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The viability theory to control complex food processes. Application to Camembert cheese ripening process.
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Abstract This paper addresses the issue of studying a food process to nd the set of controls allowing to reach a quality target with respect to the manufacturing constraints. Moreover, the aim of this work having the set of controls is to select a robust process control. It's crucial for food industries to avoid risky controls. Viability theory (Aubin, 1991b) is a relatively new method for studying complex dynamical systems, focusing on the preservation of some properties of the system (constraints in the state space). The viability framework was adapted to a camembert ripening model to built a capture basin to reach a predened quality target. Finally, within the set of the viable trajectories, a robust one improving the camembert cheese ripening process was sought. The results were applied at pilot scale and are discussed in this paper. The cheese ripening process was shortened by four days without signicant changes in the microorganism kinetics. The quality target was reached and the sensory properties of the cheeses produced were similar to those produced under standard conditions.
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1 Introduction



2



The cheese ripening process, such as that of camembert ripening is consid-



3



ered to be a complex system. Numerous interactions take place at dierent Email addresses: mariette.sicard,[email protected];, [email protected];, [email protected] , isabelle.alvarez,[email protected] (M. Sicard1 , S. Martin2 , R.
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4



levels of scale, from microscopic to macroscopic level, throughout time.



To



5



enhance Camembert ripening control, numerous studies have been carried out



6



in food sciences but we still lack of knowledge.



7



perimental database collected, it is obviously impossible to carry out all of



8



the variable combination through experimental trial. However, models have



9



been developed to help to more eectively understand such complex processes.



Despite the number of ex-



10



Cheese processing has been modeled by means of mechanistic models (Riahi



11



et al., 2007), the partial least square method (Cabezas et al., 2006), neuronal



12



methods (Jimenez-Marquez et al., 2003), dynamic Bayesian networks (Bau-



13



drit et al., 2008), genetic algorithms (Barriere et al., 2008), stochastic models



14



(Aziza et al., 2006), nite element methods (Bona et al., 2007) and the fuzzy



15



symbolic approach (Perrot, 2004,Ioannou et al., 2003).



16



been modeled by means of microorganism kinetics, contamination evolution,



17



substrate consumption, mineral diusion, sensory property prediction, ripen-



18



ing time prediction and expert knowledge. These models may become a key



19



source to complete the knowledge from experimental databases. Simulations



20



can be performed with these models to explore the food processes and better



21



understand them.



22



The aim of this study is to use the viability theory, developped in complex



23



system science, to more eectively understand the Camembert ripening pro-



24



cess. The viability theory was developed by Aubin (1991a). It aims at con-



25



trolling dynamical systems with the goal of maintaining them within a given



26



constrained set. Such problems are frequently encountered in ecology or eco-



27



nomics where the systems die or badly deteriorate when they leave some re-



28



gions of the state space. This theory was applied to ecological problems such



29



as the prey-predator dynamics studied by Bonneuil and Mullers (1997) to de-



30



termine the conditions necessary to allow the prey and predator coexistence.



31



It was also applied to the renewable resource domain, for example, to the



32



viability of trophic interactions in a marine ecosystem (Chapel et al., 2008)



33



or to the restoration cost of a eutrophic lake (Martin, 2004) considered as



34



socio-ecological systems.



35



of nance (Bonneuil, 2004), highway trac uxes (Aubin et al., 2005) and



36



sociology Bonneuil (2000).



37



The present contribution is to nd for the ripening process the set of controls



38



allowing to reach a quality target with respect to the manufacturing con-



39



straints. For that purpose we use the theoretical framework of the viability



40



theory. The main concepts of the viability theory are dened in section .



41



This viability theory was applied to a camembert ripening model based on



42



cheese mass loss and microorganism respiration developed by Helias et al.



43



(2007a). This model is laid out in detail in section .



44



Moreover, the aim of this work having the set of controls is to select a robust



Cheese-making has



Other applications can also be found in the areas



2



45



process control. Each state in the viability set is a viable state, which means



46



that at least one sequence of controls exists that enables the system to stay



47



in the constraint set. However, the situation of the viable states can be very



48



dierent from one another and some are more sensitive to perturbation. The



49



idea is that a robust process control governs a trajectory which is less sensitive



50



to perturbations. The robustness measure is dened in section .



51



The viability set and the robust trajectory results are presented in section .



52



In this section, we also present the test of one of this trajectory during an



53



experimental camembert cheese ripening process in a pilot by comparison to



54



a ripening in standard conditions.



55



Finally, we conclude on the eciency of the viability framework to control the



56



camembert ripening process reaching a quality target.



57



2 Material and Methods



58



2.1



59



The viability theory Aubin (1991a) aims at controlling dynamical systems



60



focusing on the preservation of some properties of the system (constraints in



61



the state space).



62 63



X ⊂ Rn be the state space of the system. This system state evolves with time x(.) : t → x(t) ∈ X pour t ∈ R+ := [0, +∞[. We assume that its



64



evolution depends on the state of the system but also on exogenous actions



65



called controls. It is governed by a control dynamical system :



66



The viability theory



Let



   x0 (t)  



= f (x(t), u(t))



u(t) ∈ U (x(t))



u



(action)



the available controls



68



A solution for this system is a trajectory



69



measurable control function From an



at time



t



67



t.



(1)



(retroaction)



belong to the set



U (x(t)) ⊂ Rp



t → x(t) such that there exists a t → u(t) such that conditions (1) are satised for initial state x0 ∈ X , there may exist several possible



70



almost all



71



trajectories corresponding to dierent control functions.



72



We denote



73



namical system starting from



Sf,U (x0 )



.



the set of all trajectories governed by the controlled dy-



x0 . 3



74



Viability constraints are described by a closed subset



75



space.



76



outside of



K ⊂ X



of the state



These are intended to describe the viability of the system because



K,



the state of the system is no longer viable.



77



Given a control dynamical system and a constraint set



78



dened a viable trajectory as :



K



, Aubin (1991b)



∀t ∈ [0, T ], x(t) ∈ K



79



(2)



84



K is viable under the control system described by 1 if for every initial state x0 ∈ K , there exists at least one solution to the system starting at x0 which is viable in the sense that : ∀t ≥ 0, x0 (t) ∈ K . This means that a control function u(t) ∈ U exists, so that the property is maintened during the time scale of interest, and x(0) is referred to as a viable point.



85



2.1.1



80 81 82 83



86



A subset



Viability kernel



2.1.1.1 The general denition



87



viability kernel, referred to as



88



at least one control function



89



remains in



K



for



t



in



Sf,U (x)



The basis of the viability theory is the



V iabf,U (K), which contains all states from which u(t) exists so that the state of the system x(t)



[0, T ].



90



We recall the



91



dynamical system (1) starting from



is the set of all trajectories governed by the controlled



92



Equation 3.



x,



then the viability kernel is dened by



V iabf,U (K) := {x ∈ K | ∃x(·) ∈ Sf,U (x), ∀t ∈ [0, T ], x(t) ∈ K}



93



(3)



94



This viability kernel also determines the set of controls that would prevent



95



the system from violating the state constraints.



96



2.1.1.2 The particular case of the capture basin



A particular prob-



97



lema is to nd trajectories remaining in the constraint domain that reach a



98



target



99



4) known as capture basin



C



in a nite time. This is a variant of the viability problem (Equation



Captf,U (K, C).



Captf,U (K, C) = {x ∈ K | ∃x(·) ∈ Sf,U (x), ∃t∗ > 0, x(t∗) ∈ C, ∀t ∈ [0, t∗], x(t) ∈ K}(4)



100



t∗ is



the time at which the target is reached.



The trajectory



K



C.



x(.)



101



The



102



remain in the constraint set



103



Figure 1a shows an illustration of a viability kernel (black boundary) in pos-



104



sible state space



before reaching the target



must



X1, X2 of two variables and t, the capture basin (grey) of a



4



C and a trajectory (black line with arrows) within this capture basin



105



target



106



that reaches



107



In the Figure 1, time 0 may be the beginning of the ripening and at time



108



the cheese is ripened and wrapped before sale. The target



109



characteristic to be reached, for example cheese mass must be at least be of



110



250 g (dened by protected designation of origin law).



C without violating the constraints.



C



Tf inal



is the Camembert



[Figure 1 around here]



111



112



2.2



The Camembert ripening model



113



The evolution of Camembert ripening was considered to be governed by cheese



114



mass loss dynamics including microorganism respiration described in (5) and



115



(6) Helias et al. (2007a).



116



dm = s {wo2 .ro2 − wco2 .rco2 − k [aw .psv (Ts ) − rh.psv (T∞ )]} dt



117



dTS s ro + rco2 4 = h(T∞ − Ts ) + εσ(T∞ − Ts4 ) − λk [aw .psv (Ts ) − rh.psv (T∞ )] + α 2 dt m.C 2



(5)







118



Cheese mass loss during ripening is linked to evaporation phenomena and



119



carbon loss through microorganism respiration (Equation 5). Evaporation in-



120



creases with lower relative humidity in the ripening chamber and higher tem-



121



perature at the cheese surface. This temperature (Equation 6) changes with



122



the ripening chamber temperature, evaporation phenomena and microorgan-



123



ism respiration. Respiration increases the cheese surface temperature because



124



heat is produced with the substrate degradation. In these equations,



125



136



m the cheese mass (kg ), Ts the temperature at the cheese −2 −1 surface (Kelvin), rO2 the oxygen consumption rate (mol.m .s ), rCO2 the −2 −1 dioxyde production rate (mol.m .s ), rh the relative humidity (expressed between 0 and 1) and T∞ the temperature in the ripening room (Kelvin). −1 The parameters wo2 and wco2 are molar masses (kg.mol ), s is the cheese sur2 face (m ), aw is the cheese surface water activity (dimensionless), psv is the saturation vapor pressure (P a), k is the average water transfer coecient −2 −1 −1 −1 (kg.m .P a .s ), C is the cheese specic heat (J.kg .K −1 ), h is the aver−2 −1 age convective heat transfer coecient (W.m .K ), ε is the cheese emissivity −2 −4 (dimensionless), σ is the Stefan-Boltzmann constant (W.m .K ), α is the −1 respiration heat for 1 mol of carbon dioxide release (J.mol ) and λ is the −1 latent vaporization heat of water (J.kg ).



137



The control variables considered in this model are the relative humidity and



138



temperature. The state variables are the cheese mass and the cheese surface



126 127 128 129 130 131 132 133 134 135



t



rep-



resents the time,



5



 (6)



139



temperature. This model was developed and validated on experimental data



140



sets with a relative error between 1.9-3.2%. In their paper, Helias et al. (2007b)



141



showed by means of a sensitivity analysis, the high signicance of accurate



142



relative humidity and gas composition measurements and the low inuence of



143



the atmospheric temperature.



144



This model has been used to predict the cheese mass loss online from the



145



relative humidity, temperature and the gas composition (O2 , CO2 ) measure-



146



ments. In order to be able to use it for simulation, the model was modied



147



so that the gas composition was no longer measured online but was instead



148



extrapolated from experimental curves of microorganism respiration during



149



ripening at 8°C, 12°C and 16°C and at 92% relative humidity. The reviewed



150



model is presentated gure 2.The model is composed by the model developed



151



by Helias et al. (2007a) and the empirical respiration model. The input and



152



output are cheese mass, cheese surface temperature and respiration



153



deduced from



rco2 with



rco2 (ro2 is



the assumption of equimolarity, Helias et al., 2007a).



154



[Figure 2 around here]



155



For this reason the uncertainty link to the model was expected to be high.



156



The aim was to test the viability theory for this commonly encountered case,



157



because model generalization is rarely perfect. The main interest of this model



158



is to link the physical phenomena (e.g., mass loss) to the microbiological phe-



159



nomena (e.g. microorganism respiration).



160



2.3



161



Determining the viability kernel for camembert cheese ripening process : algorithm and computation



162



Determining the set of trajectories reaching the quality target and satisfying



163



the manufacturing constraints for the ripening process means computing the



164



viability kernel.



165



Numerical schemes to solve `viability' or `capture' problems were proposed by



166



Saint-Pierre (1994): for a given time step



167



space, the viability kernel algorithm computes a discrete viability kernel that



168



converges to the viability kernel



169



resolution tend toward



170



model was discretised in time thanks to an Euler scheme. Moreover the state



171



space, the control space, the constraints and the target were discretised on



172



regular grids.



0.



∆t



V iabf,u (K)



and a given grid



Gh



in the state



when the time step and the grid



This is the approach used in this work, the ripening



6



173



2.3.1



The constraint set



174



The vector space



175



surface temperature and respiration level (). The constraints set is a subset of



176



this three dimensional space. The bound values stem from the experimental



177



limits, the legal norms and experts interviews presented table 1.



178



displays the discretisation steps.



X



is made of three state variables, cheese mass, cheese



The table



179



[Table 1 around here]



180



An additional constraint concerns the state variable of microorganism respira-



181



tion. The constraint was to have a qualitative respiration, meaning that the



182



respiration rate has to begin at 0, reach a maximum and then slowly decrease



183



until the day the cheese is wrapped. The hypothesis advanced was that the



184



evolution of the respiration rate is an indicator of the microorganism growth



185



necessary for Camembert cheese ripening. This hypothesis was developed on



186



the basis of studies by Couriol et al. (2001) and Adour et al. (2002), show-



187



ing that



188



CO2 .



189



mycelia covering Camembert cheese.



190



typical aroma of Camembert cheese. The values to characterize the evolution



191



were evaluated through respiration curves obtained during ripening trials at



192 193



8°C, 12°C, and 16°C and at 92% relative humidity. The respiration rate should 2 increase up to at least 30g/m /day during the ripening.



194



2.3.2



195



First the cheese surface temperature must be between 8°C and 10°C at the end



196



of the ripening. From experts knowledge, these low temperature are required



197



for automatic wrapping in order to manipulate easily the cheeses. The second



198



target dimension to reach is the Camembert mass. This mass is xed by law



199



at a minimum of 250 g. We therefore set a maximum of 270 g because the



200



more the cheese weighs the more money the dairy industry loses. Finally, the



201



third dimension to take into account to reach the quality target is the micro-



202 203



organisms respiration. The respiration rate at the end of ripening must be 2 between [23; 50]g/m /day .



204



The standard duration in the ripening room is around 12 days before the



205



cheese are wrappened. A rst viability kernel was computed with a ripening



206



duration of 12 days, the target must be reach at time T=12. Then, the aim



207



was to evaluate shorter ripening. So, another viability kernel was calculated



208



for T= 8 days.



Geotrichum candidum (Gc) and Penicilium camemberti (Pc) produce



Both are key factors in the ripening process.



Pc coat is the typical with



Pc and Gc activities also produce the



The quality target to reach



7



209



2.3.3



The controls



210



Concerning the controls, the ripening room temperature can be choosen from



211



8°C from 16°C by step of 1°C. The relative humidity can be choosen from 84%



212



to 98% by step of 2% (maximal precision of the sensor).



213



The control change (temperature and/or relative humidity) has been limited



214



at a frequency of one per 24h. We supposed that a higher frequency could not



215



have been possible for an operational cost point of view.



216



2.3.4



217



The viability kernel was calculated from the target (end of ripening) to time 0



The algorithm of the viability kernel determination



218



(beginning of ripening) by means of the Algorithm 1. In this algorithm,



219



the discretised set of viable state at t,



T



Dt



is



is the nite time where the target is



226



Ch and Succ(x), represents the successors of x. Succ(x) is the result (mt+1 , Tst+1 , rco2 t+1 ) of the camembert ripening model applied to x ∈ Kh with position (mt , Tst , rt , t) (see Equations 5 and 6). This algorithm means that x(t) is considered to be viable when at least one successor belongs to the target at time t + 1. The viability kernel is built from all of the viable state x at each time interval.



227



Algorithm 1



228



Initialization



229



DT ← Ch



230



Main loop



231



For



232



Dt ← {x ∈ Kh |Succ(x)



233



Return



234



{D1 , D2 , ..., DT }



235



2.3.5



236



The main diculty in calculating the viability kernel is the dimension of the



237



space to be explored. For example, 12 days duration ripening require to test 4



238



150 440 points (controls*states) multiply by 11 days (day 12 = target



239



45 654 840 simulations have to be performed with the Camembert ripening



220



reached. The discretized target and the constraints are referred to as



221



Kh



222 223 224 225



respectively. The term,



t := T − 1



Viability kernel



to



1 T



Dt+1 6= Ø}



High performance computing



8



C ).



So,



240



model. The calculation time was estimated at 1.5 months on a single com-



241



puter. Therefore, the calculation was distributed in a high performance calcu-



242



lation structure, the MIG-cluster (INRA, Jouy-en-Josas). The viability algo-



243



rithm was implemented with Matlab (The MathWorks, Inc., MA, USA) and



244



then implemented to Octave free software (www.gnu.org/software/octave/)



245



for the calculation distribution. The calcul time was reduced to 7 days with



246



the 200 CPU (Central Process Unit) of the MIG-cluster.



247



2.4



248



The robustness was evaluated to select among all the viable trajectories those



249



that avoid drift during the process. In this study, the robustness of a trajectory



250



was dened by the number of viable controls on every points of the trajectory.



251



This means that a trajectory is robust when many controls are possible to



252



keep the dynamics in the constraint set



253



The robustness of the ripening trajectory



Robustness evaluation of the viable trajectories



Rob(x(.)) :=



254



TX −1



(



t=1



K. x(.)



is dened by



]Contv (x(t)) ) maxx∈Dt ]Contp (x, t)



(7)



256



Contv (x(t)) represents the number of viable controls Contp (x, t) the number of possible controls at state x(t).



257



2.5



258



To test the ripening trajectory found with the viability method, the camembert-



259 260



type soft mold cheeses were manufactured as described by (Leclercq-Perlat 3 et al., 2004) under aseptic conditions in a sterilized 2-m cheese making cham-



261



ber.



262



teurised. It was inoculated with lactic acid bacteria (Flora Danica lyophilisate,



263



CHN11, Chr Hansen, Arpajon, France),



255



where



at state



x(t)



and



Cheese ripening trials



The milk was standardised in terms of fat and protein and then pas-



448 ),



Kluyveromyces marxianus, Km, (GMPA



Geotrichum candidum, Gc, (Cargill, La-Ferté-sous-Jouars,



264



collection,



265



France),



266



and



267



production, the cheeses were aseptically transferred to two sterile ripening



268



chambers under controlled temperature and relative humidity conditions. The



269



usual controls are 12°C for ripening temperature and 92% relative humidity



270



after 24h of drying at 12°C and 85%. This drying at 85% is necessary to curd



271



drying allowing micro-organisms growth on the cheese surface. After 12 days,



Penicillium camemberti, Pc, (Cargill, La-Ferté-sous-Jouarres, France),



Brevibacterium aurantiacum, Ba, (ATCC9175) as ripening ora. After



9



272



the cheeses were wrapped and then transferred to a refrigerated room at 4°C



273



and ripened for three more weeks until day 41.



274



During, the pilot trial several indicators were continuously measured in the



275



ripening room :



276



micro-organims and cheese mass loss.



277



243 Dewpoint transmitter, Etoile International, Paris, France) measured the



278



temperature and the relative humidity of the ripening chamber. Atmospheric



279



composition changes in the chamber were also characterized by



280



(Iridium 100 infrared analyzer, City Technology, UK, precision



281



cerning chees mass, one cheese was continuously weighed throughout ripening



282



with an electronic balance (Precisa XB620C, precision



283



France). Thirty cheeses were ripened at the same time in a ripening box.



284



One cheese was removed daily during the ripening in the ripening room and



285



weekly after wrapping.



286



tose, lactate content and pH were performed. The kinetics of the four main



287



microorganisms,



288



plate counting with a precision of



289



carried out as previously described in (Leclercq-Perlat et al., 2004).



290



The sensory analysis was performed by the sensory analysis company Ac-



291



tilait (Maison du Goût, Rennes) at day 35 after cheese-making.



292



was choosen as a time reference because the optimal consumption period of



293



Camembert is between the day 20 and the day 50. The cheeses were evaluated



294



on the basis of 26 indicators on a continuous 10 points scale. Subjects were



295



provided with mineral water and plain crackers as palate cleansers between



296



samples.



297



C), under white light in separate booths.



298



a computer system using FIZZ software (Biosystemes, 1999).



299



panel assessed also cheeses from a dairy company purchased in a supermar-



300



ket. The aim was to compare the sensory prole of the experimental cheeses



301



to commercial cheeses.



302



software Matlab (The MathWorks, Inc., MA,USA). A 2-way variance analy-



303



sis (ANOVA) was carried out separately on each attribute according to the



304



following model: attribute = product + repetition + product Ö repetition.



305



When signicant product dierences were observed (P < 0.05), product mean



306



intensities were compared using the Tuckey-Kramer multiple comparison test.



307



In this study, two ripening trials have been performed. One trial was a stan-



308



dard ripening within 12 days in the ripening room at 92% relative humidity



309



and 12°C and the cheeses were wrappened and stored at 4°C. This standard



310



ripening control is the one typically applied in dairy industry.



311



The second trial was controlled along the robust trajectory found in the vi-



temperature, relative humidity, respiratory activity of the A combined sensor (Vaissala, HMP



CO2 sensors ±3%). Con-



±0.01g, Precisa, Poissy,



For each cheese, determinations of dry matter, lac-



Km, Gc , Pc and Ba , were also monitored through surface



±0.5 log of cfu/g.



All of these analyses were



This day



Sensory evaluation was conducted in an air-conditioned room (18 Scores were directly recorded on The sensory



Finally, the data analysis was performed with the



10



312



ability set.



The cheeses were ripened 8 days in the ripening room before



313



wrapping.



314



3 Results



315



First, we present the computed viability kernels for two dierent process du-



316



ration. Then, we describe the chosen robust trajectory and nally compare it



317



to a standard ripening trajectory in an experimental pilot.



318



3.1



319



Two viability kernels were calculated, the discrete viability kernel of 12 days of



320



ripening is presented in Figure 3. The kernel is thin at the beginning because



321



the respiration rate is at the 0 level corresponding to the latency phase of



322



microorganisms. At day 1, the cheese mass lower than 262 g are not viable



323



and the respiration rate should be at 0 level.



Viability kernels



[Figure 3]



324



325



3.2



The robust trajectories



326



Several trajectories reach the maximal robustness value in the 12 days viability



327



kernel. The same maximal robustness value is reached by some trajectories of



328



the 8 days viability kernel.



329



Among the trajectories of 8 days with a maximal robustness value, we choose



330



one thanks to two criteria dened with cheese makers from the dairy industry



331



:



332



The rst idea was to limit the control variation to reduce operational cost,



333



ie energy costs.



334



dierence between the control (rh and



The changing control cost was calculated by means of the



335



T∞ )



336



The second idea was to reduce the initial cheese mass to reduce the necessary



337



raw material.



338



One ecient robust trajectory was found for a 284 g cheese and a 8 days ripen-



339



ing period.



T∞ )



at time t and the control (rh and



at time t-1. The cost was higher when the dierence increased.



This trajectory was 4 days shorter than the standard ripening.



11



340



The controls of the robust ripening are presented Figure 5b and the standard



341



controls are presented in Figure 5a.



342



[Figure 5 around here]



343



The robust trajectory diers from the classical one. The relative humidity is



344



constant but 2% higher: 94% instead of 92% and the temperaturecontrol is



345



modied instead of staying the same. The temperature control is successively



346



12°C, 13°C, 14°C, 14°C, 12°C,12°C, and nally 9°C during 24 hours before



347



wrapping the cheese.



348



3.3



Application of the robust ripening on a pilot scale and comparison to a standard ripening



349



350



The robust trajectory was then applied in a pilot. The controls were xed at



351



the level given in the Figure 5b for every day of the ripening process.



352



results for cheese mass loss evolution, microbiological and physicochemical



353



kinetics were compared to those obtained during a standard ripening on this



354



pilot. Then, the sensory quality of the manufactured cheeses was compared



355



to a commercial one.



356



3.3.1



357



The Figure 6a shows the mass loss during the trial of the robust ripening



358



compared to the mass loss measured during a trial where the standard ripening



359



control was applied. The mass loss was 34g for the robust ripening and 54g



360



for the standard ripening. This result is interesting because the dairy industry



361



is interested in improving the yield of their process. The yield for the robust



362



ripening is about 89% and the one of the standard ripening is about 85%.



The



Cheese mass loss evolution



363



[Figure 6 around here]



364



The cheese mass at the end of the robust ripening was in the wanted target.



365



The mass was within the target range (250 g- 270 g). Nevertheless, the mass



366



loss is not sucient to check the quality of a cheese ripening. Mass can be



367



lost in a dried atmosphere in just a few days but if the other phenomena are



368



not suciently controlled, ripening may not take place correctly. Therefore,



369



during the trial the microorganism kinetics were controlled and the cheese



370



sensory properties at the end of the process were also veried.
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371



3.3.2



Comparison of microbiological and physicochemical kinetics



372



The microbial activities of robust and standard ripening were also compared.



373



The results are presented in Figure 6.



374 375



The respiration rate was the rst kinetic checked. As wanted, the respiration 2 rate began at 0, reached a maximum higher than 30g/m /day and then de-



376



creased slowly until the wrappening day. The maximum respiration rate was



377



stated 1.5 day earlier in the robust ripening than in the standard ripening.



378



Concerning the pH, it increased around 1 day earlier in the robust ripening



379



than in the standard one.



380



The yeast



381



dard ripening but the dierence is limited (the standard error in measurement



K. marxianus did not reach the same maximum than in the stanG. candidum growth was similar in the robust



382



is around 0.5 log CFU/g).



383



conditions than in the standard one.



384



The



385



than during the standard ripening mainly because of the dierence in the level



386



of seeding was dierent. However, the trend of the kinetics are similar, there



387



was no huge increase of sporulation in both ripening. So, we can suppose that



388



the ripening conditions were appropriate for the



P. camemberti spore concentration was higher during the robust ripening



Pc growth.



B.aurantiacum, the growth occured at the same time for the ro-



389



Concerning



390



bust ripening and the standard ripening but the level of



391



always lower in the case of the robust trajectory.



392



These results highlight that the control select through the viability theory al-



393



lows to maintain globally the micro-organism equilibrium except for



394



However, it has been necessary to check the organoleptic consequences of the



395



robust ripening controls.



396



3.3.3



397



The cheeses ripened with standard conditions and robust condition were as-



398



sessed by a sensory panel at day 35 and compare to a commercial cheese.



399



The results are presented in Figure 7.



400



nicantly dierent for half of the sensory indicators. However, they were not



401



very dierent in terms of the product space (maximal dierence between two



402



Camemberts) represented by the 10 point scale.



403



B.aurantiacum was



B.aurantiacum.



Comparison with commercial camembert cheeses



The three types of cheeses were sig-



[Figure 7 around here]
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404



Finally, the dierence between the cheeses was explored in greater depth with



405



a Tuckey-Kramer signicance dierence test. The results are in Table 2. The



406



robust cheese was found to be very closed to the standard cheese. Only three



407



sensory indicators revealed signicant dierences between the cheeses, the core



408



color indicator, the chalky core indicator and the hard texture indicator.



409



[Table 2]



410



The cheeses produced with robust ripening in 8 days were very similar to those



411



produced in 12 days. So, the results highlight the eciency of the viability



412



theory to control the Camembert cheese ripening process.



413



4 Conclusion



414



Thanks to the viability theory framework we have computed the set of all



415



viable trajectories satisfying the manufacturing constraint and reaching the



416



quality target for the ripening process. We have evaluated the robustness on



417



these trajectories and chosen among the more robuste ones, a trajectory with



418



low operational cost. This trajectory has a 8 days duration and an initial mass



419



of 284g whereas the standard is 12 days and 300g.



420



This trajectory was validated on a ripening pilot. The microbial equilibrium



421



was preserved so as the cheese sensory properties. We can then conclude that



422



the trajectory built with the viability theory is realistic and that the viability



423



method allowed us to eciently control the cheese ripening process.



424



The method developped in this work could be applied to other processes for



425



which a dynamical model is available. The aim is to explore the process and



426



propose new way of controlling it.



427



For industries, robustness is crucial to avoid risks. Other measures of robust-



428



ness based on the viability kernel boundary should be developped to identify



429



the areas where the process is more sensitive to perturbation, and conse-



430



quently, where it should be more carefully monitored.



431
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Figure 1. (a) represents the possible space of two state variables X1 and X2, a simplied viability kernel with a capture bassin (in grey) to reach a target C in time tf and a black line representing an robust trajectory. 503
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Figure 2. The cheese mass loss model modied to use it for simulation of the Camembert ripening process. 504
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Figure 3. The viability kernel calculated for 12 days of ripening. The time, respiration rate and cheese weigth viable value for each days are represented. 505
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Figure 4. Percentage of viable points on the total of cheese states (mass, surface temperature, respiration rate) explored with viability algoritm. 506
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Figure 5. Controls of relative humidity and temperature to apply to perform the robust ripening trajectory. 507
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Figure 6. Microorganisms growth during robust ripening (line) and standard ripening (dotted line). a) K.marxianus, b) G.candidum, c) P.camemberti, d) B.aurantiacum. 508
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Figure 7. Sensory scores for robust ripened cheeses (line), standard ripened cheeses (dotted line) and dairy industry cheeses. Bitter
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Ammoniac aroma a a b Table 2 Multicomparison test of sensory results for cheeses with robust ripening (Robcheese), cheeses with standard ripening (Standardcheese) and cheeses from a dairy industry (Commercialcheese) based on Tuckey-Kramer signicant dierence.
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