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Summary
This study aims to develop a theoretical procedure to infer about strategic decisions taken by producers to prevent animal disease in their herds, in face of the risk of contamination. The analysis is based on a Game Theory model which assumes that producers take action based on expected economic impacts of disease contamination. After modeling the problem and determining the possible equilibriums of the game, these are used to elaborate inferences about possible actions of the government through economic incentives (such as indemnities and fines) to encourage the prevention. Then, the theoretical model is applied to a specific case of a foot-and-mouth disease (FMD) outbreak in Brazil. The results indicate that in the absence of a differential market for non-vaccinated animals, the game equilibrium tends to the situation where producers’ decisions are to vaccinate their herd, suggesting that government intervention is not necessary. The Brazilian government uses incentive policies for the cattle vaccination since some producers do not vaccinate their animals, despite of their awareness of the risks, which suggests lack of rationality.
Key-words: Game Theory; foot and mouth disease; prevention.
1. INTRODUCTION
The meat sector has assumed a great importance in the Brazilian economy in recent period. It was responsible for 17% of the agribusiness exports and for 6% of the total exports of the country in 2005, with revenue of US$ 7.2 billions, according to Ministério do Desenvolvimento, Indústria e Comércio Exterior (2006). Brazil is assuming a prominent position in the international beef market, as well as in the poultry market.
Despite the good perspectives attributed to the sector, disease outbreaks in commercial herds might limit its growth in the international trade of meats.

Foot and mouth disease (FMD) outbreak occurred in the States of Mato Grosso do Sul and Parana, in October and December of 2005, respectively. As a consequence several countries imposed a ban in Brazilian meat exports, causing damages to expected trade performance of these regions. According to Ministério do Desenvolvimento, Indústria e Comércio Exterior (2006), frozen bovine meat exports were reduced by 79.6 percent in the first semester of 2006 in Mato Grosso do Sul, and the trade of fresh meat presented a fall  of 76.5 percent in the same region, possibly due to the outbreak occurred in the previous year.
Besides FMD, other diseases have negative implications for the international trade of meats, as  the avian influenza, classical swine fever, African swine fever, Newcastle disease, BSE (Bovine Spongiform Encephalopathy, also known as " mad cow disease"), bovine plague, among others.
Reactions of this nature to food contamination are becoming frequent in the international trade relations in the last years. Animal disease outbreaks have led countries to prohibit the imports of meat and its by-products originated from affected countries.

Besides the reduction in imports caused by these bans, the disease outbreaks  increase costs of control and recovery of the sanitary condition for the countries directly affected. Moreover, these countries reputation regarding the food safety can be damaged.
Procedures to prevent diseases seem to be an adequate strategy to prevent adverse effects caused by disease outbreaks. However, the prevention implies in costs for producers, which can decide to adopt it or not, considering a relatively low risk of infection.
In this context, it is important to develop a procedure that allows evaluation of  producers’ strategic decisions regarding the prevention against animal diseases, faced to the risk of infection by illness with economical implications. The development of this procedure is  based on concepts of the Game Theory.
Several works (Bauch & Earn, 2004; Barret, 2003) use Game Theory to evaluate the expected equilibrium for the case of prevention of diseases with vaccination. These authors determine that when the vaccination is not mandatory, the expected equilibrium is that individuals will not vaccinate themselves, or that the vaccination of the population reaches a proportion below optimum. This occurs because when a great number of individuals are vaccinated those that have not been vaccinated are indirectly protected against the disease. The vaccination by part of the population can be interpreted as a positive externality which may discourage the vaccination by all individuals. If the majority of the individuals follow this logic, the expected equilibrium of the game is a situation where the individuals do not vaccinate themselves.
Thus, it is important to analyze the strategic decisions of animal producers which interact regarding their strategies to prevent against diseases and the public sector. The later can use policy to guarantee that the game equilibrium is the preventive action.
2. Hypothesis and objectives  
The basic hypothesis of this research is that, even when producers are aware of the economic impacts of the disease outbreak, they don’t recognize the importance of taking prevention actions individually, due to the low frequency of the disease outbreaks. Therefore, it is important to model their actions and interactions, such that these can be associated with their possible strategies to facilitate the identification of the stimulus needed to induce producers to adopt the prevention.
A second hypothesis, which is a consequence of the first, is that the action of a third party is necessary - possibly the government - organizing incentives to promote private decisions of prevention by the producers when they don’t recognize the external consequences of their actions. Producers’ decisions to reduce the risk of diseases can be considered a collective action, since others are affected, and market mechanisms are unable to indicate that some action must be taken.
The general objective of this study is to apply Game Theory to the analysis of agricultural economy, considering the case of adopting prevention actions against the occurrence of endemic outbreaks in animals. The analytical context considers that the impacts of the contamination can be extended to all producers of an affected region, as well as to the overall country’s economy.
The use of this theory to this type of analysis seems adequate, since it involves an interactive situation, in which a strategically action of a producer can be affected by the action of another, or by the government, through regulatory measures.

Specifically, it aims to:

1. Model the problem, considering the decision taken by producers with respect to adopting measures to prevent animal disease outbreaks;

2. Draw inferences about the possible behavior of producers, when faced with the risk of contamination of their herd, and possible actions of a regulating agent, whenever it becomes necessary;
3. Validation of the model, using empirical data from a case of FMD outbreak in Brazil.
3. Methodological procedure   
3.1 Definition of the game without government intervention  
The modeling of the strategic game is based on other models applied to analysis with similar objectives. Mattoo (1996), for example, applied similar procedure to evaluate the requirement of standards for products/services between countries. Rich et al. (2005), developed a spatial model of game where two neighboring producers of bovine cattle decide between adopting high or low levels of effort for the control of FMD.
In the definition of a basic simplified model, it is assumed that there are only two producers, located geographically close, representing two players.  

The game follows three stages:

(i) In the first producers decide to adopt or not the voluntary prevention actions. Analytically, producers’ decision to adopt voluntary actions for prevention against a disease represents Strategy A, while non adoption is strategy B; 

(ii) In the second stage, they decide non-cooperatively about the size of the herd, maximizing their profit function; and 

(iii) In the third stage of the game the “nature plays” in a way that the outbreak occurs (represented by the situation S) or not (represented by N), at pre-established probabilities.
The game result is the payoff received by each player, which depends on its choice and on the strategy of its opponent, following the principle of the strategical interdependence. In the study described here, of prevention against diseases, the level of dissemination of the agents that cause the diseases (virus, bacteria, etc.) makes actions of prevention taken by a producer to influence payoffs and consequently the actions taken by others.
The decision taken by each producer between (A) or (B) is assumed to be based on the expectation of associated economic earnings and/or losses in each possible choice, given the probable decision of its competitor and the conditions of the nature regarding the probability of occurrence of an outbreak of FMD (S) and the probability of the outbreak does not occur (N).

In general, the decisions to adopt prevention measures depend on its costs for the producer and on the probability of animal infection by the disease in two possible situations: with and without prevention.
A first scenario considers that government does not intervene in the producer decision making with regard to adopting (or not) prevention measures. The objective of this scenario is to determine the game equilibrium without the intervention of the public sector as a benchmark to evaluate other contexts where government needs to take action.  . 
Modeling scenario 1 as a strategical game involves the following context:

Players (i): producers 1 and 2. 

Actions: adopt (A) or do not adopt (B) the prevention actions.

Preferences: represented by the payoff functions of producers i in each possible situation j, that is Yij (p, cij, dij), for i = 1, 2; j = 1, 2, 3, 4 (j = 1 if both producers adopt the prevention, j = 2 if only producer 1 adopts; j = 3 if only producer 2 adopts; e j = 4 if both don’t adopt).
Where: 
p = price received for the cattle (per unit) – it is assumed that it is not different between producers 1 and 2, and does not depend on the decision of adoption of the prevention actions, and it is exogenous; 
cij = costs of production (by animal), cost of prevention, and expenses with disease control if animals are infected, which are also exogenous data; 
dij = probability of the animal contamination. 
The possible results of the game are:

1. (A,A)
 – Both producers adopt prevention measures
There is a probability di1, that both producers (i = 1, 2) will have their herd infected, even when prevention measures are taken, and a probability 1- di1 that the animals do not contract the disease. 
In this situation, it is supposed that both producers have expenses with prevention costs, independent of the occurrence (or not) of the disease. If the outbreak does not occur for anyone of them, their exports are not harmed (except in the case that a country decides not to import animal and/or meat from countries which adopt prevention measures). If an outbreak occurs, for at least one producer, both can have economic losses due to the banishment of meat import countries. It is expected that the losses will be more expressive for the producer whose herd is affected, because he will have to sacrifice the animals and take other measures to control the disease. The producer that does not have problem with the disease can sell its animals. However, it is expected that the price will be different from the value negotiated before the outbreak
. 
The expected payoff Yij of each producer i can be calculated based on the different possible situations, which are weather the disease occurs (Yij*) or does not occur (Yij) such as:
п11 = d11(Y11*)+(1- d11)(Y11) 

and 

п21 = d21(Y21*)+(1-d21)(Y21); 

in which Y11 represents payoff for producer 1 when both adopt prevention measures and his herd is not infected by the disease; Y11* represents producer 1 payoff when both adopt the measures and his herd get the disease; and d11 is the probability of the herd of producer 1 contracting the disease in situation 1. Similar interpretation can be attributed to producer 2, in the form of Y21, Y21*, and d21.


The payoff of an individual producer is the difference between the expected revenues and costs, including expenditures with prevention of the disease and costs for controlling the disease when it occurs (e.g., cost of sacrifice or recovery of sick animals, of sanitary control in the affected region, etc
). 
Moreover, it is supposed that importing countries will establish sanitary barriers for a country affected by the disease, prohibiting the purchase of meat from the affected region or from all its territory, including producers whose herds have not been infected. This also affects the price received by producer whose herd did not get infected by the disease, when the animals of another producer got infected.
On the other hand, according to Bauch & Earn (2004), the positive externality generated by prevention measures must be considered, as an indirect protection to the individuals that had not received these measures. This indirect protection, however, discourages the adoption of prevention actions by producers. Thus, if a producer realizes that his herd can receive the indirect protection against diseases through the measures taken by his neighboring producers, there will be no incentive for him to take any prevention actions.
2. (A,B) – Only producer 1 adopts prevention measures: 

In this in case, it is assumed that producer 1 has a probability d12 of having problems with the disease, and producer 2 has a probability d22 of having problems. Only producer 1 incurs into prevention costs. If an outbreak occurs, either for producer 1 or 2, or for both, the international meats market closes for the two producers, but only that one who had problems with the disease loses its herd, due to the sacrifice of the animals. The producer that did not have problems with the disease can sell the animals, however to a different price of the value negotiated previously. However, if both did not have problems with the disease, they do not have trade restrictions for the animals, in the domestic market as well as in the international market. The expected payoffs of 1 and 2 will be, respectively: п12 = d12(Y12*)+(1-d12)(Y12) e п22 = d22(Y22*)+(1- d22)( Y22).
3. (B,A) - Only producer 2 adopts prevention measures: 
In this context, the previous situation is inverted; which means that it is supposed that producer 1 has a probability d13=d22 of contamination of its herd, and producer 2 has a probability d23=d12. Thus, only producer 2 has the cost of prevention. It is supposed that the remaining of the previous analysis is valid too, with the international market being closed to both producers if an outbreak occurs, and the producer whose herd got infected having to eliminate the animals. The expected payoffs of producers 1 and 2 will be, respectively: п13 = d13 (Y13*) + (1- d13) (Y13) e п23 = d23 (Y23*) + (1- d23) (Y23).
4. (B,B) - Both producers do not adopt the prevention measures: 
Both have a probability di4 of having their herds infected by FMD virus, but none of them has costs of prevention. In this case, if an outbreak happens, the producer whose herd got infected will have to sacrifice it, and both will suffer with the banishment of imports from other countries. However, if the outbreak does not occur, the meat exports do not suffer restriction from import countries (except if any country decides do not buy meat from others that don’t adopt prevention measures). The expected payoffs of 1 and 2 will be, respectively: п14 = d14(Y14*)+(1-d14)(Y14) e п24 = d24 (Y24*)+(1- d24)(Y24).
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The stages one and three of the proposed game (where in the first one, the producer decides to adopt or not the prevention measures; and in third, the "nature decides" if the animals contract or not the disease), can be represented as shown in Figure 1
. It must be observed that the stage two, where producers decide its production by maximizing the profit function, was suppressed from the Figure, to facilitate the visualization of the game, considering that in this stage the producers maximize the profit function.

Figure 1. Structure of the game between two producers in the extensive form, in which the decisions are to take or not to take the preventive actions against animal diseases 

As modeled, it is a non-cooperative extensive game, with complete information (the players know the expected payoff function in each situation j = 1 to 4, including its opponent payoff), however with imperfect information (the producer does not have certain on the action of its opponent). Each event/move is associated to a probability (represented in the last stage of the game, where the disease can occur or not).
The decision of one producer influences the payoff of another through the probability parameters; which means that, when one of them decides to adopt the prevention actions, the probability of the herd of its opponent to get the disease will be lesser, independent whether this one has decided or not for the prevention, what can interfere on its payoff. 
The result of the game in the extensive form is found by backward induction
, and the decision of producers in the first stage is based on the expected profits in the following stages. It means that, for each strategy adopted by producer 1, producer 2 chooses its strategy. Assuming that the information is complete, producer 1 knows payoffs of producer 2 for each one of its strategies. Evaluating the choice of producer 2, producer 1 takes this decision as given to decide what its own strategy will be, or either, it looks forward to identify and to adopt that one that gives him the greater payoff.
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The results of the game can also be visualized in the strategic form, in a payoff matrix (Figure 2).  


Figure 2. Payoff matrix of the proposed game
What is expected of the analysis of this game is to determine if it fits in a type of “prisoner’s dilemma” or in another type of game. The dilemma can appear with the prevention and consequence reduction of the probability of contamination of the animals versus costs of the measures). In this type of game, the players get higher profits when they cooperate - when they decide to adopt the preventive measures - but they have no incentives to adopt them, following a “free rider behavior”. Adopting the free rider position, the agents look forward to maximize the individual benefit, and not the collective benefit, what leads to a less favorable result.

An individually ideal situation for a producer is when only its neighbor adopts the prevention actions, having the costs of the procedure, while it receives the indirect benefit from the procedure without incurring into expenses, since the probability of its animals to get the disease reduces.
It must be said that the developed model makes possible the risk analysis through the costs and economic benefits of producer’s point of view. The decision on prevention actions are delineated from these results, not considering the social costs or the costs of other sectors due to the outbreak, such as the labor market, tax revenues, tourism, input sector, amongst others related to the productive chain.
3.2 Game with government intervention  
The hypothesis assumed in this work is that the government expects that all producers adopt prevention actions against diseases, avoiding losts caused by an outbreak to the countries’ Trade Balance. The government, don’t want to lose, as well, the recognition of other countries regarding food safety practices. 
In this context, the government is inserted in the proposed game as a player, who can take decisions on how to encourage de adoption of preventive measures. Thus, it can grant an indemnity I per animal to the producer that have to sacrifice its animals, only if the producer has proved the prevention practices. Otherwise, the producer will have to assume integrally the costs of sacrifice once its herd is infected.
Another way of governmental intervention can be simulated by the institution of a fine (M) per animal to the producer that has not adopted the prevention actions. It is also assumed that the government has a probability s of discovering if the producer did not adopt the actions when the disease does not occur (the government control of prevention may not be efficient, once in some cases it is based on randomly tests with the animals).
It is supposed that when the producer has its herd affected by the disease, the government has the capacity to carry out tests with the animals to determine if the prevention had been taken. Therefore, if the producer did not adopt the prevention, and its herd got infected, the government does not grant the indemnity and applies the fine to the producer.
Thus, extending the game with the introduction of the government, the preferences of the producers are represented by the following payoff function: Yij (p, c, dij, I, s, M), with the institution of fine M and indemnity I by the government.
The result can also be found by backward induction. In this context, it can be considered that the decision of the government on the value of the fine and indemnity is determined by the anticipation of the response of the producers, and that the decision of the producers on taking the prevention actions are based on the expected profits of the later stages.
3.3 Definition of payoffs 
The expected payoff received by each producer, in each situation, is given by the net profit, that is the difference between the revenues and the costs. It is considered that the decision about adopting the prevention is based on this estimative.

It is supposed that the producers have similar production structure and, therefore, have similar profit functions.
Generally, the expected profit of both producers, to be maximized, will be:
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(1)

Where:

i = 1, 2 (indicating the producers that participate in the game);

j = 1, 2, 3, 4 (j = 1 if both adopt the prevention, j = 2 if only producer 1 adopts the prevention; j = 3 if only producer 2 adopts it; e j = 4 if both do not adopt the prevention);

dij = probability of the animal get the disease, depending on i and j; it is supposed that: d11= d21 < d12 = d23 < d13 = d22 < d14 = d24;

P = total revenue of the sales of animals;

· P = p.qi
where:

qi = number of animals of the herd (i = 1,2);

p = exogenous unit price received for the sale of the animals.

Cij= production costs, including prevention and control costs, depending on each hypothetic situation, disaggregated in:

· Cij = cpij qi + ccij qi + coij qi + cfij




    (2)

where:

cpij = unit prevention cost, to avoid the disease, incurred for i= 1 e j= 1, 2; and for i = 2 e j = 1, 3;

ccij  = unit control cost of disease, once the animals are infected; incurred in every situation for i and j, in the part of the expected profit that considers the probability of occurrence of the disease;

coij = other production costs, represented by variable costs, not related to prevention or control of the disease, incurred in every simulated situation (i = 1,2; j = 1,2,3,4);

cfij = other fixed production costs, incurred in every simulated situation  (i = 1,2; j = 1,2,3,4);

Moreover, for the scenario where the government can intervene in the market, it is supposed that the producer receives an indemnity I if the disease occurs and it have adopted the preventive actions; however, it will have to pay a fine M if it doesn’t adopt the actions, which can be proven by the government with a probability s if the disease does not occur, or will be assured if the disease occurs (which means that the probability s will be equal 1 if the disease occurs).
It is assumed, at first, that there are only two producers in the analyzed region, and the meat market is perfectly competitive, which means that none of them individually is able to influence the prices of the product. This assumption is suitable, due to the characteristics of the market, since the producing sector of animals for human consumption generally has many producers and purchasers.
In this context, price p received for the animal is an exogenous variable. It is also assumed that if one of the producers decides not to produce, the market can partially be supplied by product of another region or through importation, and therefore the price is not modified, or if modified, this change is not significant
. 
To simplify the model, it is considered that the costs of prevention and control of disease assume fixed values per unit (e.g. per animal), and the other production costs have a fixed and a variable parcel, this one in function of qi. Thus, the marginal cost of prevention and the marginal cost of control of disease are constant (considering that total cost of prevention = cpij.qi and total cost of control = ccij.qi), being only the marginal cost related to the other costs of production a function of qi (considering that other total production costs = cfij + coij.qi and that coij = f (qi)).
This means:
cfij  = Constant per animal
cpij = Constant per animal
ccij = Constant per animal
and coij = f(qi)
The number of animals to be produced (qi ) will be determined by the maximization of the expected producer profit.
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Before maximizing the profit function, and without the intervention of the government, the payoff matrix can be represented as showed in Figure 3.

Figure 3. Payoff matrix of the game without government intervention
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In scenario 2, it is supposed that the government can intervene in the market through the institution of an indemnity (I), per animal, to the producers that had adopted the prevention actions but had their animals infected. The government can also charge a fine (M), per animal, of the producers that had not adopted such actions, and assuming that it has a probability s to determine if, in fact, the producer did not prevent the disease. The payoff matrix before the profit maximization is represented in Figure 4.
Figure 4. Payoff matrix of the game with government intervention 
It is considered, to simplify the analysis, and once it is suitable, that the prevention and control costs and the other production costs for one specific producer are the same in every scene, with j = 1,2,3,4. Under this assumption, it considers the following equalities: cp11 = cp12, cp21= cp23; cci1 = cci2 = cci3 = cci4; coi1 = coi2 = coi3= coi4; e cfi1 = cfi2 = cfi3= cfi4, for i= 1, 2. However, this costs are not necessarily equal between different producers.
4. RESULTS 
4.1. Analysis of the strategies and determination of the equilibrium in the basic scene, without the government intervention  

Solving the game through the procedure of backward induction, it begins from the last stage of the game, where the producer decides the amount produced which will maximize the expected profit.

It is assumed that the part of the total cost related to the other production costs is function of qi (that is, coij= b.qi, b>0), and therefore the total cost function é quadratic, assuming the form: Cij = cpiqi+cciqi+bqi2+cfi. The marginal cost, thus, is linear and increasing, and its derivative is positive.
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Maximizing the expected general profit function (1) in each hypothetic situation for i = 1, 2 and j = 1, 2, 3, 4, considering the price of the cattle (p) as exogenous, it has the payoff matrix, according to represented in Figure 5
.

Figure 5. Payoff matrix of the game without government intervention, considering that each producer maximize its profit.
From the payoff matrix, it deduces that there are four possible configurations of equilibrium for this game, which are: (A,A) - both adopt prevention measures; (A,B) - only producer 1 adopts; (B,A) - only producer 2 adopts; (B,B) - none of them adopts. The necessary and sufficient conditions for these configurations being a Nash Equilibrium in Pure Strategies (PSNE)
 are:

If п11 ≥ п13 and п21 ≥ п22 , so (A,A) is a Nash Equilibrium (NE) 

(3)


If  п12 ≥ п14 and п22 ≥ п21,  so (A,B) is a Nash Equilibrium (NE)

(4)
If  п13 ≥ п11 and п23 ≥ п24, so (B,A) is a Nash Equilibrium (NE)

(5)

If  п14 ≥ п12 and п24 ≥ п23, so (B,B) is a Nash Equilibrium (NE) 

(6)
Solving the inequalities (3) to (6), based on the payoffs matrix represented in Figure 3, for cpi
, the following conditions for the possible PSNE are gotten:
(A,A): cp1 ≤ (d13 – d11) (p+cc1) and cp2 ≤ (d22 – d21) (p+cc2)


(7)

(A,B): cp1 ≤ (d14 – d12) (p+cc1) and cp2 ≥ (d22 – d21) (p+cc2)


(8)

(B,A): cp1 ≥ (d13 – d11) (p+cc1) and cp2 ≤ (d24 – d23) (p+cc2) 


(9)
(B,B): cp1 ≥ (d14 – d12) (p+cc1) and cp2 ≥ (d24 – d23) (p+cc2)


(10)

The parameters that are involved in these equilibriums are p (e.g. the price of sale of the animals), that is exogenous, and cpi (the cost of prevention measures against the disease), which is considered a parameter for producer’s decision making. It means that, depending on the value of cpi, they decide if they incur into this cost or not, considering a value of p.
Remembering the assumptions made for dij (probability of the animal get the disease), that are: d11= d21 < d12 = d23 < d13 = d22 < d14 = d24, and from the solutions found in inequalities (7) to (10), it is verified that exists two possible configurations for the Nash equilibriums:

I. If (d24-d23) > (d22-d21) and simultaneously (d14-d12) > (d13-d11);

II. If (d24-d23) < (d22-d21) and simultaneously (d14-d12) < (d13-d11).
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For the case I, in which (d24-d23) > (d22-d21) and (d14-d12) > (d13-d11), the possible Nash equilibriums are presented graphically in Figure 6. 

Figure 6. Graphic of the possible Nash Equilibriums in Pure Strategies, for (d24-d23) > (d22-d21) and (d14-d12) > (d13-d11)

It’s verified that, increasing the prevention cost for producers 1 and 2 (cp1 e cp2), and keeping constant the other variables, the NE tends to a situation in which none of the producers decide to adopt the preventive actions. On the other hand, decreasing the prevention cost for both producers, the NE tends to the situation in which they decide to adopt such actions. These results are intuitive.
Another situation would be that one in which the cost of prevention of producer 2 is a value between (d24-d23)(p+cc2) and (d22-d21)(p+cc2), while for producer 1, this cost is between (d14-d12)(p+cc1) e (d13-d11)(p+cc1). In this in case (deduced from inequalities (7) to (10) for case I, and presented at Figure 6), the game has two equiprobable Nash equilibriums, which are (A,B) and (B,A). If the prevention cost increases for producer 1, for example, - equivalent to a move to the right in Figure 6, keeping the cost of producer 2 relatively low, the NE tends to the situation where only the last one adopts the prevention measures, and vice-versa.
For the case II, in which (d24-d23) < (d22-d21) and simultaneously (d14-d12) < (d13-d11), the possible equilibriums are presented in Figure 7. 
[image: image12.bmp]In this situation also, if the prevention cost is relatively small, the NE tends to (A,A), and if it is relatively high, the NE tends to (B,B). If the prevention costs are between (d24-d23)(p+cc2) and (d22-d21)(p+cc2) for producer 2, and between (d14-d12)(p+cc1) e (d13-d11)(p+cc1) for producer 1, the game has two NEs, which are (A,A) and (B,B). However, if the prevention cost of producer 1 is relatively high and for producer 2 it is relatively low, for example, the NE tends to (B,A); in the opposite situation, that is if the cost of prevention of producer 2 is relatively high and of producer 1 is relatively low, the NE tends to (A,B).

Figure 7. Graphic of the possible Nash Equilibriums in Pure Strategies, for (d24-d23) < (d22-d21) and (d14-d12) < (d13-d11 )

Regarding the other exogenous variables (p and cci), it can be verified from inequations (7) to (10) that, the bigger the price received per animal, or the bigger the control cost of the disease if an outbreak occurs (keeping constant the other variables), greater can be the cost of prevention to the equilibrium of the game be (A,A). 
The same analysis can be carried out based on the difference between the probability of the animal getting the disease when the prevention actions were taken or not. It means that, the bigger is the difference, greater can be the cost of prevention to the equilibrium of the game be (A,A). In other words, if variables p and/or cci increase, and/or if the differences (d13-d11) and (d22-d21) in case I, or (d14-d12) and (d24-d23) in case II increase, the game will have a higher possibility to have the equilibrium (A,A). It’s the same as saying that the lines that limit the area of the single equilibrium (A,A) in Figures 6 and 7 are moved to the right and up.
4.1.2 Generalizing the game to many producers
Generalizing the game to n producers, all of them located in same region, it is supposed that the decision of each one of them on the adoption of the prevention influences the payoff of the others through the probability of getting the disease. The bigger the number of producers that adopt the measures, the lesser the probability of all herds get infected.
The following probabilities are defined:
dij = probability of the animal of producer i get the disease in situation j; 
where:
i = 1, 2, ..., n

j = 1, 2, ..., n, ..., 2n; for j = 1= none of them adopts the prevention; j = 2 = only producer 1 adopts it; j = 3 = only producer 2 adopts it; ...; j = x =  only producers 1 and 2 adopt it; j = y =  only producers 1, 2 and 3 adopt,...; j = 2n = all producers adopt. 
It’s important to say that, for the producer i, the probability of its herd to get the disease is the same if, for example, any two producers adopt the measures, independent on which producer they are. Therefore, in fact, there are j = 2n possibilities, instead of 2n for each producer i.
Proceeding to the determination of the equilibrium, it is assumed that the producers maximize its profit function in the second stage of the game, where they determine the amount qi to be produced. As in the game with only two players, the profit function of each player will be:
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Replacing the probability dij in each hypothetical situation for i = 1, 2... n and j = 1, 2... 2n, the payoffs matrix is defined. However, since in this case there are many players, it is not possible to show graphically the matrix. 

The decision of each producer follows the same logic of the game with only two players, that in each situation j he decides if it is better to adopt or not the prevention measures.
If m producers decide to adopt the measures (and consequently n-m-1 decide not to adopt), the producer i will also adopt the measures if:
пij; m+i adopt > пij; i do not adopt
In general, the conditions for the possible Nash equilibriums in pure strategies will be:
· (A,A,...A) – all producers adopt the measures: пi,j; n adopt ≥ пi,j; n-1 adopt, i does not adopt, for i=1,2,...n 






      (12)
· (B,B,...,B) – none of them adopts: пi,j; none of them adopts ≥ пi,j; n-1 do not adopt, i adopts (38)
· (A1,A2,...,Am,..,B,B) – m producers adopt and n-m d not adopt: пi,j; m adopt, including i ≥ пi,j; m-1 adopt, i does nor adopt, for i =1,2,.. m; e пi,j; n-m do not adopt, including i ≥ пi,j; n-m-1 do not adopt, i adopts, for i = m+1, ... n-m. 


     
    (13)
Solving the inequations, the following general conditions for the possible Nash equilibriums in pure strategies are found:
(A,A,...A): cpi ≤ (di,j; n-1 adopt, i does not adopt – di,j; n adopt) (p+cci), for i= n

        (14)

(B,B,...,B): cpi ≥ (di,j;  none adopts – di,j; n-1 do not adopt, i adopts) (p+cci), for i= n 
        (15)

(A1,A2,...,Am,..,B,B): cpi ≤ (di,j; m-1 adopt, i doesn’t adopt – di,j; m adopt, including i) (p+cci), for i = 1,2,.. m; and cpi ≥ (di,j; n-m don’t adopt, including i – di,j; n-m-1 don’t adopt, i adopts) (p+cci), for i = m+1, ... n-m
        (35)
4.2 Application of the model – simulation for the case of foot and mouth disease in bovine cattle 
It is assumed, based on the production costs raised by Cepea in Dezember/2005 for a representative farm of the region of Navirai - MS, which has a herd composed by 2.376 animals, that the profit expression of the producers will be as follow (relative to a period of raising of the cattle of 2 years):
πij = p.qi - cpi.qi - cci.qi - coi.qi - cfi 

           

  
        (16)

Where:
cpi = R$ 6.00/animal
cci = R$ 122.00/ animal 
 
coi = R$ 320.00/ animal
cfi = R$ 179,000.00
p = R$ 820.00/ animal 

It is supposed, at first, that the two producers have the same production costs, for a herd of similar size, and that the number qi of animals of each herd is the optimum that maximizes the profit.

Thus, the expected profit of producers will be:

πij = dij (- 6 qi - 122 qi - 320 qi – 179,000) + (1-dij) (820 qi - 6 qi - 122 qi - 320 qi – 179,000) 









(17)
Since it wasn’t possible to find in the literature an indication of reference of the disease infection risk, some scenes will be simulated considering different probabilities.
Besides that, because the control cost of the disease and the cost of sacrifice of the animals (cci) are covered by the government in the case of foot and mouth disease, it will not be considered in the total cost function of the producer, being introduced in posterior simulation.
It is composed, then, a base scenario, from which all the simulations will be carried through. In this scene, it is assumed the following probabilities: d11 = d21 = 0,10; d12 = d23 = 0,2; d13 = d22 = 0,3; d14 = d24 = 0,4; for the other variables, it is considered that they assume the values previously presented. The payoffs matrix of the base scene is presented in Figure 8.
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Figure 8. Simulated payoffs matrix, for the base scene
The payoffs matrix shows that the dominant strategy for both players is to vaccinate their herd. Therefore, the proposed game has only one Nash equilibrium in dominant strategy, which is (A,A). In equilibrium, none of the players has stimulus to change unilaterally its strategy, since that would imply in lower payoff. 
It’s important to say that, (A,A) being the equilibrium of the game does not mean that in a real case the other situations (equilibriums (A,B), (B,A), and (B,B)) will not occur. If the result founded in the real world is different from the predicted Nash equilibrium, probably one or both producers made a mistake, or they didn’t understand the preferences of their opponents, or because one of them didn’t understand the game or he is not rational.

If both players choose a Maximin strategy, the result also tends to the best situation for them that is the equilibrium (A,A). The way to find the equilibrium if the players use this strategy is as following: considering initially the decisions of player 1, it is verified that if it chooses A, its minimum payoff will be R$ 605,080.00, and if it plays B, the minimum value that it can receive will be R$ 229,672.00. In this case, its Maximin strategy is to play A, because it will receive at least R$ 605,080.00. Since the game is symmetrical, if player B also uses a Maxmin strategy, the result of the game will be (A,A).

From this scene, several simulations of the game will be carried through, in which changes in the equilibrium of the game due to changes in the considered variables will be determined. These simulations are presented at Table 1.
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Table 1. Changes in the Nash equilibrium due to changes in the variables 
It can be verified from Table 1 that, for any value of other costs of production (coi) and of fixed costs (cfi), keeping the other variables with the values assumed in the base scene, the Nash equilibrium in dominant strategies is the situation where both decide to vaccinate the herd, which is (A,A).
Considering a scenario where the control (cci) must be covered by the producer, the equilibrium of the game is also (A,A), for any value of cci.
Regarding the cost of prevention (coi), it is verified that if it assumes a value up to R$ 163,00/animal, keeping the values of the base scene for the other variables, the game has a single Nash equilibrium, which is (A,A). However, with a cost of prevention of R$ 164,00/animal, the game has four Nash equilibriums, that actually are the four possible situations of the game: (A,A), (A,B), (B,A), e (B,B). If the prevention cost is higher or equal to R$ 165,00/animal, the equilibrium of the game becomes (B,B).
Regarding to the price (p), if it is lesser than R$ 29,00/animal (keeping the base scene for the other variables), the equilibrium of the game is the situation where none of the producers decides to vaccinate the animals, which is (B,B). For a price of R$ 30,00/animal, the game have four equilibriums, that are the possible situations for the game: (A,A), (A,B), (B,A), e (B,B). However, for a price higher than R$ 30,00/animal, the game has only one equilibrium, which is (A,A).
Considering the value of the probabilities of getting the disease, it is verified that if they are different, and following the order supposed in the model of the game, the equilibrium is always (A,A), for any value assumed by these variables (and keeping the base scene for the other variables). For some extreme cases, as for example, if the probability of a vaccinated animal to contract the disease is null (d11 = d21 = 0), and when there is a certainty that if one of the producers do not vaccinate its herd, it will get the disease (d12 = d23 = d13 = d22 = d14 = d24 = 1), both (A,A) and (B,B) are equilibriums of the game. These also will be equiprobable equilibriums of the game if the probabilities of the animal getting the disease, when at least one of them do not vaccinate, are equal (d12 = d23 = d13 = d22 = d14 = d24), and the probability of the vaccinated animal to get sick is lesser.
 
If all the probabilities are equal, and them they don’t depend of the vaccination of the animals, the equilibrium of the game is (B,B).
If the probabilities of the animals getting the disease when at least one of them decides to vaccinate are equal (d11 = d21 = d13 = d22 = d12 = d23), and equal to zero, and the probability of the animals getting sick if none of them vaccinated is greater that zero, the equilibrium of the game will be (A,A).
Another situation occurs if the probabilities of the animals getting the disease when at least one of them vaccinated are equal (d11 = d21 = d13 = d22 = d12 = d23), and higher than zero. In this case, the game equilibriums are (A,B) and (B,A), which means that only one of them decides to vaccinate.
It can be verified, therefore, that the cost of prevention against FMD is relatively low, and it does not compensate for the producer to assume the risk derived from not vaccinating the animals. The producers have more advantages on not vaccinating the herd only if the difference between the probability of a vaccinated and not vaccinated animal getting the disease is very small, and practically null, as verified in the simulation.
· Considering  price premium for non vaccinated animals
It can also be supposed that there are consumers who are willing to pay a premium for not vaccinated animals. This is common in the bovine meat market, in which some countries do not accept to import meat of regions that vaccinate the cattle. According to Ekboir et al., 2002, from Rich 2004, this premium is normally between 10% and 50%. This can be a stimulus for not adopting the prevention, with the objective to get the FMD free without vaccination status from OIE
. 
It is supposed, then, that if none of the producers vaccinate the cattle, they get a higher price, compared to the situation in which at least one of them vaccinates. Considering the base scene for the other variables, and a premium of 10%, the payoffs matrix of the producers is presented in Figure 9. The Nash equilibrium in dominant strategies is still the situation (A,A).
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Figure 9. Simulated payoffs matrix 

With a premium of 33% for non vaccinated animals, however, the scene changes, and the game have two Nash equilibriums, which are (A,A) and (B,B), determined from the payoffs matrix of Figure 10. For a premium higher than 33%, then, the game has two equilibriums.
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  Figure 10. Simulated payoffs matrix 

Considering this case, in both Nash equilibriums - (A,A) and (B,B) -, none of the producers has stimulus to change unilaterally the strategy, since it gets an inferior payoff doing so. 
Amongst the two equilibriums of this game, which is known in literature as coordination game, (A,A) it is preferable to (B,B) for both the players. However, this preference does not indicate that the balance (A,A) has a higher possibility to occur. This will depend on the expectation of a player on the strategies of its opponent. If the players decide to cooperate, they could ensure the equilibrium (A,A), preventing the herd of getting the disease, and reaching a higher payoff. However, if one of them expects that the other one will not adopt (considering that the rationality of its opponent is limited), he does not adopt either, because the result will be better than only him adopting. But the other producer can perfectly understand the game and decide to adopt the measures. In this case, the result is bad for both, and worse for that one who did not adopt (and inferred incorrectly about the decision of its opponent).
If both players use a Maximin strategy, the result tends to the best situation for both, that is the equilibrium (A,A).
However, a game in which one of the Nash equilibriums is the situation (B,B) must worry the government. It must stimulate, through economic incentives, the voluntary prevention adoption by the producers, ensuring the equilibrium (A,A). These incentives can be the payment of indemnity and/or the application of fines.
In the studied case - in which a 33% premium is offered when the producers do not vaccinate its cattle - if the government offers an indemnity of at least 3% of the price of the animal for the producer that vaccinated the animal but unfortunately had its herd contaminated, the equilibrium becomes (A,A). If the government decides, instead of the indemnity, to apply a fine on the producers that did not vaccinate the cattle, and considering that there is a probability of 50% of the government determine that the producer didn’t vaccinate the cattle if the animals don’t present symptoms of the disease, and it detects with certainty that the vaccination didn’t occur if the animals get sick, it is necessary a fine of at least R$ 7,00/animal to the equilibrium be (A,A).
5. Conclusions 
The model developed in this study is apparently adequate to the application in cases of animal diseases whose economic implications are significant, and where the prevention of the disease is controversy, involving scientific and economic questions. 

In cases where the adoption of preventive measures in raising animal’s activities is not accomplished if not mandatory, the government can use models of this nature to determine the economic incentives (fines and/or indemnities) to make it effective.
For the specific case of FMD, it is verified that the application of the model seems useful and adequate. In contrast of the initial hypothesis, none of the models and extensions developed in the research configures equilibrium of the type Prisoner’s Dilemma, which requires the intervention of a third part to maximize the general well-being. 

The model showed that when there is not a differential market for non vaccinated animals, the equilibrium of the game tends to the situation where both producers decide to vaccinate the herd, suggesting, therefore, that the intervention of the government to stimulate the adoption of the preventive measures is not necessary.
If there is a differential market for non vaccinated animals, with a premium of at least 33% on the price of the cattle (considering the data of the proposed simulation), the decision of don’t vaccinate the herd is an equilibrium of the game. However, it’s important to remember that for a country to reach the status of FMD free without vaccination it is necessary not only that the producer do not vaccinate its animals (and the disease does not occur), but also a long process established by the OIE, that demands greater control by the government, on the animals transit between countries, analysis of viral circulation, etc.
In Brazil, it is verified that the government establishes incentive policies for the vaccination of the bovine cattle, through fines and indemnities, in spite of the model developed in this study showing that the best decision for the producer is to adopt the prevention, independent of the stimulation of the government. The Game Theory foresees situations like that, where the theoretical/empiric model foresees a situation different from the reality. It can occur for three reasons: little tack of the model to the reality, omission of important factors for calculating the payoffs, or for incorrect supposition by the agents in (in this case, the producers) of the involved parameters in the decision making, that means the lack of rationality.
According to the agents of the Department of Animal Health of the Ministry of Agriculture (personal communication), generally the producers have knowledge of the involved risk in not vaccinating the bovines, however some of them decided not to vaccinate. Amongst the reasons for not vaccinating, according to diverse agents of the market, are:

· The producers don’t have a perception of a direct and immediate return of the vaccine against FMD, like occurred with other types of medicines applied in animals (as parasitic control, that makes the animals gain more weight), what discourage the vaccination. The return of the vaccine will only be verified if an outbreak occurs in the proximity of the property of the producer, and he vaccinated its cattle. It mean that the vaccine does not add value to the animal, but the contamination risk adds;

· Relatively laborious operation of application of the vaccine in all the animals. Actually, the costs of the vaccine and its application was considered in the proposed model, which means that this is not a justified reason;
· Lost of weight of the animals after the vaccine application, caused by stress. Vets consulted (from Indea) affirmed that the lost of weight of the animals after vaccination is minimal, and it can be easily recovered.
· Risk of injuries in the carcass of the animal, and consequently lost of its commercial value. Consulted vets (Indea) also affirm that the injuries only occur when the vaccine is applied incorrectly and without hygienically procedures. Therefore, this argument is not justified either for not vaccinating the cattle;
· Another fact that can discourage the vaccination by some producers is the reduction of the risk perception of the disease, when there is a long time the last outbreak occurred, or only a few outbreaks occurred recently. 
Considering this irrationality by some producers, the government cannot leave the decision on vaccination against FMD on voluntary basis, because these decisions can affect the economy as a whole. Its action, therefore, must follow the policies already adopted, encouraging the vaccination through the institution of fines and indemnities. However, it must intensify the focalization of the vaccination (since some agents of the market agree that it is fault); and improve the control of the animals traffic, mainly in the borders with other countries (where the control of the disease is not so efficient).
Even that the majority of producers is aware of the risks of not vaccinating the cattle, the government must make the producers conscious on this. It must also demystify the arguments that the vaccine application reduces the animal weight, causes stress, or that it can cause injuries in its carcass.
A better checking of the viral circulation in several regions can also be carried through, and these surveys can be divulged to the producers, as a way of intensification of the prevention actions in the regions with higher risk. It can make the perception of the risk be close to the real risk of contamination.
It’s important to stand out that the developed model studied can also be applied to the study of human diseases, under the point of view of the government, which can use it in taking actions on vaccination campaigns. The analysis of payoffs, however, must be focused on the costs of prevention of the government and the costs of control of the disease if it occurs, considering the involved probabilities in each case. Before that, it is necessary to determine the strategies of the population regarding the voluntary vaccination, as developed for the case of FMD in animals.
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� A result represented in a form (X,Y) indicates that the first player decided to take the action X, and the second decided to take the action Y.


� Depending on the nature of the disease, on the impact of the outbreak, on the type of the market, and on the insertion of the country in the international meat market, the prices received by the producers whose herd is healthy can increase or decrease. It can be reduced because several countries decide to prohibit the imports of afected regions; however, the prices can rise because occurs a shortage of meat supply, due to the outbreak. 


� The control measures depend on the disease that has being studied. For some of them, like FMD, the control measures generally adopted is the sacrifice of all animals of the affected herd, even if the animal is apparently healthy, but had contact with infected ones. 


� The game was represented in the extensive form for better visualizing of the stages. Actually, the decision whether to adopt or not the preventive measures is taken simultaneally by both producers, as well as the decision on how much to produce. There is not a clearer form to represent extensive games with simultaneous moves, when the simultaneity occurs in the beginning of the game (Osborne, 2004).


� A probable result of the game through backward induction is not always possible to be found. In infinite games, for example, it is not possible to apply this concept, as well as in games in which any player is indifferent between more than one result. In the simultaneous game it is not possible to use it either.


� If the market was considered duopolist, a severe shortage of supply of one producer makes the other one have the whole market of the product, turning itself into a monopolist, and driving the prices up.  


� Since the prevention, control and producton costs are the same for a specific producer in the different situations, they can be simplified to cpi, cci, coi, cfi . 


� Pure strategies are defined as a set of specific actions that a player can adopt in each possible situation, in a determined game. These actions can’t be randomly, nor composed by a probability distribution, like the mix strategies are.


� To simplify, it is supposed that p(1-dij)≥coij+cpij+dijccij, which implies that q*≥0 e п≥0.


� To the costs of sacrifice of the sick animals were calculated from from the outbreak occurred in Parana in 2005 in Parana State, according to data of the Agência Estadual de Notícias (AEN, 2006).


� Price of cattle released by Cepea, in September/05 (the month immediately before the outbreak), for Mato Grosso do Sul State.   


� A long procedure is necessary to get the status of FMD free without vaccination, according to the OIE rules. Simplifying the analysis, it is considered in this simulation only the premium price for non vaccinated animals, not the costs to get the status of FMD free area.    
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