the size and shape of the silicone particles was calculated using Equation 2 for a 
cubic particle. The thermal diffusivity value, a measure of how fast the centre temperature of a solid 
body responds to a change in ambient temperature, was 1.0 x 10-7 m2.s-1 for Sylgard 184 compared 
with 1.4 x 10-7 m2.s-1 for a typical high water content food (McKenna and Tucker, 1991). These 
equations used the calculated logarithmic heating rate (fh) as the factor to equate heating rates of 
solid bodies of varying shape, size and dimensions (Ball & Olsen, 1957).  
 

 α =
+ +
0.933

f (1 / a 1 / b 1 / c )h
2 2 2    …….(2) 

 
where, α is thermal diffusivity (m2.s-1) 
            fh is the logarithmic heating rate, or the time required to effect a ten fold increase in the centre 

temperature once the temperature rise is logarithmic (s) 
 a, b, c are half dimensions (m) 
 
Polycarbonate moulds were machined to manufacture 10 mm cubes to represent the heating 
characteristics of the 12 mm diced strawberries. Approximately 15 µL of amylase solution was 
encapsulated within silicone tubes of inside diameter 2.5 mm and length 8.0 mm (tube wall thickness 
was 0.5 mm). These tubes were sealed at one end with a Sylgard 184 plug and uncured Sylgard 184 
was then carefully injected above the amylase solution to seal the other end. Curing time to reach a 
semi-solid condition was 24 hours. This resulted in sealed silicone tubes containing amylase solution, 
which were positioned at the centre of the particle moulds. The particles were then held for 3 days 
under ambient conditions to allow the Sylgard to cure completely.  
 
Density of the silicone (1,050 kg.m-3) was similar to that of the carrier liquids, and approximated to the 
neutrally buoyant conditions experienced with food suspensions. Minor changes in density and in 
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particle size were unlikely to result in measurable differences in the residence time experienced by the 
fruit and silicone particles. This was because of the high fruit viscosity which constrained particle 
movement, estimated by pressure drop and flowrate measurements to be in excess of 1,500 cP at a 
shear rate of 10 s-1. 
 
Electrical conductivity of the silicone was very low (5 x 10-19 S.m-1) compared with that of a typical fruit 
preparation (the strawberry fruit mixture was measured at 0.24 S.m-1). This insulated the amylase 
solution from electrical heating effects, thus the silicone fruit pieces heated by conduction alone. This 
effect could occur to a lesser extent by particle shadowing where a particle located between two 
similar particles may experience a lower electric field (Kim et al., 1996a).  
 
Processing conditions 
 
Trials with a strawberry fruit preparation were conducted to estimate the pasteurisation achieved at 
the core of the fruit pieces (Tucker et al., 2002; Tucker and Wolf, 2003). A commercial 75 kW ohmic 
heater was used with four PTFE lined electrodes to heat the product to the pasteurisation temperature 
(see Figure 1). The insulated holding tube was 3" diameter and 16.4 m in length, with a vertical rise of 
1.0 m. At a flowrate of 750 kg.h-1 the minimum holding tube residence time was 180 seconds.  
 
Figure 1: Schematic diagram of the ohmic heater 
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Heating of the fruit pieces took place via volumetric resistance heating and at a faster rate than the 
surrounding carrier liquid. Evidence for this was the rise in liquid temperature along the holding tube 
as the hotter fruit pieces gave up their heat to the cooler liquid (Kim et al., 1996b). Product heating 
rate was controlled using the electrical conductivity of the batch, measured at around 0.24 S.m-1 for 
the fruit product range. Cooling was achieved using water-cooled tubular heat exchangers. A 
gelatinised starch solution, adjusted with common salt to have similar electrical conductivity to the fruit 
preparations, was pumped through the system to recover as much of the product from the pipework. 
Most of this solution containing the product/starch interface was collected in buckets to reclaim any 
TTI particles. Processed product was filled into 800 kg tanks at temperatures between 25 and 50 °C.  
 
TTI particles were introduced randomly into the feed tanks, which contained approximately 400 kg of 
the strawberry fruit preparation.  Four runs were completed at various flowrates, starting with the 
normal production rate of 750 kg.h-1 and working upwards to over 1,000 kg.h-1 (see Table 1). The 
ohmic heater was operated at an average power of 60 kW giving a column outlet temperature of 
around 93 °C and a holding tube exit temperature approximately 7 °C higher. The amylase used for 
the first three runs was BLA, but in the final run at the highest flowrate, 20 of the TTI particles 
contained BLA and 20 from BAA.  This was to ensure that the final amylase activity was within the 
measurable range. 
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Table 1.  Details of flowrate and TTI particles used for each run of the ohmic trial with 12 mm diced 
strawberries. 
 
 Flowrate (kg.h-1) TTI particles added 

 
Run 0 750 30 BLA 
Run 1 750 - 800 20 BLA 
Run 2 815 - 850 20 BLA 
Run 3 1,015 – 1,050 20 BLA + 20 BAA 

 
 
RESULTS AND DISCUSSION 
 
Determination of amylase thermal inactivation kinetics  
 
For BAA, the decimal reduction time (D85-value) was 6.8 minutes and for BLA the D93-value was 8.8 
minutes. Conventional isothermal experiments were used with amylase samples enclosed in glass 
capillary tubes which were heated in a water bath (Lambourne and Tucker, 2001).  The kinetic factors 
(z-values) were 9.4 C° for BAA and 9.1 C° for BLA, both values being close to the z 10 C° target 
(CCFRA, 1992). This closeness was essential, as significant errors in the calculated process values 
could otherwise have been introduced (Hendrickx et al., 1995; Van Loey et al., 1997).  
 
Amylase measurements were accurate over two log reductions of activity after processing. Therefore, 
a P-value for the BAA could be estimated up to 14 minutes at 85 °C, and for the BLA estimates would 
be valid up to approximately 134 minutes at 85 °C (estimated D85-value was 67 minutes). Previous 
results from several sets of laboratory and factory tests had shown that the amylase gave P-values 
within 20 % of values calculated from temperature measurements (Lambourne & Tucker, 2001).  
 
Pasteurisation values for processed fruit preparations  
 
In run 0 at 750 kg.h-1, 21 out of 30 particles were recovered and all of the particles showed they had 
been processed substantially in excess of the target of 5 minutes equivalent at 85 °C; P-values 
ranged from 62 to195 minutes.  Figure 2 shows the typical P-value distributions obtained at 750 kg.h-

1. 
 
Experimental complications were experienced in operating the ohmic column at flowrates greater than 
750 kg.h-1 because of the excessive current required to maintain the column exit temperature. In order 
to achieve this, the voltage:current ratio settings on the column were changed for Runs 1 to 3. In Run 
1 at 750 to 800 kg.h-1, 18 out of the 20 particles were recovered and all showed P-values that 
exceeded the target process; P-values ranged from 33 to 164 minutes. An increased flowrate in Run 2 
of between 815 and 850 kg.h-1 was achieved by accepting a lower column exit temperature. The 
factory control panel still indicated that the Pu values remained above 6 minutes during the run, and 
therefore that the carrier liquid had been safely processed. P-values measured with the TTIs ranged 
between 12 and 135 minutes. 
 
The flowrate was increased in Run 3 to between 1,010 and 1,050 kg.h-1, which was achieved by 
allowing the ohmic exit temperature to fall below 95 °C. The Pu display on the control panel dropped 
to below 3 minutes. In production conditions, this would be unacceptable. However, results from the 
BLA gave P-values between 5 and 38 minutes, but the relatively high heat resistance of the amylase 
at 85 °C meant that only a small percentage of its activity was lost.  More reliable results were 
measured by the BAA that gave P-values ranging from 5 to 11 minutes. The lower P-values were 
borderline to the target of 5 minutes, which indicated that the product was adequately processed but 
there was no safety margin to allow for minor fluctuations in processing conditions. These operating 
conditions could not be tolerated as set points but had proved that the fruit pieces received a 6-log 
pasteurisation even at this high flowrate.  
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Figure 2: Frequency distribution for 10 mm silicone TTI cubes (representing 12 mm diced 
strawberries) in a strawberry fruit preparation, processed at 750 kg.h-1 in a 75 kW ohmic heater. 
 

 
 
Discussion and Conclusions 
 
The pasteurisation processes described in this paper were for fruit particulates processed in an ohmic 
heater prior to packaging, whereby temperature probes could not be used. An advantage of this TTI 
system was that the measurement of P-values was achieved with a high degree of safety in order that 
process optimisation studies could be conducted at different flowrates. Even at the highest flowrate 
that could be achieved in production, the BLA-based TTI showed P-values that were marginally safe; 
confirmed by the BAA-based system. Thus, the ohmic plant could operate safely at 30 % higher 
flowrates than typically used in production. 
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ABSTRACT

The mathematical models of the thermal processing of food, particularly the thermal sterilisation
of canned foods, consist on non-linear sets of partial and ordinary differential equations whose solution
is usually very time consuming. This work presents the use of the Proper Orthogonal Decomposition
approach, to derive reduced order models which, maintaining the accuracy of original models, allow the
rapid solution of the dynamic optimisation problems providing new perspectives for on-line applications.

1 INTRODUCTION

The thermal sterilisation of canned foods is still one of the most important operations in the food
processing industry. This has lead to a large research effort to develop mathematical models which
allow process simulation, design and optimisation. Most of these models are based on the physical laws
of conservation which result in sets of partial and ordinary differential equations that can be solved
using adequate numerical techniques. Particularly important is the solution of the dynamic optimisation
problem which allows the calculation of the optimal operation conditions to achieve a certain goal usually
related to food quality (see recent reviews by [1] and [2]). The efficient solution of this type of problems
is considered in this work opening new doors for on-line applications.

1.1 Dynamic optimisation problem formulation

The example considered consist of maximizing the final retention of a nutrient, retN (tf ), with constraints
on the final microbiological lethality, Fc(tf ), and the final temperature in the hottest point, using the
retort temperature, Tretort(t), as the control variable as considered by [3]:
Find Tretort(t) to maximize:

J =
1

VT

∫ VT

0

exp
(− ln 10

DN

∫ tf

0

exp
(

T (ξ, t) − TN

ZN
ln 10

)
dt

)
dV (1)

subject to:
∂T

∂t
= Λ(T ) (2)

where Λ(.) is the spatial operator and the boundary and initial conditions:

T (Ω, t) = Tretort(t) (3)
T (ξ, 0) = T0 (4)

being ξ the spatial coordinates and Ω the boundary.
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Two final time constraints are considered, for the hottest point inside the container and for the
lethality associated with the critical point:

Tc(ξ, t = tf ) ≤ T0 ∀r, z ∈ VT (5)

Fc(t = tf ) =
∫ tf

0

10
Tc(t)−TM

ZM dt ≥ Fc,D (6)

The thermal destruction of microorganism spores and the thermal degradation of nutrients are as-
sumed to follow pseudo first-order reaction kinetics:

d ln Ci(t)
dt

= −(
ln 10
Di,ref

) exp(
T (ξ, t) − Ti,ref

zi,ref
) (7)

which are described by two kinetic parameters, D and Z. Subscript i refers to microorganism spores or
to nutrients.

1.2 Solution approach

Although several strategies have been presented in the literature for the solution of optimal control
problems (see review in [4]) we will use here the control vector parameterization approach (CVP), which
proceeds dividing the duration of the process into a number of control intervals and approximating the
control function using a low order polynomial. As a result a nonlinear programming problem (NLP) is
obtained whose solution requires the solution of the initial value problem (IVP) (eqns. (2), (3), (4) and
(7)), for each function evaluation.

2 Initial value problem solution

The so called spectral methods involve representing the solution of an IVP as a truncated series of smooth
functions of independent variables:

T̃ (ξ, t) =
N∑

i=1

ai(t)φi(ξ) (8)

where φi(ξ) are known trial functions forming an orthonormal basis for the appropriate function space
which are subsequently used as basis functions in a Galërkin method.

This work proposes the use of the proper orthogonal decomposition approach ([5], [6]) for the calcu-
lation of these trial functions due to the following desirable properties:

1. The basis elements are ordered from the one with the highest average energy to that with the lowest.

2. This basis is optimal in the sense that the first terms contain, in average, more energy than the
same number of terms from any other basis ([7]).

2.1 Proper orthogonal decomposition

The optimal set of globally defined trial functions is calculated from a matrix of data Sd = {ui}l
i=1. These

data can be obtained through the simulation of a high order model or through a number of experiments
under a sufficiently diverse set of operating conditions. The low k-dimensional set Sk

op = φj
k
j=1, with

k ≤ n, is defined as the set of orthonormal vectors which maximize the average projection of the data set
Sd. The solution of this maximization problem leads to ([5] and [6]):

Rφj = λjφj (9)

R =
1
�

�∑
j=1

uju
T
j (10)

In this way, any element uj of the data set Sd can be expressed as uj = Φcj + ε where ε is an
error vector, orthogonal to Sk

op, that indicates the distance at which each data point lies from the low
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dimensional projection plane. It is therefore easy to demonstrate that the eigenvalues provide a measure
of how close the data are to the optimal set, or equivalently, of how much energy (understood as the inner
product of ui) is captured by the low dimensional representation.

2.2 The Galërkin method

Consider that the field in the original PDE (2) is replaced by its approximation (8) then the following
residual is obtained:

r(ξ, t) = T̃t − Λ(T̃ ) (11)

The Galërkin method forces this residual to be orthogonal to the trial functions in the expansion
allowing the calculation of the time dependent coefficients ai(t):

ȧi(t) =
∫

Ω

Λ(
N∑

i=1

ai(t)φi(ξ))φi(ξ)dΩ (12)

Therefore the reduced order model consists of a set of N ordinary differential equations, with the
initial conditions given by:

ai(0) =
∫

Ω

T (ξ, 0)φi(ξ)dΩ i = 1, ..., N (13)

3 Case study: Industrial sterilization of canned foods.

3.1 Reduced order model calculation

This section describes the calculation of a reduced order model for the case of the thermal sterilization
of canned foods, considering the particular case of cylindrical cans.

Remarks that this case is particularly interesting as it illustrates some difficulties which may appear on
the application of the POD and Galërkin methods described above: Galërkin method as formulated can
not be applied in the presence of non-homogeneous time dependent boundary conditions; standard POD
computation techniques will fail (Citriniti, 1996) in the solution of cylindrical and/or radial coordinates
and nonlinear(reaction-like) terms can not be handled with the Galërkin approach. Some alternatives to
deal with these difficulties are also presented in this work.

3.2 Non-homogeneous boundary conditions

The Galërkin method, as formulated in section 2.2, can be used for the case of homogeneous boundary
conditions provided that the trial functions fulfill the boundary conditions exactly. However, for many
engineering cases and, in particular, the case under study the boundary conditions are functions of the
control variable.

To surmount this difficulty we suggest here the use of the following transformation:

ω(ξ, t) = x(ξ, t) − χ(ξ, t) (14)

with χ = T (Ω, t) = Tretort(t), which converts the original problem into an equivalent homogeneous one:

∂ω

∂t
+

∂Tretort

∂t
= ∇2(ω) (15)

Note that these transformation leads to PDEs where the control variables and/or their time derivatives
appear explicitly.

3.3 Cylindrical and spherical geometries

For the case of cylindrical/spherical geometries the empirical eigenfunctions can be calculated as follows:
∫

r

∫
θ

∫
z

< c(r, θ, z), x′(r′, θ′, z′) > ϕ(r′, θ′, z′)r′dr′dθ′dz′ = λϕ(r, θ, z) (16)
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Note that, the presence of the radius in the integrand makes the kernel to be not longer symmetric
(Citriniti, 1996). Therefore the problem must be reformulated so as to obtain an equivalent symmetric
kernel. This can be done by multiplying the equation by

√
r and making Ψ =

√
rϕ thus resulting into:

∫
r

∫
θ

∫
z

<
√

rx,
√

r′x′ > Ψdr′dθ′dz′ = λΨ(r, θ, z) (17)

so that an eigenvalue problem equivalent to (9) is again obtained.

3.4 Projection of non-linear terms

Galërkin method cannot handle efficiently nonlinear terms such as the ones appearing in the temperature
dependent kinetics:

∫
Ω

φj(ξ)exp(g(
k∑

i=1

ai(t)φi(ξ)))dΩ (18)

as there is not solution for the ai coefficients. Several techniques have been proposed to solve this
problem. Some of them include the numerical evaluation of the integral, the use of a Taylor series
expansion, the use of fast Fourier transform (FFT) and collocation (Gottlieb y Orszag, 1977 and Fletcher,
1984) or the use of artificial neural networks (Rico-Martnez et al, 1995). However, first two approaches
demand an extremely high computational cost, third results into a very large number of equations and
last is rather complex to implement.

A new approach, based on simple original problem transformations is presented here. The basic idea
is to transform the original set of nonlinear PDE’s into an equivalent PDE system with polynomial type
nonlinearities using:

Θ = exp(v) (19)

v = g(T ) =
T (ξ, t) − Ti,ref

zi,ref
(20)

Therefore, the resulting PDE system would be:

Tt = L(T ) + Θ (21)
vt = L(v) −∇(vT )∇x + vT Θ (22)

Θt = L(Θ) − vT∇T∇Θ −∇(vT )∇TΘ + vT Θ2 with vT =
∂v

∂T
(23)

This type of transformation offers the following advantages:

1. The resulting system of PDEs is completely equivalent to the original (2) but easily manageable
with the Galërkin method as the nonlinear terms are now polynomial.

2. Each one of these new fields can be approximated using an expansion of the form (8), where the
spatial trial functions can be calculated using the POD approach.

Following the steps described above a reduced order model was obtained for the sterilization problem
consisting of 14 ODEs: 5 ODEs describing the temperature distribution inside the food load, 8 ODEs
describing the nutrients degradation and remaining equation describing the lethality in the critical point
(Fc). Finally, it must be pointed out that different steps involved in the construction of the reduced order
model were fully automated in MathematicaTMsymbolic package.

3.5 Reduced order model validation

The performances of the reduced and a nominal (full) model obtained using the numerical method of the
lines (Schiesser, 1991) were compared so as to test the ability of the reduced model to capture the relevant
dynamic features of the system. A spatial discretization level of 41 × 41 elements was used to maintain
the desired accuracy resulting on a nominal model of 3363 ODEs. The simulation of both, nominal and
reduced, models was carried out under a typical constant retort temperature profile (CRT).
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Figures 1 a-b show the evolution of the temperature in a set of points inside the food load, the nutrient
retention average (retN (t)) and the lethality at the critical point as predicted by both models. It is clear
from the Figures that, the reduced order model preserves the predictive capabilities of the full model, up
to the point of both results being indistinguishable. This is specially relevant if one considers that the
size of the nominal model is 240 times the size of the reduced model.
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Figure 1: Comparison of the reduced (dots) and the nominal (lines) models.

3.6 Solution of the dynamic optimization problem

The dynamic optimization problem was solved using the CVP approach and a stochastic global optimiza-
tion method ICRS/DS, (Banga et al., 1998), for the solution of the resulting NLP problem. Note that
each objective function evaluation requires the simulation of either the reduced or the nominal model.
Consequently, and with the aim of reducing the overall computational effort, a new nominal model has
been calculated using a less dense mesh consisting on 11× 11 nodes. As a result, the new nominal model
consists of 243 ODEs.

The resolution of the dynamic optimization problem with both models resulted in similar results with
a maximum retention value of around 47.3% (in good agreement with the results presented by Banga et
al., 1991). However, the use of the reduced model resulted in 50s of overall calculation time whereas for
the nominal model it took up to 15 times more.

Although these results demonstrate the advantages of the use of the reduced model, a more detailed
comparison will allow to draw new conclusions. Figure 2 presents a comparison of the convergence curves
of both optimization processes. In this Figure the superiority in terms of efficiency of the reduced model
is illustrated: starting with an initial control profile which results in a retention value of less than 32%, a
value of 46% is reached in only 0, 27 s. Almost the same time required for the first objective evaluation
with the nominal model (0.20 s). In addition, the use of the reduced model produces a retention value
of about 47% in only 12 s what is sufficient for most practical applications.

These results demonstrate that reduced models can be used not only for the efficient solution of
dynamic optimization problems, but also for applications as real time optimization or model predictive
control.

4 Conclusions

The use of the proper orthogonal decomposition technique was successfully applied to obtain low or-
der models, with very good predictive characteristics, which allow the rapid solution of the dynamic
optimization of distributed processes.

Full order models, obtained with the NMOL technique, were compared with reduced ones for the solu-
tion of a dynamic optimization problem. As a result speedups up to 20 times in the overall optimization
process were obtained, achieving the same or even better objective results.

This new approach allows a very fast approximation to the optimal control of distributed process
systems. This property will allow the application of this technique for real time optimization or model
predictive control.
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Abstract 
Models of hazelnut temperature, colour and texture change during roasting have been developed and 
validated on the laboratory scale. Subsequently process design studies have been undertaken with them 
to determine the combination of oven temperature and roasting time that can deliver the required levels of 
quality in the roasted product. For the data used in this study, the roasting temperature and time to obtain 
both target final colour and texture values has been found to be the high temperature–short time schedule 
of 188°C and 7 minutes. Results from the models also demonstrated that changing the oven temperature 
has no significant effect on the variability in the final quality values.  
 
Keywords: Process design, hazelnuts, roasting, colour, texture. 
 
Introduction 
There are several objectives to hazelnut roasting. One is to ensure that the centre of the nut reaches 
some minimum temperature to destroy any toxins or allergens that may exist. A second aim is to give the 
product a certain colour, which may be a golden yellow, dark roast or very dark roast depending on the 
end-use application [1]. Yet another purpose of roasting is to guarantee that the texture of the product is 
within acceptable bounds. The kinetics of colour change in hazelnuts has been studied and models 
predicting the colour change in both isothermal and non-isothermal heating processes have been 
developed [2]. Additionally the kinetics of texture changes in hazelnuts has been analysed and a suitable 
model of this process also obtained [3]. 
Industrially, hazelnuts are generally roasted at temperatures between 100°C and 180°C for times ranging 
from 5 to 60 minutes with dry air as the heating medium. As is common in the thermal processing of 
foods, there is a choice between low temperature-long time roast schedules or high temperature-short 
time schedules. Low temperature roasting can be considered to be an isothermal process because for the 
vast majority of the process time the nut temperature is almost asymptotically equal to the constant oven 
air temperature and the dominant component of quality parameter change takes place at a constant 
product temperature. By contrast for high temperature roasting, the hazelnut temperature monotonically 
rises throughout the process and quality changes occur over the entire temperature range [4]. Figure 1 
illustrates this distinction by plotting hazelnut temperature at high and low oven temperatures. 
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Figure 1 Profiles of hazelnut centre temperature at low and high roasting temperatures.   
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In this paper validated models of colour change and texture change in hazelnuts during dry air roasting 
are assembled and used to simulate changes in these two quality parameters for a variety of oven 
roasting temperatures between 100°C and 180°C. Roasting temperature is constant with respect to time 
at each setting. The objective is to determine the processing conditions (in terms of roasting temperature 
and time), which will deliver a given target colour and texture value at the end of the process. Previous 
work in this field was dependent on sensory analysis [5]. The advantage of our approach is that it will 
enable hazelnut processors to select optimum roasting schedules in terms of a mathematical description 
of product quality parameters. 
A number of limitations to the approach must be borne in mind. The quality models described here were 
developed from discrete hazelnut trials in a batch laboratory oven and not from the bed roasters found in 
industry. Also commercial processors will also take issues such as energy efficiency, process safety, 
duration of roasting etc. into account in addition to product quality factors when choosing their schedules. 
Nonetheless the principles underlying this approach remain valid. 
 
Theory 
Hazelnut Temperature Model 
The temperature model consists of first term of the infinite series solution to the Fourier field equation for 
a solid sphere undergoing unsteady conduction. Mass transfer and shrinkage effects have been shown to 
be negligible. There is convective and radiative heat transfer at the outside surface of the hazelnut, which 
is modelled using an overall surface heat transfer coefficient. For the subsequent quality models, average 
nut colour or texture are the parameters of interest and hence average temperature through the hazelnut 
is required. The average temperature of the hazelnut can thus be defined as [6]: 

( ) ∞
−

∞ +−= TeATTT tR
i

c
1          (1) 

where Ti is the initial hazelnut temperature, T∞ is the (constant) oven temperature, Rc is the thermal rate 
constant and A1 is a constant fixed by the Biot Number of the external heat transfer. For the purposes of 
model simplicity in this presentation, the full multi-term solution to the governing Fourier field equation has 
not been used and thus the solution of equation (1) is only valid for Fourier numbers greater than 0.2 due 
to the first term solution limitations of the equation [7]. 
 
Colour Change Model 
Colour change with time can be modelled as a first order reaction with an offset value and for isothermal 
conditions is: 

( ) ∞
−

∞ +−= LeLLL tkRL
0          (2) 

where L0 is the initial hazelnut colour, L∞ is an offset value and kRL is the reaction rate constant for colour 
change. The effect of temperature on the reaction rate constant is expressed using an Arrhenius type 
relationship: 








−

∞= TR
E

LRL

aL

ekk
1

          (3) 
where k∞L is the frequency factor for colour change and EaL is the activation energy for colour change. 
 
Texture Change Model 
The texture change of hazelnuts during roasting can be described using a similar first order model 
(without the need for an offset value) and again with an Arrhenius type relationship (Demir & Cronin, 
2003) for the reaction rate constants: 

tk
o

RFeFF −=            (4) 







−

∞= TR
E

FRF

aF

ekk
1

          (5) 
 
Model Coding 
The above three equations were implemented in MATLAB and temperature, colour and texture change 
simulated over a variety of processing conditions. To ensure accuracy at high oven temperatures, 
equations (2) and (4) were formulated as differential equations appropriate to the non-isothermal process. 
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Materials and Methods 
From an initial batch of hazelnuts, a randomly selected hazelnut was placed on a small table located at 
the geometric centre of the oven. Each hazelnut was roasted for a given temperature-time combination to 
enable the colour versus time curves to be assembled. The roasting temperatures, T∞ used were 100, 
120, 140, 160 and 180°C. The roasting times were from 5 up to 60 minutes with 5 minutes increments. At 
the end of each experiment, the roasted hazelnut was removed from the oven and placed in a freezer at 
0°C to prevent any further roasting any further colour and texture changes after removing from the oven. 
It was quickly cooled to room temperature and placed in the incubator until the colour and texture analysis 
was undertaken off-line. First the textures of the raw and roasted hazelnuts were measured using a 
computer interfaced JJ Lloyd tensile testing machine. Then hazelnuts were ground and the colour was 
measured with a Minolta CR-300 tristumulus colorimeter. The same experimental procedure was 
repeated five times. The colour and texture data obtained from the experiments were analysed using the 
package Statistica and the order of the reactions were determined. The reaction rate constants were 
calculated and checked for the Arrhenius temperature dependence. Finally the activation energies and 
the frequency factors were found for both texture and colour.  
The target final colour and texture values for hazelnuts were determined by sampling commercially 
roasted hazelnuts. The produce of four different manufacturers (all using the same variety of nut) was 
analysed. Texture and colour measurements were repeated as above. The average values of the 
measured colour and texture are taken as the target quality values. No statistically significant difference 
between the hazelnuts of different manufacturers was found in the colour and texture values. 
 
Results and Discussion 
Colour and Texture Change 
From an analysis of an extensive series of experiments on raw hazelnuts, the typical initial values of 
colour (as measured by lightness, L) and texture (as measured by fracture force, F) were found to be 70 
and 67 N respectively. The target or final values for colour, Lf and texture, Ff were measured as 46 and 34 
N respectively. The offset value for colour, L∞ was found to be 22. Table 1 summarises the input data 
required by the colour and texture models giving the activation energies, frequency factors and the initial, 
final and offset values of colour and texture.  
 
Table 1 The mean and standard deviation in activation energies, frequency factors and initial values of 
the colour and texture parameters. 
 Unit Colour, L Texture, F 
Activation Energy kJ mol-1 74.7 37.4 
Reaction Rate Constant s-1 26849 0.0341 
Initial Value - 70 67 
Final Value - 46 34 
Offset Value - 22 - 
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Figure 2 Reduction of hazelnut colour in time at various roasting temperatures. 
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Figure 2 illustrates the reduction in colour from its initial value to the final or target value at five different 
oven temperatures. Note with an oven temperature of 100°C, it was not possible to achieve the target 
colour in a meaningful time. As is clearly evident, the choice of higher oven temperatures gives much 
shorter roasting times; a roasting temperature of 120°C will require a process time of 130 minutes while a 
temperature of 180°C enables the process time to be reduced to 12 minutes. Note that the profiles for 
colour change are only given for times greater than 90 seconds to be in accord with the first term 
temperature solution validity. 
 
Figure 3 gives the corresponding curves for change in texture during roasting. Raising oven temperature 
from 120°C to 180°C enables a three-fold reduction in processing time from 38 minutes down to 12 
minutes.  

0

20

40

60

0 20 40 60 8
Time (min)

F

100°C120°C

Ff

140°C

160°C
180°C

tf tf tf tf tf 0

Figure 3 Reduction of hazelnut texture in time at various roasting temperatures.  
 
As both colour and texture targets must be simultaneously satisfied, the effect of the roasting schedule on 
both quality parameters must be considered. From the data of figure 2, an isocontour plot for colour was 
generated giving the unique combinations of oven temperature T∞ and roasting time, tf that will ensure an 
initial hazelnut colour of 70 will be transformed to a final colour value of 46. A similar plot was developed 
for texture with its own initial and final values of 67 N and 34 N respectively. Both isocontour plots are 
illustrated in figure 4. 
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Figure 4 Isocontour curves of colour, L and texture, F. 
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From the figure, it can be seen that the curves of final colour and final texture converge at higher oven 
temperature / shorter roasting time regimes. For the data of this particular case, the roasting temperature 
and process time combination, which delivers both the final target colour and texture values is determined 
as 188°C and 7 minutes respectively. 
 
Process Simulation 
The combination of roasting temperature and time that simultaneously delivers a given level of colour and 
texture in a single stage roasting schedule clearly depends on the initial values of colour and texture and 
the final or target values. Initial levels of these parameters are usually beyond the control of the process 
designer but final or target levels can be adjusted (within certain bounds) to improve the overall process. 
Specifically for the case described above, a roasting temperature of 188°C may be regarded as being 
excessively large and could pose negative implications for energy efficiency, plant fire safety and surface 
burning of the product. It was decided to investigate whether relatively modest changes in the final colour 
and texture levels (leaving the initial values unchanged) would yield a better schedule. The aim was also 
to assess which of the two quality variables was most sensitive to a changed schedule. 
A series of simulations was conducted to determine the roasting schedules that would give a final colour 
within ±10% of the original target value of 46 and a final texture within ±10% of 34 N. So, as an alternative 
to final colour and texture being fixed values, they were allowed to lie within a range of 41 to 51 for colour 
and 30 to 38 N for texture. The analysis demonstrated that decreasing the final required texture value to 
30 N and lowering the target colour value to 51, would mean that a schedule of 160°C oven temperature 
and a roasting time of 16 minutes would be appropriate. Figure 5 plots the isocontours of these quality 
conditions compared to the original quality isocontours with the new schedule being at the intersection of 
the curves. 
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Figure 5 Modified isocontour curves of colour and texture. 
 
Product Variability 
The effect of oven temperature on the variability in the quality parameters of colour and texture was also 
investigated. Dispersion levels in the thermal rate constant, the initial quality level L0 and F0, the activation 
energy and the frequency factors were experimentally measured and the results quantified using the 
mean and standard deviation statistics. With the Monte Carlo method, the temperature, colour and texture 
change models were employed to estimate the variability in colour and texture of the hazelnuts at the end 
of roasting. While the results were in broad agreement with the experimentally quantified variability in 
these parameters, no reliably discernable relationship was established between product quality variability 
and oven temperature setting. Certain theoretical considerations would indicate that it should be possible 
to use the selection of oven temperature to diminish quality dispersion, but more work is required to 
establish this. 
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Conclusions 
Mathematical models of product quality changes during thermal processes such as roasting can be 
employed to select optimum processing conditions. For the particular models of hazelnut temperature, 
colour and texture outlined in this paper, it was found that both target final colour and texture values can 
be obtained at an oven temperature of 188°C and process duration of 7 minutes. With these models, the 
effect of changing the target quality parameters on the processing schedule can be investigated. The 
models can also be used to examine variability in the process. Monte Carlo simulations of colour and 
texture change showed that roasting temperature has no significant effect on the variability in the final 
values of colour and texture. Finally although, the optimum roasting temperatures and times predicted in 
this paper are only applicable for hazelnuts roasted in batch ovens, the quality models themselves can be 
utilized in industrial scale roasting. 
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Abstract 

This study determined the optimum roasting degree for an arabica coffee using a 
two factor central composite design, varying roasting time and temperature. The 
responses were the sensory evaluation scores of the degree of roast and the 
instrumental colour parameter of luminosity (L*) of the roasted bean. The results, 
analysed by ANOVA and RSM, showed that the predictive models fit well and that the 
optimum roasting range was from L* 36.5 to 37.5.  
Keywords: coffee, roasting, modelling, RSM. 
 
Introduction 
 The roasting process is one of the most important steps in reaching a high quality 
cup of coffee. It must be sufficient for the required chemical reactions to occur and 
develop the aroma and flavour without burning the beans, and thus time and 
temperature must be adequately controlled. 
 The use of fitted models, obtained by way of responses related to dependent 
variables, is one of the most interesting tools in the control and prediction of processes 
and thus Response Surface Methodology is being widely applied in attempts to optimise 
processes by way of fitted models (1-8). 
 The responses, or variable dependents, are the parameters by way of which it is 
possible to characterise the degree of roast, such as: bean colour, mass loss, the aroma 
and flavour developed and even chemical changes in certain components. There is no 
doubt that the sensory attributes are determined on establishing the best degree of roast 
and it is possible to correlate them with physical or chemical parameters in an attempt to 
facilitate process control or make it more agile. 
 
Methodology 

- Raw material: Type 5 dry processed arabica coffee with a moisture content of 10.2% 
was used, classified as a hard beverage, and obtained from Coopercitrus 
(Catanduva/SP/Brazil). 

- Experimental design: 
This was based on a central composite design (9-11) with 3 central points, 

resulting in 11 treatments, aimed at evaluating the influence of degree of roast on the 
sensory properties and luminosity of the roasted bean (L*). Table 1 shows the coded 
and decoded variables. 
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Table 1: Coded and decoded variables of the central composite design for the optimisation of 
arabica coffee roasting. 

 Coded  Decoded  
Treatments Time Temperature Time (min) Temperature °C 

o1 -1 -1   8 196 
2  1 -1 18 196 
3 -1  1   8 224 
4  1  1 18 224 
5  0  0 13 210 
6  0  0 13 210 
7  0  0 13 210 
8    (-α) –1.41  0   6 210 
9  0       (+α) 1.41 13 230 

10    (+α) 1.41  0 20 210 
11  0       (-α) –1.41 13 190 

 

- Sample preparation:  
Approximately 100g of raw coffee was roasted per batch. After roasting the coffee 

was cooled for approximately 1 minute in a current of air in the exit compartment of the 
drum. 

- Sensory analysis by Experts:  
Each of the 11 samples was evaluated by 5 professional taster/classifiers 

(experts) from the Brazilian Association of Coffee Industries (ABIC) and Café Toledo 
Ltda. – Assessoria Técnica em Classificação e Degustação de Café. The evaluations 
followed the cup test procedure, but using a sensory evaluation scorecard with a 9 cm 
non-structured just right scale (Figure 1) to judge the degree of roast of the samples, 
based on the professional experience of the experts. 

Figure 1: Sensory evaluation scorecard to evaluate degree of roast of arabica coffee samples. 
 

- Colour measurement of whole and ground coffee beans: 
The ColorQuest ll/Hunter Lab. Colorimeter was used to determine the colour of 

the beans from each treatment. The apparatus was adjusted to read in reflectance with 
specular included (RSIN). The configuration included the illuminant D65 and an angle of 
10°. The C 6299 white calibration standard was used with x=77.46, y=82.08 and 
z=88.38.  The readings were made in the CIELAB system (L*, a*, b*) with 6 repetitions. 

- Evaluation of the Results: 
The dependent variables of the Central Composite Design were: the mean scores 

attributed by the experts for the degree of roast and the instrumental parameter of 
Luminosity (L*) for the colour of the roasted coffee bean. The results were analysed by 
Response Surface Methodology or RSM. To produce the fitted models and their 

Evaluate the degree of roast of each sample in a general way, indicating on the scale below how close to the ideal
you consider this roasting degree to be

      much less         ideal          much greater
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respective surfaces, only the statistically significant (p≤0.05) parameters were 
considered. The validity of the models was evaluated as a function of their respective 
regression determination coefficients and also by the application of the F test using the 
analysis of variance. 

From an analysis of the response surface constructed with the scores given by 
the experts, the part of the surface corresponding to the degree of roast closest to the 
ideal (score of 0 on the just right scale) was determined. Subsequently, by transposing 
this region on to the contour diagrams for bean luminosity, it was possible to determine 
the range of this parameter corresponding to the most adequate range of roasting 
degree. The degree of roast was not characterised in terms of roasting time and 
temperature, since these values would not necessarily be reproducible, the data varying 
according to the type of roaster and principally according to the scale of the process. 
 

Results 
Table 2: Means of the scores attributed by the experts for degree of roast of arabica coffee and 

the luminosity of the bean corresponding to each treatment. (scores: -4.5 = well below ideal, 0 = ideal, 4.5  
= well above ideal) 

Trial 9 4 10 5 6 7 3 2 11 1 8 
Score 4.11a* 3.90a 0.43b 0.35b 0.58b -0.99b -0.42b -2.67c -3.50cd -3.94cd -4.37d 
L* 34.39g 34.61g 35.37fg 36.19ef 36.20ef 36.90de 37.25de 37.76cd 38.89c 40.28b 41.45a 
*Means with the same letters in the same column do not differ significantly at p≤0.05 
 

The means of the scores showed that treatment 5 was the closest to the ideal, 
not differing statistically from the other central point samples (treatments 6 and 7) or 
from treatments 3 and 10, the same being true for luminosity. The values found for 
luminosity are in accordance with data found in the literature for arabica coffee from 
various origins (12-14) 

 Figure 2: The colour of the 11 samples of coffee beans from the Central Composite Design. (The 
numbers refer to the treatments)  
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The results were analysed by Response Surface Methodology (RSM). The fitted 
models only considered the significant (p≤0.05) effects of time and temperature and can 
be found in Table 3. 

 

Table 3: Fitted model for the scores attributed by the experts in the evaluation of the degree of 
roast of arabica coffee. 

 Fitted Model R2 p (Lack of Fit) 
Scores -18.980 – 1.106t – 0.032t2 + 0,044T + 0.011t*T 0.98 0.24 
L* 69.374 – 1.415t + 0.040t2 – 0.101T 0.97 0.53 

t –  time & T – Temperature. 
 

The determination coefficients for the fitted model were very high (98% and 97%) 
and the lack of fit was not significant [p(FA) > 0.05]. The uniform distribution of the 
residues, as seen in Figure 3, confirmed the validity of the proposed fitted models, 
based on which the response surfaces were constructed (Figure 4). 

 

    a)      b) 
 Figure 3: Graphical representation of the residues for the fitted model proposed for: a) means of 
the scores for degree of roast and b) bean luminosity 
 

   a)       b) 
Figure 4: Response Surface: a) for the mean of the scores attributed by the experts for the degree 

of roast of arabica coffee (-4.5 = well below ideal, 0 = ideal, 4.5 = well above ideal) and b) L* of the 
roasted bean. 
 

To determine the optimum range for degree of roast, the interval corresponding to 
the degree of roast closest to the ideal (scores near to 0) was traced on the contour 
diagrams of the means of the scores for degree of roast. Subsequently this region was 
superimposed on the contour diagrams for L* to give the approximate region for this 
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parameter corresponding to the optimised degree of roast. This region was from 36.5 to 
37.5. The contour diagrams can be seen in Figure 5.  
 

         a)               b) 
Figure 5: Contour diagrams for: a) scores for the evaluation of degree of roast and b) L* of the 

bean. The region defined by the black lines corresponds to the optimum degree of roast. 
 

Conclusions 

The fitted models were shown to be predictive, such that the superimposition of 
the surfaces presented a highly satisfactory result for the L* range corresponding to the 
optimised roasting range, near to the exact result observed in the scores given by the 
experts (treatments 5, 6, 7, 3 and 10). Thus the models can be considered as a good 
tool in the control of the coffee roasting process. 
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Abstract: Here we address the problem of finding optimal heating policies for surface 
decontamination of fruits, considering strawberries as a case study. Hot water dips are effective for 
fungal pathogen control, because fungal spores are either at the surface or just beneath. However, the 
application of severe heating profiles can damage the fruit. We consider the optimal control problem 
which leads to optimal heating policies. The results show interesting, non-obvious, cyclic heating 
profiles. 
 
Keywords: surface decontamination (pasteurization), optimal control, dynamic optimization, 
strawberries 
 
 
INTRODUCTION 
   
The food industry is under great pressure to increase efficiency, quality, safety, and minimize 
environmental impact. Many of its operations are performed in batch or semi-continuous mode, so 
they are intrinsically dynamic. The mathematical models of food processing operations have certain 
characteristics which will pose special difficulties for their mathematical optimisation [1]:  
 

• Non-linear, dynamic models with possible discrete events  
• Many variables of interest (temperature, concentration, etc.) are usually distributed in space, 

thus these models are, partially or fully, distributed systems (i.e. described by partial 
differential equations) usually with coupled transport phenomena  

• Presence of nonlinear constraints related to safety and quality demands 
 
Thus, these mathematical models usually consist of sets of algebraic, partial and ordinary differential 
equations (PDAEs), with possible integral equations, and sometimes even logic conditions (modelling 
discrete events and/or transitions, i.e. hybrid systems). These PDAEs models are usually transformed 
into DAEs via suitable spatial discretization methods (e.g. finite differences, method of lines, finite 
elements, etc.). In the context of process engineering, the numerical solution of NLP-DAEs is usually a 
very challenging task due to the highly non-linear and frequently discontinuous nature of the dynamics 
of most processes. In fact, these characteristics make the NLP multimodal, i.e. there is not a unique 
global solution. Instead, a number of local solutions are possible, so the problem becomes much more 
complicated since the absolute best (global) solution must be found in a reliable and efficient way. In 
fact, standard gradient-based techniques for NLPs (e.g. SQP) are of local nature, i.e. they will 
converge to one of the local solutions, and in fact without giving any information about its local nature.  
 
In this contribution, we address the problem of finding optimal heating policies for surface 
decontamination of fruits, considering strawberries as a particular case study. Hot water dips are 
effective for fungal pathogen control, because fungal spores and latent infections are either at the 
surface or just beneath. However, the application of severe heating profiles can damage the fruit 
(strawberry in this case), causing an atypical pigmentation plus significant loss of fruit firmness. In 
order to reduce the  intensity of the thermal treatment while ensuring the desired microbial inactivation 
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properties, cyclic variations of the water temperature can be applied. In the following, we consider the 
formulation and the solution of the optimal control problem which leads to optimal heating policies.  
 
 
OPTIMIZATION OF DYNAMIC SYSTEMS 
 
The  objective of dynamic optimization (or open loop optimal control) is to find a set of control 
variables (which are functions of time) in order to maximize the performance of a given dynamic 
system, as measured by some functional, and all this subject to a set of path constraints. In general, 
optimal control problems can be ultimately formulated (e.g. via control parameterization) as non-linear 
programming (NLP) problems subject to the dynamics of the system (acting as equality constraints) 
and possibly to other inequality constraints. In the context of food processing, the numerical solution of 
these problems is usually a very challenging task due to the highly non-linear and frequently 
discontinuous nature of the dynamics of most processes. In fact, these characteristics make the NLP 
multimodal, i.e. there is not a unique global solution [1]. The mathematical formulation involves to find 
the control vector (u{t}), to minimize (or maximize) a performance index (functional) (J[x,u]): 
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where equation (2) represents a set of ordinary differential equality constraints, x is the vector of state 
variables with initial condition x{t0}=x0 and also subject to sets of algebraic equality and inequality 
constraints such as: 
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Furthermore, equation (4) represents the upper and lower bounds on the state and control variables, 
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If the process is modeled as a distributed system, i.e. the state variables are function of both time and 
spatial position, the corresponding governing equations are introduced  as an additional set of equality 
constraints, that is: 
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where k are the independent variables (time and spatial position). Basically, optimal control problems 
are solved using numerical methods that could be classified under indirect and direct approaches. 
 
 
GLOBAL OPTIMIZATION METHODS 
 
In this study, we have considered an indirect approach based on control vector parameterization 
(CVP) scheme [1]. Since the resulting NLPs are usually non-convex, we have considered a set of 
selected global optimization (GO) methods which can handle black-box models. The selection has 
been made based on their published performance and on our own experiences [1]. Although none of 
these methods can guarantee optimality, they locate the vicinity of global solutions (often the best 
available) with relative efficiency. The GO methods which we have considered are: 
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ICRS: an stochastic GO method presented by Banga and Casares [2], improving the Controlled 
Random Search (CRS) method of Goulcher and Casares [3]. Basically, ICRS is a sequential (one trial 
vector at a time), adaptive random search method which can handle inequality constraints via penalty 
functions. 
DE: the Differential Evolution method [4] is a heuristic, population-based approach to GO. The original 
code of the DE algorithm [4] did not check if the new generated vectors were within their bound 
constraints, so we have slightly modified the code for that purpose. 
SRES: the Evolution Strategy using Stochastic Ranking [5] is a (µ,λ)-ES evolutionary optimization 
algorithm which uses stochastic ranking as the constraint handling technique. The stochastic ranking 
is based on the bubble-sort algorithm and is supported by the idea of dominance. It adjusts the 
balance between the objective and penalty functions automatically during the evolutionary search. 
 
 
OPTIMAL POLICIES FOR SURFACE DECONTAMINATION 
 
Thermal treatment is widely used as a preservation technique to extend the shelf life of food products. 
Fungal decay through thermal treatments is very effective because it targets a direct inactivation of 
pathogens. Since fungal spores and latent infections are either operating on the surface of fruit and 
vegetables, or just beneath, hot water dips are useful for decontamination of the product [6]. It has 
also been described that a thermal treatment at a high constant temperature during a time period 
might affect the internal structure and can lead to the malfunctioning of vital components. In case of 
strawberries this effect implies loss of fruit firmness, and the development of atypical pink 
pigmentation of the fruit [7]. However, the application of periodic variations of the water temperature 
produces a superficial heating of strawberries without damaging them [8]. Empirical studies [8] also 
concluded that in order to keep the organoleptic properties of the fruit as well as to achieve the desired 
microbial inactivation, pulse profiles should be considered.  
 
It was assumed that inside the strawberry heat is mainly transferred by means of conduction. At the 
boundary surface of the strawberry, denoted by Γ, it was assumed that heat is transfered by means of 
convection to its surrounding environment 
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where T [°C] is the temperature inside the fruit, ρ is the density [kg/m³], c is the heat capacity [J/(kg 
°C)], λ is the thermal conductivity [W/(m °C)] of the strawberry, n is the outward normal to the 
strawberry surface Γ, h is the surface heat transfer coefficient [W/(m² °C)], and Ta(t) is the ambient 
temperature [°C]. At the beginning of the thermal treatment, i.e., t = t0, the temperature distribution 
inside the strawberry was considered to be uniform with t0 the starting time [s], T0 a constant 
temperature [°C] and x,y,z Cartesian spatial coordinates [m]. In this work, the thermal properties were 
assumed to be temperature independent, a reasonable assumption for the temperature range 
considered. 
 
In order to reduce the computational effort in each iteration step of the optimization procedures, the 
actual 3D shape of strawberry was estimated using a spherical geometric model. The radius of the 
sphere – determined by measuring the average height and diameter of 162 berries – was 19 mm.  The 
volume was then calculated based on the average radius. The density of each strawberry was 
calculated and the average used for further calculations, was 803 kg/m³. The thermophysical 
properties were estimated based on the chemical composition of strawberries, and the inactivation 
properties of Botrytis cinerea were used [8].  
 
The local change of microbial population, N [cfu/ml], at the surface, Γ, of a strawberry is modeled as a 
first-order decay reaction: 
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During surface decontamination the microbial inactivation rate, k [1/min], is temperature dependent 
and is described using an Arrhenius-type equation, 
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where kref [1/min] is the inactivation rate at a reference temperature Tref [°C], Ea is the inactivation 
energy [J/mol], and R [J/(mol °C)] is a universal constant. The actual value of the inactivation rate, 
k(T), is determined by the local temperature at a given point on the surface of the strawberry. Since 
the values of N decrease exponentially with time, a change of variables is introduced to avoid 
numerical problems during the computation process, that is, n(t,x,y,z)=-logN(t,x,y,z). Substitution of 
this equation into the differential system yields 
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At a given time point, t, during decontamination, the total microbial population at the surface of the 
strawberry, mt, is computed as follows:  
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The intensity of the thermal treatment, while ensuring a desired level of surface decontamination, can 
be reduced by applying a cyclic variation of the ambient (water) temperature. To penalise for 
excessive heating and to take into account its spatial and temporal distribution, the following 
quantitative measure is introduced as objective function to be minimized: 

[ ] dtdzyxtTzyxtTtJ
t

t
Ω−= ∫ ∫

Ω0

),,,(),,,(exp)( 0                             (11) 

subject to 

max 48.0 ( )
3.5 (log )

1.0 (min)

o

t

T C

M units

tδ

≤
≥ −

≥

                                           (12) 

 
where the constraints Tmax, Mt and dt are the maximum temperature in the domain at final time, the 
microbial load at final t and the minimum duration of each heating cycle respectively. 
 
 
RESULTS 
 
Each of the GO methods considered has several adjustable search parameters which can greatly 
influence their performance, both in terms of efficiency and robustness. We have followed the 
published recommendations for each method [9,10,11,4]), together with the feedback obtained after a 
few preliminary runs. All the computation times were obtained using a PC Pentium III/866 MHz. For 
the sake of fair comparison, we have considered Matlab implementations of all the GO methods since 
it is a convenient environment to postprocess and visualize all the information arising from the 
optimization runs of the different solvers.  
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The resulting NLP problem had  20 decision variables after using CVP with a piecewise constant 
discretization for the control. The upper and lower bounds for the decision variables were (20, 48 °C) 
in the case of temperature and (1, 20 min) for the duration of every time element. Finally, in order to 
analyse the influence of the treatment time, the optimization problem was solved for different final 
times of 20, 30, 40, 50 and 60 minutes respectively. 
 

Table1: Summary of best results, obtained with DE 
 

 20 min 30 min 40 min 50 min 60 min 
Objective function 2.36·109 1.28·109 9.29·108 7.55·108 6.60·108 
CPU time (h) 5.89 6.97 7.98 7.76 7.94 

 
Table 1 shows the best result obtained for each treatment time. The best method was always the DE 
stochastic algorithm, although ICRS and SRES converged to very similar values. In order to provide a 
more fair comparison of the different methods, a plot of the convergence curves for the case of 60 min 
(objective function values versus computation time) is presented in Figure 1, where the best three 
curves per method from a set of 30 are plotted. The ICRS algorithm always presented an initial faster 
convergence to the optimum although at the end it is slightly surpassed by the DE method.  
As an example, the optimal profile obtained for 60 min. is presented in Figure 2. It should be noted 
that the obtained optimal controls confirm the initial hypothesis about the advantages of applying pulse 
profiles. The profiles for the other cases are not shown here, but the behavior observed is similar to 
the treatment of 60 min. In order to show the improvement obtained by the pulse heating profiles, 
Figure 3 shows the value of the objective function for the optimal and nominal processes (only one 
heating step of constant temperature) for different treatment times. It should be noted that the optimal 
process always implies a lower objective function value than the nominal one. 
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Figure 1.- Convergence curves   Figure 2.- Optimal heating policies 
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Figure 3.- Optimal vs nominal processes         Figure 4.- Histogram of local optima (msSQP) 
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In order to illustrate the multimodality of this problem, it was also solved using the multi-start SQP 
(Sequential Quadratic Programming) approach, considering 100 random initial vectors, which were 
generated satisfying the decision variables bounds. SQP is considered the state of the art in local 
methods for NLPs. The results correspond to a large number of local solutions, as depicted in the 
histogram shown in Figure 4. 
It is very significant that despite the huge computational effort associated with the 100 SQP runs, the 
best value found was still far from the solutions of several of the GO methods, obtained with much 
smaller computation times. These results illustrates well the inability of the multi-start approach to 
handle highly multimodal problems like this one. 
 
CONCLUSIONS 
 
Hot water dips are frequently used for the surface pasteurization of fruits. The application of severe 
heating profiles can damage the fruit (strawberry in the case considered here), causing an atypical 
pigmentation plus significant loss of fruit firmness. In order to reduce the  intensity of the thermal 
treatment while ensuring the desired microbial inactivation properties, cyclic variations of the water 
temperature have been suggested as better alternatives to current practice [8]. 
Here we have considered the formulation and the solution of the optimal control problem which leads 
to optimal heating policies for surface pasteurization. Using suitable global optimization methods, we 
have found that optimal operating procedures are indeed cyclic and provide significant improvements 
over nominal processes. It was also proved that standard NLP local methods (like SQP) are not able 
to solve this problem adequately, even after considering a multi-start strategy. These results reinforce 
the importance of global optimization techniques for improving food processing [1]. 
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ABSTRACT: 
The use of casein hydrolysate is helpful to lower fermentation time, and, in addition, it enhances the 
probiotic stability.  The aim of the work was to optimize the amounts of casein hydrolysate and whey in 
order to lower fermentation time and to avoid the development of poor viscosity and bitter flavor on 
probiotic fermented milk. Response surface methodology was used to establish adequate relationship 
of casein hydrolyzate and whey contents with fermentation time on milk acidification by probiotic 
bacteria L. acidophilus and L. rhamnosus. The performance of probiotic bacteria was compared with 
those of yogurt bacteria. Fermentation times varied from 4.5h to 10.4h. Firmness and viability of 
probiotic bacteria were determined. Models were developed indicating the optimums amounts of 
casein hydrolysate and whey. 
 
Key words: optimization, yogurt, casein hydrolyzate, whey 
 

INTRODUCTION 

Lactic bacteria isolated from the gut of humans and animals are actually 
known as probiotic bacteria. When they are consumed in high number, they replace 
the intestinal flora misbalanced by diet, drugs and stress (4) bringing benefits to the 
host. Microorganisms usually employed as probiotics included Lactobacillus, 
Bifidobacterium, Streptococcus and, Saccharomyces (6).  

The main therapeutic benefits due to probiotics consume were described by 
different authors and could be summarized as: immune modulation, diarrhoea, 
lactose maldigestion, inflammatory bowel disease, irritable bowel syndrome, 
constipation; helicobacter pylory infection, small bowel bacterial overgrowth, 
supercritical bladder cancer, cervical cancer, allergy, serum cholesterol, blood 
pressure, coronary heart disease, urinary tract infection, upper respiratory tract and 
related infections, healthy subjects (6, 7, 10, 16, 17). 

In order to produce the desired benefits, probiotic bacteria should be present  
in the product in high levels. Although this level are not well establish, many authors 
suggest a number from 105 to 106 of viable cells in the product (3). This number 
should vary according to the specie and the strain. Other authors suggest a level 
higher than 107 - 108 cfu/mL (8), which is known as the minimum therapeutic. The 
consume of 100 mL of dairy products containing 107 cfu/mL of probiotic bacteria daily 
is recommended (15). 

A good technologic performance of probiotic cultures should provide quick 
multiplication in milk, provide adequate sensory properties to the product and finally 
be viable during storage (15). However, probiotic bacteria grow slowly in milk due its 
poor proteolytic activity (9). Thus, it should be necessary to add in the milk growing 
factors (2) and/or free amino acids (12, 14, 15, 18) to enhance bacteria multiplication. 
The employ of casein hydrolysate is recommended in yogurt production aiming to 
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give peptides and free amino acids that helps S. thermophilus growing (21). The 
influence of milk supplementation and culture composition on the kinetics properties 
and firmness of fermented milks obtained with probictic bacteria and, their viability in 
the product was studied (14, 19). The addition of casein hydrolisate resulted in better 
acidification rates and good rheological properties of the fermented milks containing 
probiotics.  

The aim of the work was to optimize the amounts of casein hydrolysate and 
whey in order to lower fermentation time and to avoid the development of poor 
viscosity and bitter flavor on probiotic fermented milk 

MATERIAL AND METHODS 

Microbial cultures 

Four commercial cultures (Rhodia, France) were used: yogurt cultures, 
Streptococcus thermophilus, TA040 (ST) and Lactobacillus delbrueckii ssp. 
bulgaricus, LB340 (LB), and probiotic cultures, Lactobacillus acidophilus, LAC4 (LA) 
and Lactobacillus rhamnosus, LBA (LR). Pure strain spray-dried inocula were diluted 
in 50mL of sterilized milk 5 min before use. Initial counts were almost 107 cfu/mL.  

Fermented milk manufacture 

Commercial pasteurized whole milk (Paulista, São Paulo) was standardized with 
skim milk powder (Gloria, São Paulo) to obtain 15% of total solids. It was 
supplemented with casein hydrolysate (HC) and whey protein concentrate (PCS) 
according to Table 1, poured into 250 mL erlenmeyer flasks, and stored 24 h before 
use. Total solids varied from 15.8 to 19.4%. The flasks were inoculated at the 
fermentation temperature with 0.2% (v/v) of ST and 0.2% (v/v) of either LB or LA or 
LR. Each inoculated milk (STLB, STLA or STLR) was incubated at 42°C until pH 4.5 
was reached.  

Each fermentation, performed in two replicates, was monitored by using the Cinac 
system (20), which allows a continuous recording of pH and computes acidification 
rates during fermentation. Two kinetics parameters were considered:  Vm (maximum 
acidification rate, in pH units.min-1) and TpH4.5 (time necessary to reach pH 4.5, in h). 
Fermentation was stopped at pH 4,5 and the curd was broken by manually by 
manually stirring it with a stainless steel perforated disk by up and down movements 
for almost 2 min. The product was set into a 100 mL cups which were sealed using a 
thermal machine Selopar (BrasHolanda, Pinhais) and, rapidly cooled in an ice bath. 
The fermented milks were then stored at 4°C. 

Experimental design and optimization  

The trials were made according to a second-order design composed of 12 trials (8 
axial points and 4 central points) according to Table 1(1). The independent variables 
were casein hydrolysate and concentrate whey protein contents (5, 10 and 15%) 
varied from 3.05 to 17.05g/L. The effect of these variables on acidification (Vmax and 
TpH4.5), viability of probiotics and, pH and firmness of fermented milks were studied. 
Models were adjusted to Vmax data to optimize HC and PCS contents. The 
significance of the models was tested by analysis of variance (ANOVA) and the 
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influence of the variables was shown by a three-dimensional representation of the 
response and contour surfaces. In all analyses a significance level of 5% was 
considered. An experiment without milk supplementation was used as control. 

Microbiological analyses 

The samples were mixed and appropriate dilutions were made with sterile tryptone 
diluent (0.1% w/v), and subsequently plated onto selective media. ST was 
enumerated on M17 (Merck, São Paulo) at 37°C for 72 h. LB and, LA and LR on 
MRS (Merck, São Paulo) after aerobic and anaerobic incubation, respectively, at 
37°C for 72 h. The selectivity of the growth conditions was confirmed by microscope 
appearance of the cells from single colonies. 

pH and Firmness 

The acidity of the fermented milks was determined by pH measurement using a pH 
meter Quimis model Q-400M1 (São Paulo, Brazil). 

Fermented milks were analyzed at room temperature by a texturometer TAXT2 
(Stable Micro Systems, Godalming, England) through a double compression test 
using an acrylic cylinder (diameter: 2.5 cm; distance: 10 mm; speed: 10 mm.s-1). 
Firmness was considered as the maximum penetration force, in gf. 

All physico-chemical and microbiological analysis were performed in duplicate after 1 
(d1) and 7 (d7) days of storage of the products at 4°C.  

RESULTS AND DISCUSSION 

Acidification 

Acidification rate (average) of milk fermented by different co-cultures (control) ranged 
from 11.4x10-3 upH/min. For the supplemented milk, Vmax varied from 14.3 to 
19.2x10-3 upH/min  using STLB, and, from 13.7 to 19.4x10-3 upH/min when 
employing the probiotics co-cultures according to the experiment. 

TpH4.5 obtained using STLB in control milk was 8.2h, lower than those obtained with 
probiotic bacteria (average 10.2h). In supplemented milk, TpH4.5 ranged from 4.6 to 
7.9h to STLB and, from 4.5 to 10.4h for STLA and STLR according to the experiment 
(Table 1). 

Milk supplementation with casein hydrolysate and whey concentrate protein affects 
milk acidification by STLB, STLA and STLR. Fermentation time of supplemented 
milks were reduced from 1.8 to 2.2 times using STLB and the co-cultures containing 
probiotics, respectively, when compared to the control milk without supplementation. 
The lower fermentation time obtained with the proposed supplementation was close 
to those that are used in industrial fabrication of yogurt. 

pH and Firmness 

Firmness of fermented milks obtained using STLB ranged from 28.5 to 46.5 gf in d1 
keeping stable after 7 days of storage at 4°C (firmness=29.6-47 gf). When the co-
cultures containing the probiotics were employed, firmness varied from 27 to 43 gf at 
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d1 keeping stable during storage. The values agree with those obtained by Oliveira 
et al. (2001) (14). In the control experiment, fermented milks firmness was 35.6, 32.4 
and 29.1 gf, using STLB, STLA and STLR, respectively.  

Table 1: Time to reach pH 4.5 of milk supplemented with casein hydrolysate and 
concentrate whey protein fermented by different co-cultures at 42°C. 

 Coded variables Original variables (g/L) T pH4.5 (h) 

Run X1 X2 HC PCS STLB STLA STLR 

0 - - 0.00 0.00 8.1 10.1 10.2 

1 -1.00 -1.00 5.00 5.00 6.2 6.9 6.8 

2 -1.00 +1.00 5.00 15.00 6.4 6.9 6.9 

3  1.00 -1.00 15.00  5.00 7.7 10.2 10.1 

4  1.00  +1.00 15.00 15.00 7.5 6.5 6.0 

5  0.00    0.00 10.00 10.00 6.5 5.6 6.5 

6  0.00   0.00 10.00 10.00 6.4 5.5 6.7 

7  0.00   0.00 10.00 10.00 6.5 6.8 7.7 

8 +1.41   0.00 17.05 10.00 7.9 10.4 10.4 

9 -1.41   0.00 3.05 10.00 5.5 5.6 5.6 

10   0.00 +1.41 10.00 17.05 5.0 4.9 4.6 

11   0.00 -1.41 10.00 3.05 4.6 4.5 4.5 

12   0.00  0.00 10.00 10.00 6.4 6.8 7.5 

HC   : casein hydrolysate; PCS: concentrate whey protein; STLB:  S. thermophilus  and L. bulgaricus ; 
STLA: S. thermophilus  and L. acidophilus; STLR: S. thermophilus  and L. rhamnosus. 

pH values of milks fermented by STLB varied from 4.0 to 4.3 (d1) and, 3.7 to 4.2 
(d7). Similar values were obtained when using the probiotic cultures i.e. 4.0-4.3 (d1) 
and, 3.6-4.3 (d7). pH of the products made with no supplemented milk and fermented 
by STLB was 4.4 (d1) and 4.1 (d7). Using the probiotic co-cultures, fermentation was 
stopped at pH 4.4 and pH at d1 was 4.4 and at d7 4.0. 

It was observed that the experiment with higher total solids content resulted in a 
product with lower firmness at d1. However, higher firmness values correspond to the 
experiments with higher fermentation times.  
A recent study realized in the Pharmaceutical Technology Department of Faculty of 
Pharmaceutical Sciences, São Paulo University showed that firmness of commercial 
yogurts varied from 31.9 to 78.9 gf and pH varied from 4.1 to 3.4.  Thus, fermented 
milks prepare with supplemented milk with HC and PCS showed physico-chemical 
characteristics very similar of the commercial products. 
 

Viability 

In all fermented milks the number of viable bacteria was higher than recommended in 
literature to obtain the therapeutical effect (> 6.8 cfu/mL). LB counts was stable after  
7 days of storage althought LA and LR lowered around one log cicle. ST counts, in 
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general, were higher than the bacillus one keeping constant during storage as 
described in literature (11.13). 

Optimization  

It was possible to adjust significant mathematical models to Vmax data at d1 (p≤0.05): 

Ŷ 1=18.297+0.834 X1�0.933 X1
2+0.347X2�0.404X2

2                    R2=71.10%    (STLB) 

Ŷ 2=18.773+0.889 X1�1.555 X1
2�0.725X2

2                                   R2=84.49%    (STLA) 

Ŷ 3=18.024+0.807 X1�1.236 X1
2�0.129X2

2+0.575 X1 X2              R2=74.16%    (STLR) 

Figure 1 shows the response surfaces and contour lines of the adjusted models. The 
effect of HC supplementation was more significant in acidification rates than PCS. 
Increasing HC contentration to values higher than 12 g/L (X1=0.5) there is an 
increase in fermentation time for all studied co-cultures.  

Figure 1: Influence of milk supplementation with casein hydrolysate (HC) and whey 
(PCS) on acidification rate of fermented milks by STLB (a), STLA (b) and STLR (c) at 
42°C. 
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Abstract: Most of the papers published in heat exchanger networks (HEN) synthesis present 
techniques using mathematical programming or Pinch Analysis. In this paper the synthesis of the 
optimal HEN is achieved by using a Hybrid Genetic Algorithm (GA). Initially, the ∆Tmin is optimized. 
After this stage, the optimal network is obtained. A case from the literature was studied, and results 
shown a HEN with lower costs than that one presented in the literature for the case studied. 
 
Key words: Heat exchanger networks, genetic algorithm, optimization. 
 
 
1. INTRODUCTION 
 

One of the most serious problems in industrial processes is the excessive consumption of 
energy. This consumption affects directly the process global cost. Besides, environmental questions 
are related to the energy use in industrial processes. 

Although, energy consumption minimization began to be studied in the seventies, just in the 
eighties there was some development. The first papers used mathematical programming and Pinch 
Analysis to solve the problem of HEN synthesis. These studies had the main objective of develop 
methodologies to heat recover between process streams and to find the best HEN to minimize energy 
consumption, the number of heat transfer equipment and pollutant emissions coming from the burning 
of fuels or from water usage. So, HEN synthesis task consists in founding the best sequence of heat 
transfer equipments by combining pairs of hot and cold process streams in a such way that the 
optimal HEN in relation to the global cost could be found. The great complexity of the problem is in its 
combinatorial nature. Nevertheless, the number of possibilities that satisfies the minimal utilities 
consumption criteria for a minimal temperature approach (∆Tmin) is generally lower than the total 
number of possible configurations.  

Pinch Analysis is one of the oldest and most used techniques to HEN synthesis. Proposed by 
LINNHOFF and FLOWER [1], it is based in thermodynamic concepts and heuristics. It is founded in 
temperature intervals, and the Problem Table is the tool used to find the minimal utilities demand and 
the Pinch point. To the synthesis task, the Pinch Design Method, as proposed by LINNHOFF and 
HINDMARSH [2], is used. After the synthesis task, the HEN is evolved, by heat transfer loops 
identification and breaking. 

Mathematical programming was also used to the HEN synthesis, and some models were 
proposed to solve the problem, by using mixed integer linear programming (MILP) and mixed integer 
non-linear programming (MINLP), like the papers of PAPOULIAS and GROSSMANN [3] and 
FLOUDAS et al [4]. 

According to LEWIN et al. [5], other optimisation techniques were proposed to HEN synthesis, 
recently. The most known methods are Simulated Annealing and Genetic Algorithms (GA). These 
methods aim to find the optimal HEN configuration or near optimal, among the viable possibilities. 

Most of the paper in the literature does not consider ∆Tmin optimisation. In this paper a 
systematic procedure was developed to interface Pinch Analysis and GA. Firstly, ∆Tmin is optimised. 
Than, heat exchangers are allocated, aiming to achieve the optimal HEN. 
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2. OPTIMIZATION 
 

According to VIEIRA and BISCAIA [6], an optimisation method aims to find the best solution 
for problems where the response quality can be measured by a single number. To find this kind of 
problem, it is necessary to consider two components. The first one is the solution space. In this space 
all the solution possibilities are considered. The second one is the objective function. It is a 
mathematical function that makes association to each point in the solution space with a real number, 
making possible to verify the members of the search space. 

During the eighties, because of microcomputers proliferation, the usage of algorithms 
associating optimisation techniques with heuristic search tools became possible. At this time, by using 
analogies with nature, some heuristic methods were proposed, trying to simulate biological 
phenomena. These algorithms have some common aspects. The most important is their random 
characteristic, simulating social behaviour of animals and the species evolution theory. Usually, they 
are used when classical optimisation methods does not have success, like combinatory optimisation 
and problems where the objective function can not be expressed mathematically or problems with a 
great number of local maximum or minimum. 

Some heuristic optimisation methods, like Simulated Annealing, Swarm Algorithms, Ant 
Colony Optimisation and GA were motivated by these reasons. 

GA are methods based in the natural selection process and species evolution, specially in the 
more apt. According BARBOSA [7], GA were proposed by John Holland, during the sixties, inspired in 
the Darwin theory. The best adequate individuals (better value of the objective function) presents the 
greater possibilities of reproduction and to pass to the next generation their well succeeded genes. 
Nevertheless, all the individuals (apt or not) are subjected to random mutation from time to time. 
These methods are relatively recent and do not use any information of objective function derivates and 
presents good chances of escapes of local optimum.  
 
3. METHODOLOGY 
 

The proposed systematic in this paper splits the work in two distinct stages. The first one is 
the ∆Tmin optimisation by using a hybrid GA, jointly with Pinch Analysis. Minimum hot and cold utilities 
are obtained, as well as the Pinch point temperature. So, the problem is split in two different regions, 
above and below the Pinch. 

In the second stage, another hybrid GA, jointly with Pinch Analysis is used to the HEN 
synthesis, to the optimal ∆Tmin found in the first stage. This is done below and above the Pinch, and 
the final HEN is obtained by connecting the two networks obtained further. 

 
3.1. ∆Tmin Optimization 

 
To find the value of optimal ∆Tmin a trade of between energy, area and costs related to these 

two variables must be done. Global cost function, presented in Equation (3) it is obtained by summing 
annual energy cost, Equation (1) and the capital cost, Equation (2). 

For the fixed ∆Tmin a different value of minimum area (Amin), and hot and cold utilities demands 
are obtained. Consequently, the global cost function, witch depends on these two variables, will have 
different values. Amin is obtained as suggested in TOWSEND and LINNHOFF [9] and hot and cold 
utilities demands by the Problem Table, from the Pinch Analysis. So, optimal ∆Tmin is obtained by 
finding the minimum of the function in the Equation (4). It is related to the minimal cost of the HEN. 
This is the objective function to be optimised in the first stage of the work. Using a genetic algorithm, 
the minimization of the non-linear function is done. 

 
CUCHUCC CUHUEnergy ⋅+⋅=     (1) 
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 Where: CHU e CCU are hot and cold utilities cost, in $/kW/year;  

HU and CU are utilities demand, in kW;  
a, b and c are constants related to the equipment type;  
i is the interest rate and t is the plant life time. 
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3.2. Heat Exchanger Network Synthesis 

 
During the HEN synthesis, the Second Law of Thermodynamic must be respected while hot 

and cold streams are selected to allocate the heat exchangers. HEN synthesis is not an easy task, 
because of the number of combination possibilities. The optimal HEN presents the lowest global cost. 
So, some restrictions must be obeyed, like:  

 
• Thermodynamic limitations: heat flow must occur from hot to cold stream, and hot stream 

must be hotter than the cold stream, as in Equation (5). 
• ∆Tmin must not be violated in both, hot and cold heat exchanger terminals, as in the Equation 

(6).  
• Minimum utilities demands must be assured, as in Equation (7). 
• Minimum heat transfer equipment number must be assured in each sub-network, as in 

Equation (8). 
 
Minimize: 
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So, the problem of finding the optimal HEN becomes a minimization problem, subject to 4 

restrictions. The objective function is non-linear and the restrictions are combinations of conditions and 
inequalities. 

In the equations above, k represents heat exchangers, heaters and coolers; A is the heat 
transfer area of each equipment; Thin and Thout are the input and output hot stream temperatures; Tcin 
e Tcout are the input and output hot stream temperatures; f is the multiplicative factor of ∆Tmin to relax 
the ∆Tmin restriction; HUmin and CUmin are the minimal hot and cold utilities demands; Umin is the 
minimum number of heat transfer equipment and N is the number of streams, including the utilities 
stream, in each sub network. 
 The factor f in the Equation (7) it is used to relax the ∆Tmin restriction, i. e., it represents, in 
terms of percentage, how much ∆Tmin could be violated. Besides the violation, it is assured a minimum 
temperature difference in both, hot and cold heat exchanger terminals. This is done to better profit 
heat exchanger areas, demanding les equipment. When ∆Tmin values are larger (between 25 and 
50ºC) it is possible to reduce this value in until 50%. So, f value varies between 0.5 and 1. As smaller 
is the value of ∆Tmin, as closer to 1 f meets. 
 
4. CASE STUDIED 
 



 
ICEF9 – 2003 

International Conference Engineering and Food 

The case studied was initially presented by AHMAD [10]. The problem has 6 hot streams and 
4 cold streams. Hot utility is saturated steam and cold utility is fresh water.  

The author used a ∆Tmin of 10°C. Streams data as well as the cost equation parameters are 
presented in Table 1. 

By using the systematic procedure developed in this paper, ∆Tmin was optimised, and the 
value found is 24°C. The profiles of the cost functions of energy, capital and global in relation to ∆Tmin, 
are presented in Figure 1.  

Table 2 shows the minimum utilities demand and the Pinch point temperature found to the 
optimum ∆Tmin. 
 

Table 1 – Stream data and cost parameters 
Stream Type Tin (°C) Tout (°C) CP (kW/°C) h (kW/m2/°C) 

H1 Hot 85 45 156.3 0.05 
H2 Hot 120 40 50.0 0.05 
H3 Hot 125 35 23.9 0.05 
H4 Hot 56 46 1,250.0 0.05 
H5 Hot 90 85 1,500.0 0.05 
H6 Hot 225 74 50.0 0.05 
C1 Cold 40 55 466.7 0.05 
C2 Cold 55 65 600.0 0.05 
C3 Cold 65 165 195.0 0.05 
C4 Cold 10 170 81.3 0.05 

Steam Hot Utility 200 199 -- 0.05 
Water Cold Utility 15 25 -- 0.05 

Steam Cost: 100 $/kW/year 
Water Cost: 15 $/kW/year 
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Figure 1 – Profiles of the cost functions of energy, capital and global 
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HEN was synthesized by using the optimum ∆Tmin found in the first stage. Maximum energy 
recovery was obtained for both sub networks, above and below the Pinch point. Figure 2 presents the 
grid diagram for the HEN proposed. It is optimal relative to energy and capital costs. As can be seen, 
in Table 3, the global cost is lower than that one presented in AHMAD [10]. 

 
Table 2 – Minimum hot and cold utilities demand and Pinch point temperature for the optimum ∆Tmin  

Pinch Analysis 

TH
PINCH (°C) TC

PINCH (°C) HU (kW) CU (kW) AMIN (m2) 
64 40 20,529.3 14,923.8 59,418.0 

Cost ($/year) 

Energy Capital Global 
2,276,787 3,565,082 5,841,869 

 
 

Table 03 – Comparison of the obtained results with the referred literature 
 AHMAD [10]) This paper 

Hot Utility (kW) 15,400.0 20,529.3 

Cold Utility (kW) 9,796.0 14,923.8 
Total Area (m2) --* 56,600.6 
Energy Cost ($/year) 1,686,940 2,276,787 
Capital Cost ($/year) 5,387,060 3,396,034 
Global Cost ($/year) 7,074,000 5,672,821 

(*) Not supplied in the reference 
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Figure 2 – Optimum HEN Configuration with optimum ∆Tmin  
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5. CONCLUSIONS 
 
 In this work it was presented a systematic procedure to HEN synthesis by using a Hybrid GA, 
interfacing GA and Pinch Analysis, including ∆Tmin optimization. Usually ∆Tmin is assumed in most of 
the published papers, and optimization stage is neglected, because of the inherent difficulties. 
Nevertheless, a bad choice for ∆Tmin can bring bad solutions from the point of view of utilities 
consumption and HEN capital cost. So, ∆Tmin optimization is a very important feature to be neglected. 

Hybrid GA jointly with Pinch Analysis allows fast identification of Pinch Points and minimum 
utilities demand, as well as the minimum number of heat exchangers in the network. During the HEN 
synthesis, the best heat exchangers configuration alternatives are obtained. Besides, this kind of 
algorithms can be adapted to different types of problems, by including or modification in the 
hypothesis and considerations set. 

In the case studied, the value used by AHMAD [10] to the ∆Tmin is very different from the value 
found by optimisation. By using the author’s ∆Tmin, one cannot achieve the optimal HEN relative to the 
global annual cost. Although energy consumption in this paper is greater than the value published in 
AHMAD [10], the capital cost is lower, decreasing the global cost.  

So, it is possible to conclude that the proposed systematic procedure is efficient to obtain the 
optimal ∆Tmin as well as optimal HEN configurations, beyond be easy of use. The hybrid GA interfacing 
GA and Pinch Analysis is a very interesting tool to the HEN synthesis, as can be seen in the case 
studied. 
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Abstract. 
The optimisation of thermal processing of foods has received great attention. Most studies have 
considered a single objective for the optimisation. However, the simultaneous optimisation of several 
objectives is much more realistic and desirable, but the associated problems are very challenging to 
solve. Here, we describe a new multi-criteria optimisation method which can be successfully applied to 
large nonlinear dynamic systems, like those arising from the modelling of thermal processing of foods. 
 
Keywords: multi-criteria optimization, food thermal processing, Pareto solutions. 
 

1. INTRODUCTION 
The optimization of the thermal processing of canned foods is a topic which has received great 

attention during the last decades. The majority of the authors have considered the use of single 
objective (criteria) for the optimization, which often consisted of finding the heating temperature profile 
and the process time which maximizes the final nutrient retention of a conduction-heated canned food, 
while assuring a certain microbiological lethality. Additionally, other objectives can be considered, 
such as minimization of total process time, maximization of energy efficiency, etc. A full review of 
optimization methods and applications in food process engineering, including thermal processing, has 
been recently presented by Banga et al. [1]. 

However, for many problems of interest, the simultaneous optimization of multiples objectives 
(e.g., product quality, operating costs, capital investment, etc.) is a more realistic and desirable 
approach. Nevertheless, the associated non-linear programming problems can be very challenging to 
solve. Furthermore, since these objectives are frequently opposing, the optimal solution is not unique. 
Thus, the purpose of multi-criteria optimization is to find a set of solutions which involve optimal trade-
offs between the different objectives, i.e., the set of solutions which represent the relatively best 
alternatives.  

In this regard, the common optimization problem for nutrient retention is in fact a multi-criteria 
optimization problem, since there are two conflicting objectives: the system should remain for a certain 
period of time at a high enough temperature in order to achieve the desired minimum lethality. On the 
other hand, nutrients are destroyed by the action of heat. Thus, a compromise between both criteria 
must be found.  

In the field of food engineering, multi-criteria optimisation has received very little attention. 
Kiranoudis and Markatos [2] have considered the design of food dryers by solving a multi-objective 
optimization problem where they seek to minimize an economic measure and simultaneously minimize 
the color deviation of the final product.  

However, no work has been found discussing the possible difficulties and pitfalls which often 
appear regarding the multi-objective optimisation of non-linear dynamic food processing models. In 
this work, we describe an efficient and robust multi-criteria optimisation method which can be 
successfully applied to large and complex dynamic systems, like those arising from the modelling of 
thermal processing of foods. The efficiency and robustness of this method is illustrated with case 
studies. 
 

2. MULTI-OBJECTIVE OPTIMIZATION 
Mathematically, the multi-objective optimization problem is defined as: 

 
� � � � � �� �xfxfxfxF mx

�21)(min �  1.
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subject to: 
 

0)( �xh  2.
0)( �xg  3.

UL xxx ��  4.
 
where F is the vector of m objective functions, x is the vector of decision variables, h and g are the 
possible sets of equality and inequality constraints, respectively, and xL and xU are the upper and 
lower bounds for the decision variables. This set of constraints represents the feasible space while the 
set of all possible values of the objective functions constitutes the objective space. 

Generally, the solution that optimises simultaneously all the objectives (known as utopia point) is 
not feasible. Thus, the solution to this problem is not unique but instead the so-called Pareto-optimal 
set must be found. All points in this set are optimal in the sense that it is not possible to improve one of 
the objectives without degrading one or more of the other.  

During the last decades, many algorithms have been proposed for finding the set of Pareto-optimal 
solutions. A review can be found in [3] and the references cited therein. The classical approach is to 
transform the original non-linear multi-objective optimization problem into a single-objective non-linear 
programming (NLP) problem, whose solution is expected to be Pareto-optimal. Two popular 
techniques are the weighted sum approach (minimization of a linear combination of the objectives) 
and the �-constraint method (minimization of one objective while transforming the others to inequality 
constraints). It should be noted that in order to generate the Pareto set, multiple NLPs must be solved. 
Although easy to implement, their main drawback is that some of these methods usually fail in finding 
Pareto points in non-convex problems. 

Instead of solving a set of NLPs, multiple Pareto points can be obtained in one single optimization 
run by means of evolutionary algorithms, which are population-based methods (they use a set of 
possible solutions in each iteration) that can easily deal with non-convexities and discontinuities. Their 
main drawback is that they require a large population size, with the consequent rise in computational 
effort. Additionally, the result is a large Pareto-optimal set which is rather bothersome to handle. 

In order to surmount the limitations of both approaches, here we propose  a new method which 
uses the SRES (Stochastic Ranking Evolutionary Strategy) algorithm of Runarsson and Yao [4] for 
solving the set of NLPs generated by the recent Normal Boundary Intersection (NBI) method [5].  

2.1. Stochastic NBI-SRES 
The Normal Boundary Intersection (NBI) is a technique developed to generate an even spread of 

points in the Pareto front by transforming the original multi-objective optimization problem into a set of 
NLPs which are solved very efficiently. Basically, the algorithm searches for the point of intersection 
between the Pareto front and the normal to the so-called Convex Hull of the Individual Minima (i.e., the 
set of points that are convex combinations of F(xi

*)-F*, with xi* the optimal solution for objective i, and 
F* is the shadow minimum, the vector containing the individual minima of objectives) starting from a 
point defined by a weighting vector �.  

Mathematically, the so-called NBI-subproblem is formulated as: 
 

Ntx
t

N,
max  5.

subject to: 
ntFxF N ˆ*)( ������ �  6.

 
and equations 2 to 4. � is the pay-off matrix (a m x m matrix whose i-th column is F(xi

*)-F*), � is the 
weighting vector, n is the unit normal to the CHIM, and tN is the distance along the normal starting from 
the CHIM. This constraint assures that the solution is actually on the normal to the CHIM. In practice, 
the algorithm uses a quasi-normal direction given by an equally-weighted linear combination of the 
columns of �, multiplied by –1. 

The NLP formulated above has to be solved for various �. It has the advantage that an equally 
distributed set of vectors � generate an equally distributed set of point in the Pareto front. In Fig. 1 it is 
shown how NBI works for the case of two objectives. As a drawback, this technique requires the 
individual optima of the objectives, which often can be very challenging to obtain. 
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Fig. 1. How NBI works Fig. 2. Graphical representation of bounds for the NBI-

subproblem 
 
The original NBI was designed to solve the set of NBI subproblems by means of the SQP 

algorithm, which is a local, gradient-based method. Thus, it can fail with no-convex problems. In our 
approach, the set of NLPs formulated above were solved by means of an evolutionary strategy 
(SRES). The implementation of this solver is not trivial, since there exits two issues we have to deal 
with: the handling of equality constraints given by Eq. 6 and the setting of lower and upper bounds on 
additional variable tN.. In order to improve the efficiency of the method,  
 

�� The equality constraints are added to the objective function tN as a quadratic penalty function. 
Both objective functions and equality constraints were normalized in order to increase the 
robustness of the method. This technique works quite well for our purposes, since only a 
solution close to the normal is needed.  

�� Regarding bounds for variable tN, they are set directly taking into account the quasi-normal 
direction used by NBI. For the case of two objectives, Fig. 2 shows an objective space with a 
concave part, the CHIM and several important points. The Nadir point, FNadir, is the vector of 
upper bounds of each objective in the entire Pareto-optimal set. The line that joins the shadow 
minimum F* and the Nadir point represents the quasi-normal direction used by NBI. Thus, the 
upper bound tNU is the distance from the point defined by �max to the shadow minimum. 
Similarly, the lower bound tNL is given by the distance to the Nadir point. It is clear that tNL = -
tNU. (tN is positive if the normal is pointing towards the shadow minimum).  

 
Also, the efficiency of the SRES algorithm is improved by simply adding the solutions of the NBI-

subproblems that have just been solved to the initial population for the next NLPs. It should be noted 
that the SRES algorithm was developed for dealing with mono-objective non-linear optimization 
problems, so the approach we are presenting here can be seen as an extension of SRES for multi-
objective problems. 

 

3. CASE STUDIES 
The case considered in this work is the usual CRT (Constant Retort Temperature) process, i.e. a 

batch thermal process of constant heating temperature followed by a constant cooling stage. Since no 
specific sterilizer has been defined, the come-up and cool-down times have been neglected. 

For a given system of volume VT and initial temperature T0, the multi-criteria optimization problem 
consists basically in finding the heating temperature TRET so that after a certain process time several 
objectives will be optimised, while satisfying the microbiological requirements. The usual objective is 
the maximization of the retention of a specific nutrient or a quality factor. This is done for various levels 
of lethality. In fact, this approach is equivalent to the traditional �-constraint method, where the nutrient 
retention is maximized while an �-constraint on the lethality is imposed.  

For nutrient retention, the optimum process design depends on the kinetics of degradation of the 
component considered. Thus, it is obvious that a natural multi-objective optimization problem can arise 
from the fact that the maximum retention of different nutrients and/or quality factors will be achieved 
with different retort temperatures.  
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3.1. Simultaneous maximization of the overall retention of a nutrient (RETG) and the surface  
retention of a quality factor (RETS) 
The multi-objective optimization problem is defined as: 

 

Maximize f ��
�

�
��
�

�
�

RETS
RETG

XT TRET ),(  7.

subject to: 
 
�� the heat transfer equality constraint for a conduction heating product (considering the case of a 

finite, isotropic and homogeneous cylinder). 
�� a microbiological lethality, FC, constraint: 
 

min,CC FF �  8.
 
�� a final temperature constraint in the hottest point. 
 
where RETG is the overall retention of a nutrient, RETS is the retention of a nutrient/quality factor at 
the surface and FC is the lethality at the critical point. Alternatively, the total integrated lethality, FS, can 
be used. For details on the model, see Ref. [6]. 

 
The stochastic NBI-SRES described above is applied to this set of objectives for two case studies 

(Table 1). The first problem is a hypothetical case in which the objective is to maximize the overall 
retention of a nutrient with low z value and, simultaneously, the surface retention of a quality factor. 
The kinetics parameters for both components are taken from [7], and the rest of parameters are the 
same as those considered by Banga et al. [6] and Teixeira et al. [8]. The second example corresponds 
to the thermal processing of tuna fish for two different cans [9]. 
 
Table 1. 
Variables used for problems I and II 

 Problem I Problem II 
Product - Tuna fish 
Can 307 x 409 RO-100 RO-1150 
Diameter (m) 0.0875 0.0652 0.15 
Height (m) 0.1160 0.03 0.07 
� (m2 s-1) 1.5443 · 10-7 1.143 · 10-7 
TO (ºC) 71.11 25.0 
Microorganism Bacillus stearothermophilus Clostridium botulinum 
zM (ºC) 10.0 10.0 
Dref,M (s) 240.0 15.0 
Desired Lethality (min) FS � 20.0  FC � 9.0  
Nutrient - Thiamine 
zN (ºC) 16.7 31.4 
Dref,N (s) 12120.0 5430.0 
Tref,N (ºC) 121.11 121.11 
Quality Factor - Luminosity (L-Hunter value) 
zQ (ºC) 48.3 44.0 
Dref,Q (s) 15150.0 88000.0 
Tref,Q (ºC) 121.11 121.11 
 

4. RESULTS AND DISCUSSION 
Although rather simple, the problem described above causes the failure of NBI (using SQP). This 

is due to the noise introduced by the numerical integration of the partial differential equations of the 
model, which produces a non-smooth objective function. So, for the majority of NBI-subproblems the 
algorithm did not converge to a solution.  

The first step is to find the optima of both objectives. For problem I the maximum retention for the 
low z value nutrient is achieved at a low-temperature long-time process, while a higher temperature 
will maximize the surface retention of the quality factor. The trade-off between these conflicting 
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scenarios is easily obtained by means of the NBI-SRES approach. Three Pareto curves for different 
levels of lethality are shown in Fig. 3. As expected, the effect of reducing the desired lethality level 
leads to an increase in the maximum retentions of both nutrient and quality factor, and also the trade-
off between them is reduced. 

For a desired lethality FS = 20 min, the maximum nutrient retention (RETG = 57.27 %) is obtained 
at a retort temperature of 116.4 ºC for a heating time of 8165 seconds, with a corresponding RETS = 
37.0 %. On the other side, the maximum RETS (41.77 %) is achieved at a TRET=123.4 ºC for a heating 
time of 5145 seconds, with a RETG = 51.92 %. The solution which maximizes both objectives 
simultaneously (utopia point, big solid circle in Fig. 3) is not feasible for this desired lethality. For 
process design, a compromise solution must be chosen among those of the Pareto set. A common 
criterion is to select the closer solution to the utopia point (marked as A in Fig. 3). For this process, 
Fig. 4 shows the retort temperature and the critical point temperature profile, with the corresponding 
lethality. A overall nutrient retention of 55.98 % is attained, while the RETS obtained is 40.54 %. 

For problem II, the multi-objective optimization produces Pareto curves with a practically inexistent 
trade-off (Fig. 5), which increases slightly with the dimensions of the can. For the bigger can (RO-
1150), although the optimum retort temperatures for each objective varies from 115.5 ºC (for 
maximum RETS) to 121.2 ºC (for maximum RETG), the variation in the retention of both thiamine and 
color are meaningless (approximately one percentage unit).  
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Fig. 3. Pareto curve for problem I and different levels of 
lethality  

 
Fig. 4. Retort and Critical Point temperature profiles 
(TRET and TCR) with the corresponding global lethality FS 
profile for the compromise solution A in problem I  

 

47.8 48 48.2 48.4 48.6 48.8
93.38

93.4

93.42

93.44

93.46

93.48

RETG Thiamine, %

RE
TS

 C
ol

or
, %

11 11.5 12 12.5
77.2

77.4

77.6

77.8

78.0

78.2

78.4

78.6

78.8

RETG Thiamine, %

R
ET

S 
C

ol
or

, %

 
A) RO-100 

 
B) RO-1150 

 
Fig.4. Pareto curves for problem II 
 
 
 



ICEF9 2004 
International Conference Engineering and Food 

5. CONCLUSIONS AND FUTURE WORK 
 
In this work, a novel multi-criteria optimization method was successfully applied to the thermal 

processing of foods, where the simultaneous maximization of the retention of several nutrients and 
quality factors was considered. Although rather simple, this problem could not be solved with 
traditional gradient-based methods.  

 
The new technique, based on a stochastic global optimization method, has proved to be efficient 

and robust when applied to the non-linear dynamic model considered. After generating the complete 
set of Pareto-optimal solutions for several case studies, it can be readily used to choose a suitable 
compromise between the objectives. Thus, this new technique can be used as the computational 
engine of a powerful decision support system (DSS) for thermal processing of foods. 

 
Due to the stochastic component of the NBI-SRES approach, it should be noted that this method 

can adequately deal with more complex and large dynamic systems involving partial differential 
equations. In the near future, we will consider selected case studies where it will be compared with 
other techniques. Also, new ideas will be suggested in order to increase its efficiency without losing 
robustness. 
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Abstract 
 
The aim in food production is often to manufacture the product as efficiently as possible without 
compromising its properties. These goals are often in conflict and constraint modelling techniques can 
be used to manage these issues. These allow the production process to be modelled together with the 
food properties. Optimisation techniques are used to resolve conflicts and to try to improve the overall 
process. 
 
Keywords: constraint modelling, optimisation, food processing 
 
 
 
1 INTRODUCTION 
 
Many challenges face the food industry today, increasing diversity of products meaning smaller batch 
sizes, demand for higher quality foodstuffs and the issues surrounding organic foods. Much of the 
current design practices are based upon previous experience, making it difficult to build new factories 
without obtaining knowledge of workers with many years of experience of the manufacture of that 
particular foodstuff. This obviously causes problems when building production lines for foods in which 
the company has very little or no previous experience. It also means that new ideas which might be 
economically and quality wise far superior are unlikely to be pursued. 
 
There are several problems in creating designs for new food processing plant. The actual modelling of 
the food material often involves non-linear equations which are difficult to deal with, and the 
parameters involved may vary from batch to batch. For example in the work reported here, yoghurt is 
modelled as a sample foodstuff: it has similarities with soup, baby foods and so on. Yoghurt is a 
thixotropic, and highly non-Newtonian fluid. Furthermore processing of the material introduces 
shearing effects which tends to destroy some of the desirable properties. There is a need to undertake 
the processing required while maintaining a product which is acceptable to the consumer. 
 
Issues would arise here about creating a final product which was perceived to taste as good or better 
the consumers. Due to the current trends to high quality products the great importance of this can be 
seen consumers are no longer content to merely purchase products which are cheap, they are 
concerned about quality and the origin of ingredients but will nevertheless insist upon value for money. 
Hence a careful balance needs to be struck with any major changes in processing procedure. 
 
Thus there are conflicting constraints controlling what can be undertaken. These are further increased 
if one pursues the ideas of late customisation of yoghurts: that is, is it possible to start with one (or a 
small number) low fat base and add in flavours, fats and so on as late as possible in processing thus 
allowing a wide variety of products to be produced from a single base, allowing for small batch sizes 
and a wider diversity of products.  
 
The purpose of this paper is to consider the use of “constraint modelling” techniques in handling the 
conflicting requirements of food production. These arose from the mechanical design arena and have 
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resulted in a software environment in which constraints can be specified and the effects investigated. 
This approach is reviewed in section 2. It uses optimisation techniques to resolve constraints and 
hence is a possible means for dealing with the non-linear nature of modelling food production. An 
application of the approach to the selection of pipe sizes for yoghurt flow is discussed in section 3 and 
some  conclusions drawn in section 4. 
 
 
 
2 CONSTRAINT MODELLING 
 
The ideas of constraint modelling arose from investigations into the mechanical design process. In the 
early conceptual stages of a new design task, the precise rules by which the design is to operate are 
largely unknown. What are more apparent are the constraints which dictate what the limitations are. 
For example, a part may need to be less than a particular size but still be sufficiently strong. As the 
design progresses more and more constraints emerge, partly from a better understanding of the area. 
The aim of the designer is to find a design solution which meets all the imposed constraints. Often this 
is not possible since the constraints are in conflict and the skill of the designer is in deciding which 
constraints can be relaxed without jeopardising the overall design. 
 
To support design work, a software environment has been created [1]. This has a command language 
in which design parameters can be declared and constraints between them imposed. In order to 
resolve constraints, optimisation schemes are used to try to find the best compromise solution even in 
cases when the constraints are conflicting. The user presents constraints as expressions between the 
design parameters which are zero when they are true. During the resolution phase, the system forms 
the sum of the squares of these values and tries to minimise this by varying parameters specified by 
the user. Within the language of the system, constraint are specified within user-defined functions. The 
following is a simple example. 
 
 
 function solve 
 { 
    var  x, y; 
 
    rule( x + y - 3 ); 
    rule( 2*x + y - 4); 
 } 
 
 
Here x and y are have been declared elsewhere as global real variables. When this function is 
invoked, the system automatically adjusts the values of the two parameters and effectively solves a 
pair of linear equations. 
 
The constraint modelling approach has been successfully in the area of mechanism and machine 
design [2]. Here the constraints often relate to the assemble of the parts of the machine and to its 
kinematic performance. Simple graphics allows the machine model to be viewed in wire-frame and the 
incorporation of the ACIS solid modeller allows solid objects to be handled and constraint applied to 
them. 
 
The purpose of the work described here is to investigate the use of the constraint approach in a 
somewhat different area, namely food processing systems. There are constraints here in terms of how 
the food product is processed and how it is perceived by the consumer. Modelling of the properties of 
food material often involves the use of non-linear algebraic equations and the solution of these seems 
to be a natural application of the resolution techniques within the modeller. 
 
As a simple example, consider the modelling of a Newtonian fluid through a simple pipe network 
shown in figure 1. There are six nodes and six pipes involved. The model for the flow can be created 
in terms of constraint rules. The conservation of mass flow at one of the nodes is governed by a 
constraint of the form 
 
 rule( v01*a1 - v12*a2 - v13*a3 ); 
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where the v terms represent velocities in pipes and the a terms are cross-sectional areas. The 
Bernoulli equation for a typical edge has the form 
 
 rule( (p0/(rho*g)) + y0 - h01 - (p1/(rho*g)) - y1 ); 
 
where the p terms represent pressures at the nodes, the y terms represents heights of nodes, and the 
h represents a head loss along a pipe section. For example shown, there are four constraints of the 
first type and six of the second. Applying these and allowing the system to vary the nodal pressures 
and edge velocities gives the solution shown in figure 1. 
 
 
 

 

 
 

Figure 1: Simple pipe flow solved using constraints 
 
 
 
 
3 APPLICATION TO PIPE FLOW 
 
In this section the application considered of the constraint modelling approach to flow along pipes of a 
non-Newtonian fluid. This illustrates the use of the tool in selecting appropriate pipe sizes. The fluid is 
yoghurt and this is generally accepted [3,4] to behave according to the Herschel-Bulkley model 
 

n

K
.

0 γττ +=           (1) 
 
where τ is the shear stress in the material, τ0 is the apparent yield stress, K is the consistency factor, 
dγ/dt is the shear rate, and n is the flow behaviour index. 
 
The flow along a horizontal circular pipe of radius R is considered. If p’ is the pressure gradient along 
the pipe then the shear stress τ at radius r is rp'/2 and hence at the wall of the pipe, the shear stress is 
given by 
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'21 Rp=ωτ           (2) 

 
The volume flow rate Q is then given by 
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This is the expression given in [3,4] with the emendation that all three terms in the square brackets 
have positive signs. It allows the flow rate to be determined for a given pressure gradient. Often 
however there is a need to determine the pressure gradient to provide a specified flow rate. In such a 
case this non-linear equation needs to be solved to determine τw and hence p'. 
 
In the case of yoghurt, there is a further complication. Excessive processing can damage the material 
properties and result in product which is not acceptable to the consumer in terms of its texture. Such 
detriment occurs if  the shear rate becomes too large. This imposes a limit on the value of τ and in 
particular on τw which represents the largest value of shear stress across the cross-section of the pipe. 
 
The constraint modelling system can be used to find the best pipe radius to achieve a given flow rate 
without making the shear strain excessive. The basic user defined function with the constraint rules is 
the following. 
 
 
 function   choose_radius 
 { 
    dec   real  pdash; 
    var   dummy_pdash, dummy_radius; 
 
    radius = max( 0, dummy_radius*scale_radius ); 
    pdash  = max( 0, dummy_pdash*scale_pdash ); 
 
    rule( 3600.0*1000.0*flowrate(pdash) - q_target; 
    rule( max_gdot(pdash) - gdot_target ); 
 } 
 
 
Here flowrate is a function which evaluates the flowrate according to equation (3) for a given value 
of the pressure gradient pdash. The global variable radius is also used in this calculation. The first 
rule command specifies that the flowrate should equal the target value q_target specified in litres 
per second. 
 
Another user defined function max_gdot is used to find the maximum value of the shear rate for a 
given value of pressure gradient. The second rule command gives the constraint that this maximum 
should be the value specified by gdot_target. 
 
The basic strategy is to let the system vary the pressure gradient and the radius and search for values 
which allow both constraint rules to be satisfied. What is found is that the sensitivities of the 
constraints to changes in the two parameters are markedly different. For this reasons the “dummy” 
variables appearing above are used. These are dummy_radius and dummy_pdash. It is these values 
which are allowed to vary and the true values are these multiplied by appropriate scale values. Here 
the values used for the scale factors dummy_radius and dummy_pdash are 0.00001 and 1.0 
respectively. Thus a change in the dummy radius variable has significantly less effect than the same 
change in the dummy pressure gradient variable. 
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The above function has also been slightly simplified for presentation here. It is also necessary to 
provide constraint rules to ensure that the radius is positive for otherwise the other equations become 
invalid. 
 
With these precautions, the optimiser can resolve the two main constraints given above. For example, 
with τ0 = 8 Pa, K = 0.9 Nsn m2, n = 0.6, and the targets on flow rate and shear rate set respectively to 
8000 l/hr, the radius is found to be 49.8 mm and the required pressure gradient is 652 Pa/m. 
 
The value of the target for the shear rate can of course be varied. This changes the corresponding 
values of the pipe radius and the pressure gradient. Figure 2 shows graphs of these changes. The 
higher the target, the smaller the pipe needs to be (to prevent the shear stress building up over the 
cross-section) and hence the greater the pressure gradient needs to be to maintain the prescribed 
flow rate. 
 
 

 
 

Figure 2: Pipe radius and pressure gradient for prescribed shear rate constraint 
 
 
 
4 CONCLUSIONS 
 
Modelling of food material and the effects of processing it is a complicated issue since the governing 
equations are only partially understood and tend to be non-linear. With materials such as yoghurt, the 
properties vary with processing: prolonged shearing produces thinning. As well as modelling the food 
product itself during processing, regard should also be taken of the properties required to ensure that 
it meets consumer expectations. 
 
There are thus a number of conflicting constraints that come in to play. The constraint modelling 
approach is being used as a means for trying to find viable solutions to the processing and consumer 
requirements. It has been demonstrated in simple applications to the flow of fluids where the aim is to 
produce a given throughput without causing excessive damage. 
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