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Résumé
 Dans "La Théorie du Développement Économique" (1912), Joseph A. Schum-
 peter (1883-1950) met l'accent sur l'importance de l'innovation. Il explique que les
 activités innovantes engendrent la croissance économique et augmentent le niveau
 de vie des populations. 1 Schumpeter place l'entrepreneur au c÷ur de sa théorie et il
 établit un lien entre les cycles de croissance et les grappes d'innovations. 2 Bien qu'il
 admette que les activités innovantes génèrent un coût à court terme puisqu'elles
 condamnent des pans entiers de l'économie à l'obsolescence, il soutient que ce méca-
 nisme de "destruction créatrice" est un mal nécessaire qui favorise une dynamique
 économique à long terme.
 Cependant, certains aspects de l'innovation suggèrent qu'une économie de mar-
 ché n'est pas à même de véhiculer susamment d'incitations à innover. En eet,
 réaliser une innovation nécessite habituellement que les entrepreneurs allouent du
 temps et des ressources à la Recherche & Développement (R&D). 3 Pour qu'un tel
 investissement soit réalisé, ceux-ci doivent compter sur la possibilité de rentabili-
 ser les coûts de la R&D une fois leur innovation introduite. Néanmoins, la R&D
 1. D'après Schumpeter, en l'absence d'innovation, l'économie reste dans un état stationnaire :elle s'ajuste aux perturbations mais elle n'évolue pas.
 2. Le concept de "grappe d'innovations" se fonde sur l'interaction scientique qui alimente lacréativité des entrepreneurs et permet, sur un horizon temporel restreint, d'aboutir à de nom-breuses innovations, liées entre elles, générant un nouvel élan technologique dans divers secteursde l'économie.
 3. Dans l'industrie pharmaceutique, une étude de 2011 a révélé que la R&D dure en moyenne12 ans pour un coût excédant le milliard d'euros.
 1
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 est un processus dont l'issue est hautement incertaine : le projet de l'entrepreneur
 peut s'avérer être une impasse, l'innovation peut avoir un rendement inférieur aux
 attentes et le calendrier de son introduction peut être inadéquat. Par ailleurs, pour
 un large éventail d'innovations, l'ingénierie inverse permet aux concurrents d'agir en
 passager clandestin et d'assimiler le savoir de l'innovateur.
 Ainsi, il existe un assez large consensus sur l'idée qu'encourager l'innovation de-
 vrait constituer l'un des objectifs prioritaires de la politique économique. L'argument
 de base en faveur d'une intervention publique est que les ineciences statiques que
 celle-ci peut entrainer (perte sèche, coût des fonds publics, etc.) sont compensées par
 les gains dynamiques générés par des incitations à innover renforcées. Le régulateur
 peut alors appuyer sa politique sur de multiples instruments tels que les subventions,
 la création d'incubateur d'innovations, les prix ou encore les titres de propriété in-
 dustrielle. Chacun d'entre eux présente des forces et des faiblesses spéciques mais
 ils visent tous à créer des conditions favorables à l'innovation.
 Pourtant, il est aujourd'hui largement reconnu qu'en dépit du fait que le bien-être
 social soit fortement corrélé au PIB par habitant, il peut exister des écarts impor-
 tants. 4 Ainsi, une politique économique exclusivement guidée par le souci d'engen-
 drer la croissance peut ne pas être socialement optimale. En particulier, le bien-fondé
 d'une politique soutenant sans réserve les innovations au nom de la croissance éco-
 nomique se doit d'être réexaminé. Ce travail est d'autant plus important que les
 activités innovantes peuvent générer des nuisances.
 Il existe en eet de nombreuses innovations susceptibles d'engendrer des pro-
 blèmes de santé publique, de dégrader l'environnement et même de menacer la li-
 berté de l'ensemble de la société ou de certains de ses membres. Dans l'industrie
 4. Nordhaus & Tobin (1972), Stockhammer & al. (1997), Boarini & al. (2006), Fleurbaey (2009),Jones & Klenow (2010).
 2
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 agro-alimentaire, les semences OGM permettent d'accroître la production agricole
 mais elles soulèvent des questions concernant leur impact sanitaire et environne-
 mental. Il en va de même pour l'utilisation des pesticides par les agriculteurs et des
 antibiotiques par les éleveurs. Dans l'industrie pharmaceutique, de nombreux mé-
 dicaments se sont rendus tristement célèbres par leurs eets secondaires alarmants.
 La thalidomide, un médicament qui était prescrit aux femmes enceintes dans les an-
 nées 1950 et 1960 an de lutter contre les nausées du matin, a notamment entrainé
 la naissance de milliers de nourrissons atteints de malformations congénitales. 5 De
 même, selon l'Agence Nationale de Sécurité du Médicament et des produits de santé,
 le benuorex, un médicament essentiellement utilisé pour traiter le diabète de type
 2 aura été responsable de la mort de 1000 à 2000 patients. 6
 Nous pouvons brièvement mentionner d'autres exemples d'innovations généra-
 trices de nuisances, y compris l'extraction du gaz de schiste qui présente des risques
 environnementaux tels que la dégradation de la qualité des eaux locales, 7 certaines
 pratiques organisationnelles modernes qui accentuent l'anxiété au travail, 8 les nou-
 veaux produits dérivés qui ont un eet direct sur la stabilité globale du système
 nancier, les matériaux innovants tels que ceux à base de nanoparticules dont l'im-
 pact sanitaire et environnemental demeure incertain, 9 les habitudes alimentaires
 contemporaines et la consommation de "malboue", 10 les technologies de l'informa-
 tion et de la communication qui favorisent l'émergence de nouvelles formes d'ad-
 dictions. 11 Cette liste pourrait s'allonger indéniment. En réalité, il est bien plus
 5. Un exemple d'actualité est celui de l'acide valproïque, un traitement antiépileptique dont laprise par les femmes enceintes peut avoir des répercussions sur le f÷tus similaires à celles de lathalidomide.
 6. Cette estimation prend en compte les décès déjà survenus et ceux à venir.7. Gregory & al. (2011) et Vidic & al. (2013)8. Jensen & al. (2013) se penchent sur le cas des "systèmes de travail hautement performants".9. Colvin (2003), Dreher (2004), Moore (2006)10. Dans un rapport de 2016, un groupe d'experts du Global Panel on Agriculture and Food
 Systems for Nutrition établit qu'une mauvaise alimentation causerait davantage de maladies quele tabac, l'alcool et le sexe non protégé réunis.11. Young (1998) s'intéresse au cas de la dépendance à Internet.
 3
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 dicile de trouver des exemples d'innovations qui ne génèrent, de près ou de loin,
 aucune nuisance.
 Clarions certains des termes qui apparaitront de manière récurrente dans notre
 étude : une innovation génère des nuisances dès lors qu'elle a des eets indésirables
 sur le bien-être social. Elle est dite nuisible si une fois introduite, 12 elle engendre
 davantage de nuisances que de bienfaits. À l'inverse, les innovations dont les bienfaits
 l'emportent sur les nuisances sont qualiées de bénéques. Ainsi, ce second type
 d'innovation améliore le bien-être social tandis que le premier le diminue. Notons
 qu'une innovation génératrice de nuisances peut être bénéque. Enn, une innovation
 est dite potentiellement nuisible si elle peut s'avérer bénéque tout comme nuisible. 13
 Partant de l'hypothèse que l'innovation peut être génératrice de nuisances, nous
 proposons un cadre théorique visant à guider le régulateur dans la mise en ÷uvre
 d'une politique avisée.
 Une particularité fondamentale de notre travail est que l'importance des nui-
 sances est déterminée par la stratégie de R&D de l'innovateur. Autrement dit, nous
 ne percevons pas les nuisances comme une composante intrinsèque de l'innovation
 mais bel et bien comme le résultat de décisions prises délibérément par les entreprises
 alors qu'elles sont engagées dans un processus de R&D. Ainsi, la politique de régle-
 mentation optimale devrait s'articuler autour de son incidence sur les incitations à
 innover et à réduire les nuisances.
 Dans un premier chapitre, nous évaluons et nous comparons la performance de
 plusieurs instruments sur lesquels le régulateur peut fonder sa politique en présence
 d'une innovation potentiellement nuisible. En particulier, celui-ci a la possibilité de
 12. Cette dénition ne prend pas en compte les coûts de R&D.13. Si l'innovation est nuisible dans l'événement A et bénéque dans l'événement B, alors elle
 est potentiellement nuisible si Pr(A) > 0 et Pr(B) > 0.
 4

Page 14
                        

Résumé
 s'abstenir d'intervenir (laissez-faire), d'interdire totalement l'innovation, d'exiger
 que l'entreprise détienne une autorisation de mise sur le marché ou d'imposer des
 pénalités lorsque l'innovation est identiée comme nuisible.
 Notre travail est étroitement lié à celui d'Immordino & al. (2011). Cependant,
 nous soutenons que la spécication de leur modèle introduit un biais en défaveur
 des régimes d'autorisation dans la mesure où, selon eux et contrairement aux pé-
 nalités, les autorisations n'incitent pas l'entreprise à réduire le dommage engendré
 par l'innovation. Nous proposons une approche alternative qui restaure un certain
 équilibre entre les diérents régimes et qui nous permet de réévaluer l'instrument sur
 lequel le régulateur devrait fonder sa politique en présence d'une innovation poten-
 tiellement nuisible. Nous examinons alternativement deux règles de responsabilité
 de l'entreprise et nous déterminons la politique optimale.
 Certaines de nos conclusions corroborent celles d'Immordino & al. (2011). Notre
 analyse conrme notamment que l'interdiction totale de l'innovation nÕest jamais
 opportune et que la sévérité de la réponse réglementaire devrait aller de pair avec
 l'importance du dommage. Cependant, nous aboutissons également à des résultats
 diérents : d'abord, l'intervention publique est toujours désirable et ce, même face à
 un dommage de faible ampleur. Ensuite, le régime d'autorisation peut être optimal
 lorsque l'entreprise a une responsabilité illimitée. Enn, en cas de responsabilité
 limitée, le régime de pénalités ne devrait jamais être privilégié.
 Par ailleurs, nous montrons que le régime de pénalités induit une stratégie de
 R&D excessivement précautionneuse tandis que le régime d'autorisation conduit
 l'entreprise à adopter une stratégie de R&D socialement optimale ou insusamment
 précautionneuse.
 Dans un second chapitre, nous étudions l'impact de l'introduction d'une exter-
 nalité négative sur la politique de brevet optimale. Tout d'abord, nous portons notre
 5
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 attention sur la manière la plus socialement ecace de structurer le brevet. Nous
 expliquons que l'arbitrage entre longueur et largeur ne devrait pas exclusivement
 s'articuler autour de l'impact de la propriété industrielle sur la perte sèche mais
 également autour de son inuence sur le dommage engendré par l'eet externe. Des
 brevets plus larges peuvent en eet réduire ce dommage en diminuant la production
 ou en faisant des imitations un vecteur plus faible de l'externalité négative. À la
 diérence de Gilbert & Shapiro (1990), nous mettons en évidence que les brevets
 longs et étroits ne sont pas nécessairement optimaux et ce même si la largeur est de
 plus en plus coûteuse en termes de perte sèche.
 Nous déterminons ensuite la structure optimale du brevet alors que le concept de
 largeur peut englober alternativement plusieurs dimensions. Nous considérons tour à
 tour la largeur comme la fraction de la redevance optimale que le breveté est autorisé
 à facturer par le régulateur, comme le coût induit par l'invention autour du brevet ou
 comme la part de l'amélioration qualitative d'un produit ou d'un procédé qui peut
 être absorbée par les entreprises non-innovantes et ce, sans enfreindre le brevet. Nos
 conclusions suggèrent que la structure optimale du brevet est étroitement liée à la
 manière avec laquelle nous interprétons sa largeur, à la taille de l'externalité négative
 et à la mesure dans laquelle des brevets plus larges peuvent rendre les imitations
 moins nuisibles.
 Enn, nous nous penchons sur la question de savoir quelle récompense attribuer
 à des innovateurs dont la stratégie de R&D détermine la taille de l'eet externe
 négatif. Nous étudions deux types de politique de brevet : une politique standard
 au sein de laquelle la valeur du brevet est la même quelle que soit la stratégie de
 R&D des innovateurs et une politique modulée gratiant d'une propriété industrielle
 plus forte celles et ceux ayant mis en ÷uvre une stratégie de R&D précautionneuse.
 Nous montrons que ce dernier type de politique est strictement plus ecace que le
 6
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 précédent dès lors que la taille de l'externalité est susamment importante. Dans ce
 cas, en eet, le régulateur tire eectivement prot du surcroit de exibilité inhérent
 à la politique modulée.
 Dans un troisième et dernier chapitre, nous plaçons la concurrence au c÷ur
 du processus d'émergence des innovations génératrices de nuisances. Ainsi nous ana-
 lysons la situation industrielle de plusieurs entreprises engagées dans une course à
 l'innovation. Les concurrents ont intérêt à mettre en ÷uvre des stratégies de R&D
 précautionneuses dans la mesure où ces dernières accroissent la valeur privée de l'in-
 novation. En revanche, la précaution présente l'inconvénient de ralentir la R&D ce
 qui induit une augmentation du coût de ce processus et qui expose davantage les
 entreprises au risque de se faire devancer par l'un de leurs rivaux. La principale ques-
 tion consiste à déterminer si la rivalité rend les entreprises plus enclines à adopter
 des stratégies peu précautionneuses qui précipitent le processus de R&D au risque
 d'introduire une innovation nuisible.
 An d'établir si nos conclusions reposent sur une approche spécique, nous étu-
 dions successivement trois ensembles de stratégies de R&D : la décision de mettre
 en ÷uvre ou non des actions préventives, des actions correctives ou bien de conduire
 de manière simultanée plusieurs des étapes constitutives du processus de R&D. De
 même, nous proposons plusieurs méthodes de mesure du degré de rivalité et notam-
 ment le nombre de concurrents, l'importance de la menace concurrentielle, la lon-
 gueur d'avance dont bénécient les entreprises s'étant engagées les premières dans
 la R&D et la position relative des concurrents au sein d'une course à l'innovation
 comprenant plusieurs étapes.
 Nous montrons que plus les concurrents sont nombreux et moins la mise en
 ÷uvre d'actions correctives est susceptible de constituer un équilibre. Il apparait
 donc que l'intensité concurrentielle est un facteur générateur d'innovations poten-
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Résumé
 tiellement nuisibles. Contrairement à ce résultat dépourvu de toute ambiguïté, nous
 établissons qu'une rivalité plus forte modie les stratégies de R&D formant un équi-
 libre et amène les entreprises soit à négliger les actions préventives soit à briser la
 séquentialité du processus de R&D seulement s'il existe un certain équilibre entre
 les coûts et les bénéces engendrés par la précaution. Etant donné que les brevets
 larges mettent en concurrence un nombre important d'entreprises pour le même titre
 de propriété industrielle, nos conclusions appuient le résultat général de Gilbert &
 Shapiro (1990) selon lequel les brevets devraient être aussi étroits que possible. Par
 ailleurs, nos résultats indiquent que le régulateur ne devrait pas subventionner des
 entreprises concurrentes dans la mesure où nourrir un telle rivalité pourrait favori-
 ser l'émergence d'innovations nuisibles. De même, notre travail atténue l'attrait des
 concours qui instaurent la rivalité de manière délibérée et il met l'accent sur l'im-
 portance d'un mécanisme de récompense des stratégies de R&D précautionneuses à
 même d'immuniser les entreprises contre la rivalité.
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 In "The Theory of Economic Development" (1912), Joseph A. Schumpeter (1883-
 1950) stresses the importance of innovation. He explains that innovative activities
 drive economic growth and increase population's standards of living. 14 Schumpeter
 places the entrepreneur at the heart of his theory and he establishes a parallel
 between growth cycles and innovation clusters. 15 Though he admits that innovative
 activities involve a cost in the short term because they condemn large parts of the
 economy to obsolescence, he argues that this creative destruction mechanism is
 a necessary evil that fosters economic dynamism in the long term.
 However, certain aspects of innovation suggest that free-markets may fail to
 give sucient incentives to innovate. Indeed, achieving innovation typically requires
 entrepreneurs to spend a signicant amount of time and resources on Research &
 Development (R&D). 16 For such investment to be carried out, they must reasonably
 expect to recoup R&D costs once their innovation is introduced. Nevertheless, R&D
 is a process whose outcome is highly uncertain : the entrepreneur's project might
 turn out to be a dead end, the innovation may perform below expectations and its
 14. According to Schumpeter, in the absence of innovation, the economy remains at steady state :it adjusts to disruptions but it does not evolve.15. The concept of "innovation cluster" is based on a scientic interaction that feeds the crea-
 tivity of entrepreneurs and allows, on a limited time horizon, to achieve multiple interacting inno-vations that generate a new technological impetus in various areas of the economy.16. In the pharmaceutical industry, a 2011 estimation revealed that the average duration of R&D
 is 12 years, for an average cost of over a billion euros.
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 introduction can be ill-timed. Besides, for a wide range of innovations, reverse engi-
 neering enables competitors to free-ride and assimilate the innovator's knowledge.
 Hence, there is a fairly broad consensus on the idea that fostering innovation
 should constitute one of the main objectives of the economic policy. The basic ar-
 gument in favor of public intervention is that the static ineciencies that it may
 induce (i.e. deadweight loss, cost of public funds, etc.) are outweighed by the dyna-
 mic gains arising from the stronger incentives to innovate. The regulator may then
 rely on multiple policy instruments such as subsidies, the creation of innovation in-
 cubators, prizes or industrial property rights. Each of them has its specic strengths
 and weaknesses but they all aim at creating favorable conditions for innovation.
 Yet, it is now widely recognized that although welfare is highly correlated with
 GDP per capita, there might be signicant deviations. 17 Therefore, if the regulator
 were to use growth as the key indicator for economic policy, then public intervention
 may not be socially optimal. In particular, the overall soundness of a policy that
 unreservedly supports innovative activities in the name of economic growth should
 be reassessed. This endeavour is all the more important once we acknowledge that
 innovative activities may induce social harm.
 There are indeed many innovations that can aect public health, the environment
 or even the freedom of society as a whole or of some of its members. In the agri-food
 industry, genetically-modied seeds enable farmers to increase agricultural produc-
 tion but they also raise questions about their health and environmental impact. The
 same applies for the use of pesticides to protect crops and for antibiotics as growth
 promoters in poultry and livestock. In the pharmaceutical industry, numerous medi-
 cations have become infamous because of their alarming side eects. Thalidomide, a
 17. See Nordhaus & Tobin (1972), Stockhammer & al. (1997), Boarini & al. (2006), Fleurbaey(2009) or Jones & Klenow (2010).
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 drug that was prescribed to pregnant women to treat morning-sickness, was notably
 responsible for the birth of thousands of malformed infants. 18 Likewise, according
 to the French Health Products Safety Agency, benuorex, a medication primarily
 used to treat type-II diabetes, caused the death of 500 to 2000 patients. 19
 We can briey mention some other examples of innovations that generate actual
 or potential social harm, including shale gas extraction that poses environmental
 risks such as degradation of regional water quality, 20 certain modern organizational
 practices that increase anxiety at work, 21 new derivatives that have a direct eect on
 the overall stability of the nancial system, innovative materials such as those using
 nanoparticles whose health and environmental impact remains unclear, 22 contempo-
 rary dietary habits and junk food consumption, 23 information and communications
 technologies that spur new forms of addictions. 24 This list could go on endlessly. In
 fact, it is much more dicult to nd examples of innovations that do not induce any
 social harm, even remotely.
 Let us clarify certain terms that will recur throughout this study : an innovation
 induces social harm whenever it has adverse eects on welfare. It is said to be harmful
 if once introduced, 25 it causes more social harm than social good. By contrast,
 innovations whose social good outweighs social harm are referred to as benecial.
 Hence, the latter type of innovation is welfare improving while the former is welfare
 decreasing. Pay attention to the fact that an innovation inducing social harm may
 18. A similar and highly topical example is that of valproate, an anti-seizure drug treatmentwhose use by pregnant women resulted in serious birth defects.19. This estimation takes into account both past and future deaths.20. See Gregory & al. (2011) and Vidic & al. (2013)21. See Jensen & al. (2013) for the case of high-performance work systems.22. See e.g. Colvin (2003), Dreher (2004) and Moore (2006).23. In a 2016 report, a group of experts from the Global Panel on Agriculture and Food Systems
 for Nutrition conclude that "the risk that poor diets pose to mortality and morbidity is now greaterthan the combined risks of unsafe sex, alcohol, drug and tobacco use".24. See Young (1998) for the case of Internet Addiction Disorder.25. This denition thus leaves R&D costs aside.
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 be benecial. Finally, an innovation is said to be potentially harmful if it can turn
 out either benecial or harmful. 26
 On the assumption that innovation may induce both social good and social harm,
 we provide a theoretical framework in order to guide the regulator in implementing
 a sound policy.
 A key feature of our work is that the magnitude of social harm is determined
 by the innovator's R&D strategy. That is, we do not see social harm as an inherent
 component of innovation but rather as the result of decisions that are deliberately
 made by rms at the time they are engaged in R&D. Therefore, the optimal regu-
 latory policy should be driven by its impact on both the incentives to innovate and
 to reduce social harm.
 In chapter one, we evaluate and compare the performance of several regulatory
 responses that a public agency can implement in the presence of a potentially harm-
 ful innovation. Namely, this agency can either refrain for intervening (laissez-faire),
 prohibit the innovation altogether, require the rm to hold an authorization before
 she can exploit her ndings commercially, or levy ex post penalties if the innovation
 is found to be harmful.
 Our work is closely related to that of Immordino & al. (2011). However, we
 argue that their specication is biased to the disadvantage of authorization regimes.
 Indeed, according to the authors, the penalty regime gives the rm incentives to
 reduce social harm whereas authorization regimes do not. We provide an alterna-
 tive framework that restores balance between regimes and allows us to conduct an
 unbiased analysis of which regulatory response should be favored when innovations
 26. If the innovation turns out harmful in event A and benecial in event B, then it is potentiallyharmful if Pr(A) > 0 and Pr(B) > 0.
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 might turn out harmful. We examine two distinct liability rules for the rm and we
 characterize the optimal policy.
 Some of our ndings support those of Immordino & al. (2011). In particular, our
 analysis conrms that prohibiting the innovation altogether can never be optimal
 and that the severity of the regulatory response should go along with the size of
 social harm. However, we also achieve dierent results : rst, public intervention is
 always desirable even though social harm is small. Second, authorization regimes
 might be optimal despite limited liability. Last, the public agency should never opt
 for the penalty regime when the rm's liability is limited.
 Finally, we show that the penalty regime induces a R&D strategy that is exces-
 sively safe whereas authorization regimes make the rm adopt a R&D strategy that
 is either rst-best optimal or insuciently safe.
 In chapter two, we investigate the extent to which the introduction of a negative
 externality inuences the design of the optimal patent policy. First, we address the
 issue of structuring the value of the patent in the most socially ecient way. We
 argue that the trade o between length and breadth should not only be driven
 by the impact that industrial property has on the deadweight loss but also by its
 inuence on the damage generated by the negative externality. Broader patents may
 indeed reduce that damage more eectively by decreasing the equilibrium output or
 by making non-infringing imitations convey a smaller share of the external eect.
 Unlike Gilbert & Shapiro's ndings, we show that narrow and innitely-lived patents
 may not be optimal even though breadth is increasingly costly in terms of deadweight
 loss.
 We then compute the optimal patent structure when the concept of breadth can
 include multiple dimensions. We alternatively consider breadth as the fraction of the
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 optimal royalty fee that the patentee is allowed to charge by the public agency, as
 the cost of inventing around the patent and as the fraction of a product or process
 improvement that can not be captured by imitators without infringing the patent.
 Our conclusions suggest that the optimal patent structure is closely related to the
 way we interpret its breadth, to the size of the negative external eect and to the
 extent to which broader patents may make non-infringing imitations less harmful.
 Finally, we turn to the question of how much to reward innovators whose R&D
 strategy determines both the likelihood that R&D succeeds and the size of the
 negative external eect. We investigate two types of patent policy : a standard policy
 in which the value of the patent is the same regardless of the rm's R&D strategy
 and a modulated policy in which the public agency may reward safe R&D strategies
 by giving stronger protection to the innovator. We establish that the latter type of
 policy is strictly more ecient than the former whenever the size of the externality
 is suciently large. In that case, indeed, the public agency actually takes advantage
 of the exibility allowed by the modulated policy.
 In chapter three, we place competition at the heart of the process that leads
 to the emergence of potentially harmful innovations. In particular, we study an
 industry in which several rms are engaged in an innovation race. Competitors have
 an interest in adopting safe R&D strategies that enhance the private value of the
 innovation. However, safety has the disadvantage of slowing R&D down so the cost
 of that process is greater and rms are exposed to a higher risk of being defeated by
 one or their rivals. The main question is whether or not rivalry makes rms more
 inclined to implement unsafe strategies that hasten the R&D process at the risk of
 introducing a harmful innovation.
 In order to determine if our conclusions rely on a specic approach, we explore
 successively three sets of R&D strategies : the decision of whether or not to under-
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 take preventive actions, corrective actions or to overlap several of the steps R&D is
 made of. Likewise, we provide several measurement methods for the degree of rivalry
 including the number of competitors, the importance of the competitive threat, the
 size of the head start early entrants benet from and rms' relative progress within
 a multi-stage innovation race.
 We show that an increase in the number of competitors unambiguously makes the
 implementation of corrective actions more dicult to be sustained as an equilibrium.
 It therefore appears that the degree of rivalry is a factor generating potentially harm-
 ful innovations. By contrast, stronger rivalry alters the equilibrium R&D strategies
 and induces rms to overlook preventive actions or to break the sequentiality of
 R&D only if there is some balance between the cost and the benet induced by
 safety.
 Since broader patents may increase the number of rms that compete for the
 same industrial property right, our conclusions support Gilbert & Shapiro's general
 result that patents should be as narrow as possible. Besides, our ndings indicate
 that the public agency should not subsidy competing rms in the sense that feeding
 the rivalry could favor the appearance of harmful innovations. Finally, our work
 mitigates the appeal of contests that deliberately create rivalry and it stresses the
 importance of rewarding safe R&D strategies in order to make rms immune to
 rivalry.
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 Authorizations, Penalties or
 Laissez-Faire ?
 1 Introduction
 When innovations may induce social harm, public intervention should not conne
 itself to unambiguously support innovative activities as Schumpeter's theory of inno-
 vation might suggest. In particular, if the magnitude of social harm is inuenced by
 the rm's actions at the time she was engaged in R&D, then a sound regulatory po-
 licy should carefully balance the incentives to innovate against those to adopt a safe
 R&D strategy. Quite surprisingly, the economic literature seems to have overlooked
 the ambivalent nature of innovation and has paid little attention to discussing the
 design of the optimal regulatory policy when innovations entail benets as well as
 costs for society.
 A notable exception is the work of Immordino & al. (2011) in which the authors
 describe the impact of public intervention on both the incentives to introduce a
 new product or process and the use that is made of it by the innovator. They
 conduct a formal analysis that allows them providing keys for understanding the
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 conditions under which a public agency should refrain from intervening, opt for an
 authorization regime or rely on penalties. However, as we shall explain, their model
 tends to minimize the appeal of regimes based on authorizations which introduces
 a distortion in the design of the optimal policy.
 We provide an alternative framework that restores balance between regimes so we
 can conduct an unbiased analysis of which regulatory response should be favoured
 when innovations might turn out harmful. To that end, we study the behaviour of
 a rm engaged in a R&D process aimed at introducing a new product or process on
 the market. Two types of innovations can be reached : a benecial innovation (i.e.
 welfare 1 improving) and a harmful innovation (i.e. welfare decreasing). This rm
 is endowed with R&D resources that can be used for two distinct purposes. First,
 she may devote those resources to the undertaking of preventive actions reducing
 the chances that the innovation turns out harmful. Second, the rm can use those
 resources to pursue primary objectives whose completion is necessary to achieve
 innovation. Hence, prevention is costly in the sense that it diverts a fraction of
 the rm's resources from their primary objectives and thus undermines the chances
 that R&D succeeds. The rm faces a public agency whose toolkit includes policy
 instruments that consist in prohibiting the innovation altogether, refraining from
 intervening (laissez-faire), requiring the rm to hold an authorization before she
 can exploit her ndings commercially or levying penalties if the innovation is found
 to be harmful. For each regulatory response, we describe the rm's optimal R&D
 strategy and we determine the welfare that it generates. Next, we compute the
 conditions under which each regime should be implemented under both limited and
 unlimited liability.
 1. Welfare is dened as the sum of consumer surplus and producer surplus.
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 Our main result can be summarized as follows : when the rm's liability is un-
 limited, the optimal policy is either based on penalties or authorizations whereas it
 is exclusively based on authorizations when the rm's liability is limited. It implies
 that public intervention is always desirable and that prohibiting the innovation alto-
 gether never is. This latter point was already established by Immordino & al. (2011)
 but the former was not since they showed that the public agency should refrain from
 intervening whenever the social harm induced by the innovation is suciently small.
 Our main result suggests that authorization regimes might be optimal even though
 the rm's liability is unlimited whereas this possibility is ruled out by Immordino
 & al. (2011). Also, and unlike their ndings, it indicates that the penalty regime
 should never be implemented when the rm faces limited liability.
 Besides, we show that the penalty regime induces a R&D strategy that is exces-
 sively safe and authorization regimes make the rm adopt a R&D strategy that is
 either rst-best optimal or insuciently safe. Finally, our conclusions support the
 idea that the severity of the regulatory response should go along with the extent to
 which the innovation generates social harm as already stressed by Immordino & al.
 (2011).
 This chapter is organized as follows : In Section 2, we present the work of Im-
 mordino & al. (2011) and we proceed to a critical analysis. Section 3 introduces our
 model. In Section 4, we describe the rst-best benchmark in which the public agency
 commands the rm's R&D strategy. We also characterize the laissez-faire and the
 per-se illegality benchmarks. In Section 5, we analyse the regulatory response that
 requires the rm to hold an authorization in order to exploit her innovation com-
 mercially. In Section 6, we study the regime in which the rm is free to introduce
 her innovation but is exposed to penalties if her innovation is found to be harmful.
 In particular, we study this regulatory response under both limited liability and
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 unlimited liability. In Section 7, we compute the optimal policy and we discuss some
 interesting points we identied in our analysis. Section 8 concludes.
 2 Immordino & al. (JPubE, 2011) : a brief overview
 2.1 Setup
 Immordino & al. (2011) describe the optimal policy when a public agency faces a
 potentially harmful innovation and has access to a given set of regulatory responses
 whose individual performance is determined by a basic trade-o : public interven-
 tion may steer innovators towards less harmful implementation of their ndings
 (marginal deterrence) but at the cost of undermined incentives to innovate (average
 deterrence).
 The authors examine the behaviour of a single rational, risk-neutral and prot-
 maximizing rm. She initially implements a status-quo action a0 which is assumed
 to generate zero prot and zero social welfare. The rm is given the opportunity to
 innovate. First, she determines I ∈ [0, 1], the resources that she devotes to R&D at
 cost c(I) = 12cI2 with c > w. The greater I the more likely it is that R&D succeeds.
 In particular, the probability that an innovation is achieved is equal to I. If R&D
 fails, then the rm keeps implementing a0. If it succeeds, then the rm discovers a
 new set of actions A =]0, a] whose protability is equal to Π(a) = πa with π > 0.
 Hence, new actions are more protable than a0 so the rm is given incentives to
 innovate.
 There are two states of the nature s ∈ b, g. In the bad state b, which occurs
 with exogenous probability β, the innovation is harmful (i.e. welfare decreasing) and
 it generates a welfare equal to W b = −wba with wb > 0. In the good state g which
 occurs with probability 1 − β, the innovation is benecial (i.e. welfare increasing)
 19

Page 29
                        

Section 2. Immordino & al. Chapitre 1. Authorizations, etc.
 and it generates a welfare equal to W g = wga with wg > π so the innovation
 increases the rm's prot and the consumer surplus. Hence, a determines the size
 of the benets in the good state and the magnitude of the damage in the bad state.
 Let us insist on the fact that unlike the welfare in each state, the rm has no control
 over the likelihood that the innovation turns out harmful. In the good state, private
 and public interests are aligned since both the welfare and the prot increase with
 a. In the bad state, those interests are misaligned since the welfare decreases with
 a whereas the prot increases with a. The rm is assumed to learn the state of the
 nature before she chooses what action to implement.
 The authors introduce a rational, benevolent and risk-neutral public agency.
 Unlike the rm, he does not always learn the state of the nature. If R&D succeeds,
 he conducts an audit whose mission is to assess whether the innovation is benecial
 or harmful. The audit succeeds and nds decisive evidence with a probability p which
 measures the eectiveness of enforcement. When it succeeds, the public agency learns
 the state of the nature so he and the rm have access to the same information about
 the innovation impact on welfare. When the audit fails, the public agency is unable
 to ascertain whether the innovation is benecial or harmful so the information is
 asymmetric.
 The public agency plays rst and he announces the regulatory response he com-
 mits to implement. As mentioned earlier, his policy may be based on four alternative
 regulatory regimes 2 : a per-se illegality regime (PI), a Laissez-Faire (LF) regime,
 an Authorization regime (A) and a regime based on Penalties (P). In the PI regime,
 innovation is prohibited altogether. In the LF regime, the rm can freely exploit her
 innovation commercially whenever R&D is successful. In the A regime, the rm is
 required to hold an ex ante authorization in order to introduce her innovation on
 2. The authors take those responses as given. Their point is to determine under which conditionseach regime should be implemented.
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 the market. In the P regime, the rm can freely commercialize her innovation but
 she is exposed to ex post penalties if her innovation is identied as being harmful.
 In fact, the A regime is divided into two sub-regimes whose rule according to
 which the authorization is granted diers. In the Strict Authorization regime (SA),
 the public agency grants the rm the authorization if and only if the innovation is
 identied as being benecial. In the Lenient Authorization regime (LA), the public
 agency grants the rm the authorization unless the innovation is identied as being
 harmful. The rst rule is said to be "strict" because it may exclude benecial in-
 novations whereas the second rule is said to be "lenient" in the sense that it may
 allow the introduction of harmful innovations. Hence, the SA regime enforces the
 precautionary principle whereas the LA regime enforces a presumption of innocence.
 2.2 Main results
 First, Immordino & al. (2011) set the rst-best benchmark. Second, for each
 regulatory response, they compute the prot-maximizing action a and investment
 level I, they determine the regime's optimal design (if applicable), and they give
 the associated expected welfare. Finally, they provide keys for understanding which
 regime should be implemented by comparing the performance of each regulatory
 response under both limited liability (LL) and unlimited liability (UL).
 With UL, there is no upper-bound for the ne in the P regime. In that case,
 their rst Proposition states that if wb (i.e. the marginal social loss) is large enough,
 then the P regime is always optimal. Otherwise, the optimal policy consists in im-
 plementing the LF whenever β (i.e. the danger of social harm) is small and opting
 for the P regime as it gets larger. In this latter case, the more likely it is that the
 innovation turns out harmful, the more stringent the optimal regulatory response.
 Finally, they argue that the SA and LA regimes are should not be implemented
 21

Page 31
                        

Section 2. Immordino & al. Chapitre 1. Authorizations, etc.
 because their lack of exibility makes them unable to deter socially harmful actions
 as the P regime does.
 With LL, the ne cannot exceed πa, (i.e. the rm's maximum prot). In that
 case, the P regime might fail to implement the welfare maximizing action so it can
 be dominated by A regimes. In their second Proposition, the authors show that if
 the marginal social loss is large, then the optimal policy is exclusively based on
 authorizations. In particular, the public agency should opt for the LA regime if the
 danger of social harm is low and he should otherwise implement the SA regime. If
 the marginal social loss is small, then Immordino & al. (2011) show that all regimes
 coexist in the optimal policy. In particular, as β goes up, the optimal regulatory
 response follows the pattern LF regime, P regime, LA (or P regime) and SA regime.
 Again, they note that the greater the expected social harm, the more stringent the
 optimal regulatory response.
 Finally, their third Proposition establishes that when the rm faces the optimal
 policy, she usually underinvests in R&D. It is so because the rm maximizes her
 prot rather than social welfare and because public intervention deters the incentives
 to innovate. Yet, over-investment might occur when the LL constraint prevents the
 P regime from suciently deterring socially harmful actions.
 2.3 Critical analysis
 The article of Immordino & al. (2011) provides important insights for unders-
 tanding how the public agency should deal with potentially harmful innovations
 which is a pioneering work. One of its main strength lies in the examination of the
 impact that public intervention has on the rm's incentives to innovate and to re-
 duce social harm whereas most law enforcement models overlook the consequences
 of public intervention on innovative activity. Also, investigating two distinct liability
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 rules stresses the importance of the legal framework. In particular, the introduction
 of a limited liability constraint makes the design of the optimal policy considerably
 richer. Finally, the parsimonious and eective model that is explored captures many
 relevant characteristics of the economic environment such as the quality of the in-
 formation available to the public agency or the likelihood that the innovation turns
 out harmful.
 However, we argue that the framework investigated by Immordino & al. (2011) is
 biased to the disadvantage of A regimes so the LF and the P regimes are not optimal
 as often as the authors claim they are. Our contribution should be regarded as a
 groundwork for a more balanced discussion of which regime should be implemented.
 As mentioned earlier and unlike penalties, authorizations do not steer innovators
 towards a less harmful implementation of their ndings. It is so because the rm's
 action a is irrelevant to the public agency at the time he decides whether or not
 to grant the authorization. In particular, the stage at which the rm "noties the
 agency of the new action it wishes to undertake" (p. 4) could be eliminated. Yet,
 the fact that authorizations do not give the rm incentives to reduce social harm
 is not an inherent feature of this regulatory response. Instead, it is implied by the
 assumption that social welfare is always negative in the bad state whose likelihood
 of occurring is exogenous. In that case, indeed, the rm is denied the ability to un-
 dertake preventing actions such as hiring highly skilled researchers or implementing
 strict safety protocols, at the time she is engaged in R&D. Therefore, the rm is
 powerless to reduce the chances that the innovation turns out harmful.
 As we shall see, when such actions are introduced, the rm's behaviour inuences
 the probability that the innovation turns out harmful rather than the size of the
 welfare increase or decrease once innovation is achieved. In that case, A regimes
 might actually reduce social harm. Therefore, beyond their intrinsic rigidity, the
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 appeal of A regimes is reduced by what seems to us to be a questionable model
 specication.
 Besides, the authors assume that the rm's action a is observable to the public
 agency so the latter can ne-tune penalties accordingly. In A regimes however, all
 information about the rm's action is irrelevant. It implies that if a were no longer
 observable, then the P regime might partially lose its attractiveness whereas A re-
 gimes would remain equally ecient. Therefore, the informational structure adopted
 by Immordino & al. (2011) is such that the public agency's ability to take advantage
 of his knowledge about the rm's action diers accross regimes. We shall assume
 that the rm's action is not observable as for removing such heterogeneity.
 Also, quite surprisingly, their work introduces an information asymmetry bet-
 ween the innovator and the public agency when the audit fails : the rm learns the
 state of the nature whereas the public agency does not. However, since the latter
 neither takes any unobservable action that would inuence the likelihood that the
 innovation turns out harmful nor has private information, this asymmetry does not
 seem justied. In order to address this discrepancy, we provide a model in which the
 rm does not observe the state of the nature once R&D succeeds.
 Finally, the new actions that the rm discovers once R&D succeeds as well as
 their impact on welfare are quite unclear. In particular, the two following questions
 puzzle us : what does the set of new actions actually include and why are private
 and social benets positively correlated in the good state and negatively correlated
 otherwise ? Our understanding is as follows : the innovation generates an external
 eect which is positive in the good state, negative in the bad state and the rm's
 action is merely the output that she produces. In our framework, the rm knows
 one single way of implementing her ndings once R&D succeeds.
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 3 The model
 We consider a rational, prot-maximizing and risk-neutral rm who is engaged
 in R&D in order to introduce an innovation on the market. She is endowed with
 resources whose amount is normalized to unity and whose cost is sunk. 3
 We follow Immordino & al. (2011) and we assume that there are two states
 of the nature s ∈ g, b. In the good state g, the innovation is benecial and the
 welfare is equal to w > 0, the sum of the rm's prot and the consumer surplus.
 In the bad state b, the innovation is harmful and the welfare is equal to w − d
 where d > w is the size of the damage generated by the innovation. Contrary to
 their framework, the rm does not observe the state of the nature once innovation
 is achieved. 4 We dene α = 1 − wd∈]0, 1[ as the damage relative depth, that is,
 the extent to which the harmful innovation decreases welfare. Hence, the relative
 damage is deep when α is large it is supercial otherwise. Besides we assume that the
 bad state occurs with probability β(1−x) where x ∈ [0, 1] are the resources devoted
 to undertaking preventive actions aimed at reducing the chances that the damage
 arises. 5 Henceforth, we shall refer to x as the rm's R&D strategy. The larger x the
 safer the rm's R&D strategy. Note that β ∈ [0, 1] measures the stand-alone danger
 of social harm that is, the likelihood that the innovation turns out harmful when
 no preventive actions are taken (i.e. when x = 0). It also determines the marginal
 benet of such actions. In particular, the larger β the greater the rm's ability to
 defuse social harm (i.e. to prevent the emergence of a harmful innovation). The
 combination of α and β is an indicator for the extent to which the innovation is
 3. Our model takes the investment decision as given and focuses on the use the rm makes of it.We rst considered a framework in which that decision was endogenous but we faced tractabilityissues.
 4. We introduce this assumption in order to determine the information available to the policymaker in the rst-best benchmark. As we shall see, the ability of observing the state of the naturewould be worthless to the rm.
 5. Note that we use the term "state of the nature" because of its clarity even though it mightseem inappropriate since unlike Immordino & al. (2011) the probability distribution is endogenous.
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 hazardous. Thus, hazardousness takes into account both the stand-alone danger of
 social harm and the damage relative depth.
 The remaining resources (i.e. 1 − x) are used to pursue the primary objectives
 whose completion is necessary to achieve innovation. They are an indicator for the
 intensity of R&D. Let I be the event : "R&D succeeds". For simplicity, we assume
 that Pr(I) = 1 − x. Therefore, preventive actions are costly in the sense that they
 undermine the chances that R&D succeeds. The reason is that the implementation
 of preventive actions diverts resources from their primary objectives and induces
 an opportunity cost. In our framework, safety and intensity clearly are substitutes
 and provide a trade-o to the rm. If R&D fails, then the rm must implement the
 status-quo action which is assumed to yield zero-prot and zero-social welfare. If it
 is successful, then the rm knows one single way of implementing her ndings and
 she gets a revenue π < w from the commercial exploitation of her innovation. 6
 As for the public agency, our specication is almost identical to that of Immor-
 dino & al. (2011). In particular, his policy may be based on the same regulatory
 responses and the audit that he conducts has the same characteristics. Let A be
 the event "The audit succeeds" and let A be the event "The audit fails". Hence,
 Pr(A) = p and Pr(A) = 1− p. What diers in our model is that the public agency
 does not observe the rm's R&D strategy. Figure 1. depicts the dierent types of
 economic environment that the public agency may face. In particular, enforcement
 is said to be strong when the audit is likely to nd evidence about the innovation's
 impact on welfare and it is otherwise said to be weak.
 6. As noted by Scherer (1967) : "Any commercially protable product or process innovationnecessarily confers a net benet or consumer surplus upon society which cannot be appropriated bythe innovator(s) [...]. More simply, if the innovators benet privately from an innovation, societymust also benet". Therefore, in the good state, the innovation is assumed to increase the rmprot as well as consumer surplus. Besides, the fact that the rm's prot is the same in both statesof the nature implies that she is neither directly nor indirectly aected by the damage. We shallrelax this assumption in Chapter 3.
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 Figure 1 Economic environments
 4 Benchmarks
 4.1 First-Best
 In this section, we determine the optimal R&D strategy as commanded by the
 public agency. In Immordino & al. (2011), recall that the rm learns the state of
 the nature once innovation is achieved. Thus, in their FB case, the public agency
 inherits this ability. Hence, beyond the mere control of the rm's actions, the audit
 becomes perfect (i.e. p = 1). In our FB benchmark, however, the rm does not learn
 the state of the nature so the audit might fail. As we are about to see, the public
 agency can take advantage of the information that he has about the rm's R&D
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 strategy to determine whether or not to introduce the innovation when the audit
 fails.
 If R&D and the audit both succeed, then the innovation should be introduced
 in the good state and it should not in the bad state. It is so because the innovation
 is benecial (i.e. welfare improving) in the good state whereas it is harmful (i.e.
 welfare decreasing) in the bad state. If R&D succeeds and if the audit fails, then
 the public agency believes that the innovation is harmful with probability Pr(s = b)
 and he has to decide whether to implement the strict or the lenient rule described
 earlier. With the strict rule (S), he does not introduce it and the welfare is equal
 to zero. With the lenient rule (L), he does introduce it and the expected welfare is
 equal to w − Pr(s = b)d. Implementing the lenient rule is thus optimal whenever
 x ≥ x =
 0
 1− 1−αβ
 ifβ ≤ 1− α
 β ≥ 1− α
 Intuitively, the public agency is better o introducing the innovation even though he
 cannot ensure that it is benecial whenever the rm's R&D strategy is suciently
 safe. The FB expected welfare is thus dened as follows
 wFB(x) =
 wSFB(x) = Pr(I) Pr(s = g) Pr(A)w
 wLFB(x) = Pr(I)[Pr(s = g)w + Pr(s = b) Pr(A)(w − d)
 ] ifx ≤ x
 x ≥ x
 We show that wSFB is maximum at xSFB which yields (wSFB)∗ such that
 xSFB =
 0
 1− 12
 1β
 ifβ ≤ 1
 2
 β ≥ 12
 and (wSFB)∗ =
 (1− β)pw
 14pwβ
 ifβ ≤ 1
 2
 β ≥ 12
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 Figure 2 First-best R&D strategy and welfare when α ≤ 12or α ≥ 1
 2and p ≤ p
 Likewise, wLFB is maximum at xLFB which yields (wLFB)∗ such that
 xLFB =
 0
 1− 12
 1−αβ(1−αp)
 ifβ ≤ β
 β ≥ βand (wLFB)∗ =
 [1− β(1−αp)
 1−α
 ]w
 14w(1−α)β(1−αp)
 ifβ ≤ β
 β ≥ β
 with β = 12
 1−α1−αp . Standard calculations help us to compute xFB and w∗FB the FB
 R&D strategy and associated welfare. To that end, let us dene p = 1−αα, p = 1
 2α
 and β = 12
 [1−√p(1−p)(1−αp)(αp+α−1)
 p(1−αp)
 ].
 We rst address the case depicted in Figure 2. for which α ≤ 12or α ≥ 1
 2and
 p ≤ p and we show that xFB = xLFB and w∗FB = (wLFB)∗. Therefore, the FB R&D
 strategy triggers the lenient rule when the damage is supercial or when enforcement
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 Figure 3 First-best R&D strategy and welfare when α ≥ 12and p ∈
 [p, p]
 is weak. We observe that it is FB optimal to undertake preventive actions whenever
 the stand-alone danger of social harm is suciently large. In that case, the greater
 β, the safer the FB R&D strategy. Otherwise, it is not worth implementing a safe
 R&D strategy whose benets are small and that would undermine the chances that
 R&D is successful. Besides, we show that xFB decreases (weakly) as enforcement
 becomes more eective. Indeed, the larger p, the less likely it is that the innovation
 is introduced in the bad state so the smaller the benets associated with preventing
 actions. Also, xFB increases (weakly) with α because the deeper the damage, the
 more important it is to prevent its emergence. Finally, the more eective enforcement
 or the less hazardous the innovation, the greater the FB welfare.
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 We then turn to the case for which α ≥ 12and p ∈
 [p, p]. It is straightforward
 to show that xFB = xLFB so w∗FB = (wLFB)∗ whenever α ≥ 12, p ∈
 [p, p]and β ≤ β
 and xFB = xSFB so w∗FB = (wSFB)∗ whenever α ≥ 12, p ∈
 [p, p]and β ≥ β. In
 that case, depicted in Figure 3, the FB R&D strategy triggers the lenient rule when
 the stand-alone danger of social harm is small and it otherwise triggers the strict
 rule. The strict rule is indeed more stringent and ts hazardous innovations better.
 The consequence of this rule change is that xFB is non-monotonic with respect to
 the damage relative depth and the stand-alone danger of social harm. Generally
 speaking, the more hazardous the innovation, the safer the FB R&D strategy. Yet,
 xFB falls when the public agency reacts to an increase in α or β by switching from the
 lenient rule to the strict rule. It is so because the latter rule prevents the introduction
 of the innovation in the bad state so the benets associated with preventing actions
 are smaller. It is for this reason that xSFB ≤ xLFB. Again, we show that xFB decreases
 (weakly) in p and that w∗FB increases in p and decreases in both α and β.
 Finally, we investigate the case for which α ≥ 12and p ≥ p. It is depicted in
 Figure 4. We show that xFB = xLFB so w∗FB = (wLFB)∗ whenever α ≥ 12, p ≥ p and
 α + β ≤ 1 and that xFB = xSFB so w∗FB = (wSFB)∗ whenever α ≥ 12, p ≥ p and
 α + β ≥ 1. Since xLFB = xSFB = 0 in the former case, we can state that xFB = xSFB
 whenever α ≥ 12and p ≥ p. Again, the FB R&D strategy triggers the lenient rule
 when the innovation is not hazardous and the public agency otherwise implements
 the strict rule. Here, the change from the lenient rule to the strict rule operates
 when neither of them induces preventive actions so xFB is continuous and (weakly)
 increasing in β. Besides, note that xFB is unaected by the damage relative depth
 since the innovation is never introduced in the bad state under the strict rule and
 because it is always FB optimal not to undertake any preventive action under the
 lenient rule. Likewise, the eectiveness of enforcement does not alter the FB R&D
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 Figure 4 First-best R&D strategy and welfare when α ≥ 12and p ≥ p
 strategy because p is just a scale factor for wSFB. Finally, as mentioned earlier, w∗FB
 increases in p and decreases in both α and β.
 4.2 Laissez-faire
 We now study the rm's behaviour when she faces no regulatory policy. Her
 expected prot is equal to
 πLF (x) = Pr(I)π
 and the expected welfare is equal to
 wLF (x) = Pr(I) [w − Pr(s = b)d]
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 In that case, the rm does not undertake any preventive actions (i.e. xLF = 0) since
 they undermine the chances that R&D succeeds and because the private value of
 the innovation is same regardless of the state of the nature. In the LF regime, R&D
 always succeeds and the rm freely introduces her innovation on the market so the
 expected welfare is equal to
 w∗LF =
 [1− β
 1− α
 ]w
 It is positive whenever the innovation is not too hazardous (i.e. if α + β ≤ 1).
 4.3 Per-se Illegality
 When the public agency prohibits innovation altogether, the social welfare is
 equal to zero.
 w∗PI = 0
 5 Authorizations
 In the A regimes, the rm must be granted an ex ante authorization in order
 to exploit her ndings commercially. As we explained in the FB case, if the audit
 succeeds, then the innovation should be authorized in the good state and it should
 be banned in the bad state. If the audit fails, then the public agency has to choose
 between the strict and the lenient rule. What diers from the rst-best benchmark
 is that since the public agency does not observe the rm's R&D strategy, he cannot
 take advantage of this information to decide which rule to opt for. Therefore, he
 must commit ex ante to implement either the strict or the lenient rule. In the Strict
 Authorization regime (SA), the public agency chooses the strict rule. In the Lenient
 Authorization regime (LA), he opts for the lenient rule.
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 The timing of the game goes as follows : rst, the public agency commits to
 either the strict or the lenient rule. Second, the rm chooses her R&D strategy. If
 R&D fails, then the rm implements the status quo action and the game ends with
 zero private and social payos. If R&D succeeds, then the public agency conducts
 the audit before he decides whether or not to grant the authorization depending on
 the evidence he might have obtained and according to the rule he has chosen at the
 rst stage of the game. Finally, if the authorization is granted, then the innovation
 is introduced and payos are realized. If not, the rm implements the status quo
 action so her prot as well as social welfare equal zero.
 When the public agency implements the SA regime, the rm prot is equal to
 πSA(x) = Pr(I) Pr(s = g) Pr(A)π
 and the welfare is equal to
 wSA(x) = wSFB(x)
 The rm's optimal R&D strategy xSA and the welfare w∗SA that it induces are such
 that
 xSA =
 0
 1− 12
 1β
 ifβ ≤ 1
 2
 β ≥ 12
 and w∗SA =
 (1− β)pw
 14pwβ
 ifβ ≤ 1
 2
 β ≥ 12
 As was the case in the FB case, the rm undertakes preventive actions whenever
 the stand-alone danger of social harm is suciently important. Besides, we observe
 that xSA = xSFB because the FB welfare function with the strict rule is just a scaled
 version of the rm's prot in the SA regime. The weaker the enforcement or the
 larger the fraction of the total surplus that the rm cannot appropriate, the greater
 the scale factor. Also, note that the welfare generated by the SA regime is always
 positive.
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 If the public agency opts for the LA regime, then the rm prot is equal to
 πLA(x) = Pr(I) [1− Pr(s = b) Pr(A)]π
 and the welfare is equal to
 wLA(x) = wLFB(x)
 The rm's optimal R&D strategy xLA and the welfare w∗LA that it induces are such
 that
 xLA =
 0
 1− 12
 1βp
 ifβ ≤ 1
 2p
 β ≥ 12p
 and w∗LA =
 w(1−α−β+αβp)
 1−α
 14w(2p−1−αp)βp2(1−α)
 ifβ ≤ 1
 2p
 β ≥ 12p
 Note that unlike the SA regime, the LA regime introduces the innovation in
 the bad state when the audit fails so this regulatory response may yield a negative
 expected welfare when the innovation is hazardous or when enforcement is weak.
 The rm nds it optimal to undertake preventive actions whenever enforcement is
 eective and if the stand-alone danger of social harm is signicant. Indeed, when
 enforcement is weak, prevention is not suciently rewarded because the innovation
 is likely to be authorized in the bad state. Besides, if the stand-alone danger of social
 harm is low, the marginal benet of the resources devoted to prevention is small.
 Recall that in Immordino & al. (2011), A regimes always reduce the incentives to
 innovate but they never give the rm incentives to reduce social harm. In our frame-
 work, A regimes play on both types of incentives. Note that xLA ≤ xSA because the
 outlook that the innovation might authorized in the bad state deters the incentives
 to conduct a safe R&D process. Moreover, we show that A regimes induce a R&D
 strategy that is either FB optimal or insuciently safe. The rm's R&D strategy is
 FB optimal whenever xFB = 0. In that case, neither the rm nor the public agency
 nd it optimal to undertake preventive actions. If xFB > 0, then it is insuciently
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 safe in the LA regime. In the SA regime however, it is insuciently safe whenever
 the FB R&D strategy triggers le lenient rule.
 6 Penalties
 We now consider the regulatory response in which the rm is free to exploit her
 innovation commercially but is exposed to a ne f ≥ 0 if her innovation is found to
 be harmful. 7 Unlike Immordino & al. (2011), the public agency does not observe the
 rm's strategy so he is unable to design a penalty schedule that would take advantage
 of that information. We describe the rm's behaviour with two liability rules. With
 unlimited liability (UL), there does not exist any upper-bound for the amount of
 the ne. With limited liability (LL), the ne cannot exceed the private value of the
 innovation (i.e. f ≤ π). Obviously, the introduction of a LL constraint makes the P
 regime less appealing in the sense that it might prevent the implementation of the
 optimal ne. The rm's expected prot is equal to
 πP (x) = Pr(I) [π − Pr(s = b) Pr(A)f ]
 and the expected welfare is equal to
 wP (x) = Pr(I) [w − Pr(s = b)d]
 The ne does not appear in the welfare function because it is assumed to be a lump-
 sum transfer between the rm and the public agency. In other words, the ne's sole
 function is to give incentives for the rm to undertake preventive actions. Hence,
 the welfare function in the P regime and that in the LF regime are identical (i.e.
 wP (x) = wLF (x)).
 7. We exclude subsidies so issues related to the cost of public funds are ruled out.
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 The timing of the game is as follows : rst, the public agency commits to the
 P regime and he announces f , the amount of the ne. Second, the rm chooses
 her R&D strategy. If R&D fails, then she implements the status quo action and the
 game ends with zero prot and social welfare. If it succeeds, then the rm introduces
 her innovation on the market so private and social payos are realized. Finally, the
 public agency conducts the audit and he levies the ne if he nds evidence that the
 innovation is harmful.
 Let us compute x∗ the R&D strategy that maximizes wP and w∗P , the welfare
 that it induces :
 x∗ =
 0
 1− 12
 1−αβ
 ifα + 2β ≤ 1
 α + 2β ≥ 1and w∗P =
 w∗LF
 14
 (1−α)wβ
 ifα + 2β ≤ 1
 α + 2β ≥ 1
 We note that the more hazardous the innovation, the safer the R&D strategy
 that would be chosen by the public agency.
 6.1 Unlimited liability
 As was the case in Immordino & al. (2011), we now show that the P regime with
 UL is able to implement x∗. 8 To see this, we rst compute xP , the rm's optimal
 R&D strategy when she is exposed to a penalty f and which is such that
 xP =
 0
 1− 12
 πβpf
 iff ≤ 1
 2πβp
 f ≥ 12πβp
 Hence, the amount of the ne must be suciently large for the rm to undertake
 preventive actions. Otherwise, the P regime and the LF regime are equivalent. When
 8. It implies that observing the rm's R&D strategy and ne-tuning the penalty accordinglywould not improve the eciency of the P regime with UL. It is however possible to show that itwould make the P regime with LL more ecient.
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 α + 2β ≤ 1, x∗ = 0 so any ne f ≤ 12πβp
 implements x∗. If α + 2β ≥ 1, then x∗ can
 be implemented by setting f = π(1−α)p
 . Therefore, in the P regime with UL,
 xULP = x∗ and (wULP )∗ = w∗P
 Note that the expected welfare generated by the P regime with UL is always positive.
 We further show that the P regime with UL induces a R&D strategy that is either FB
 optimal or excessively safe. It is so because the P regime is such that the innovation is
 always introduced in the bad state so the benets of undertaking preventing actions
 are greater. In particular, the rm's R&D strategy is FB optimal whenever she does
 not undertake any preventive action and it is otherwise excessively safe.
 6.2 Limited liability
 Let us now introduce the LL constraint into the public agency's problem. If the
 innovation is not hazardous (i.e. if α + 2β ≤ 1), then x∗ can be implemented by
 setting any f ≤ maxπ, 1
 2πβp
 . If it is hazardous (i.e. if α + 2β ≥ 1), then the
 introduction of a LL constraint prevents the implementation of x∗ because the ne
 that should be levied to that end is larger than the private value of the innovation.
 Since wP is increasing on [0, x∗], the public agency binds the LL constraint by setting
 f = π as for making the rm adopt xLLP = xLA, the safest achievable R&D strategy.
 Hence, in the P regime with LL,
 xLLP = xLA and (wLLP )∗ =
 w∗LF
 14w(2p(1−α)−1)βp2(1−α)
 ifβ ≤ 1
 2p
 β ≥ 12p
 Obviously, (wLLP )∗ ≤ (wULP )∗. In particular, (wLP )∗ = (wUP ) if α + 2β ≤ 1. That
 is, the introduction of a LL constraint does not deteriorate the eciency of the P
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 regime whenever the innovation is not hazardous because this regulatory response
 eectively leads to the LF so the LL constraint does not bind.
 Also, note that unlike the UL case, the welfare generated by the P regime with
 LL can be negative. It is so when the innovation is hazardous or when enforcement is
 weak. The P regime with LL and the LA regime make the rm adopt the same R&D
 strategy because when the innovation is found to be harmful, the ne conscates the
 whole private value of the innovation just like the LA regime does. Using the results
 that we established earlier when studying the LA regime, we show that the P with
 LL induces a R&D strategy that is FB optimal if xFB = 0 and which is otherwise
 insuciently safe.
 7 Optimal Policy
 Now that we have described the optimal R&D strategy and welfare induced by
 each regulatory response, we are able to determine the conditions under which each
 regime should be implemented. We state a rst important result of our analysis.
 Proposition 1 Public intervention is always desirable. Prohibiting innovation al-
 together never is.
 This means that the LF as well as the PI regime can never be optimal. Hence the
 regimes which are candidate to be optimal are the SA regime, the LA regime and the
 P regime. To see this, recall that we established that the welfare generated by the
 SA regime is always positive since it prevents the introduction of the innovation in
 the bad state. Therefore, the PI regime can never be optimal because it is dominated
 by the SA regime (and also by the P with UL). Note that Immordino & al. (2011)
 obtain the same result.
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 The conclusion that public intervention is always desirable diers from that of
 Immordino & al. (2011). The authors indeed show that the LF regime is optimal
 when the innovation is not hazardous. In that case, the public agency should refrain
 from intervening because for all regulatory responses, the benet of a reduction in
 social harm (if any) is oset by the cost of undermined incentives to innovate.
 In our framework, the LF regime is always dominated by the LA regime. In
 the latter regime, indeed, when the rm does not undertake any preventing action
 (i.e. when xLA = xLF ), the LF is dominated by the LA regime because the latter
 allows the public agency prevent the introduction of a harmful innovation when it
 is identied as such. When the rm undertakes preventing actions, the LF regime
 is dominated by the LA regime because enforcement is strong and the stand-alone
 danger of social harm is signicant so the LA regime eectively gives incentives for
 the rm to undertake actions aimed at preventing the appearance of a damage whose
 size is too large for the LF regime to be optimal.
 Let us now compute the optimal policy when the rm's liability is limited.
 As we shall see, the design of the optimal policy is simple under this liability rule
 and the results that we establish here will turn out extremely helpful at the time we
 address the UL case.
 Proposition 2 When the rm's liability is limited, the optimal policy is based on
 authorizations. The public agency should commit to the strict rule if the innovation
 is hazardous and to the lenient rule otherwise. The optimal policy induces a R&D
 strategy that is either rst-best optimal or insuciently safe.
 The optimal policy with LL is based on authorizations because the P regime
 with LL can never be optimal. This result contradicts Immordino & al. (2011) since
 they show that the P regime with LL is part of the optimal policy whenever the
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 innovation is not hazardous. In our framework however, the P regime with LL is
 always dominated by the LA regime. To understand why it is so, recall that the
 P with LL and the LF are equivalent when the innovation is not hazardous so
 they are both dominated by the LA regime. When the innovation is hazardous, the
 LL constraint binds so the P regime is unable to give the appropriate amount of
 incentives to undertake preventing actions. In that case, the P regime with LL and
 the LA regime induce the same R&D strategy. However, the LA regime, unlike the
 P regime with LL, prevents the introduction of the innovation in the bad state when
 the audit succeeds.
 As for establishing that the public agency should implement the strict rule if the
 innovation is hazardous and the lenient rule otherwise, we merely have to compare
 the welfare generated by the SA regime and the LA regime. To begin with, let us
 dene p0 = 12
 [√5−α1−α − 1
 ]and β0 = 1
 2
 1−α+√
 (1−p)(1−α)(1−α(1+p))
 1−αp .
 We show that the SA regime yields a larger welfare than the LA regime whenever
 α ≥ 12and α + β ≥ 1 or whenever α ≤ 1
 2, p ≤ p0 and β ≥ β0 as summarized in
 the following Figures. The dark curves separate the optimal regulatory responses.
 In the green shaded area, the rm implements the rst-best R&D strategy whereas
 she implements a strategy that is insuciently safe in the red shaded area.
 When the damage is deep (i.e. when α ≥ 12), the SA dominates the LA regime
 whenever the stand-alone danger of social harm is large. In particular, an increase
 in the innovation hazardousness can make the optimal regulatory response change
 from the LA regime to the SA regime. The same applies when the damage is su-
 percial and enforcement is weak (i.e. when α ≤ 12and p ≤ p0). This conclusion
 supports that of Immordino & al. (2011) who show that the more hazardous the
 innovation, the more stringent the optimal response. When the damage is supercial
 and enforcement is eective (i.e. when α ≤ 12and p ≥ p0), the LA regime is unlikely
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 Figure 5 Optimal policy with limited liability when α ≥ 12
 to introduce the innovation in the bad state and even if it were the case, the damage
 would be supercial so the SA regime is too stringent to be optimal whatever the
 magnitude of the stand-alone danger of social harm.
 The optimal policy with LL has an interesting feature : the resurgence pheno-
 menon. Consider the case for which α ≤ 12and β ∈ [β0(p0), β0(0)]. As enforcement
 strengthens, the optimal response changes from the LA regime to the SA and then
 from the SA regime back to the LA regime. Hence, the LA regime "resurges" af-
 ter giving way to the SA regime. Basically, this phenomenon arises because the SA
 regime, unlike the LA regime, is such that the rm adopts the same R&D stra-
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 Figure 6 Optimal policy with limited liability when α ≤ 12
 tegy whatever the eectiveness of enforcement. In particular, recall that p must be
 suciently large for the rm to undertake preventive actions in the LA regime.
 The optimal policy with LL induces a R&D strategy that is either FB optimal
 or insuciently safe because it is based on authorizations. Indeed, as established
 earlier, xLA ≤ xSA ≤ xFB. In particular, we show that the rm's R&D strategy is
 insuciently safe whenever it is FB optimal to undertake preventive actions and to
 implement the lenient rule. The optimal policy with LL otherwise implements the
 FB R&D strategy.
 We now turn to the UL case in which the regimes that are candidates to be
 optimal are the P regime, the SA regime and the LA regime. Note that A regimes
 43

Page 53
                        

Section 7. Optimal Policy Chapitre 1. Authorizations, etc.
 are equally ecient under both liability rules whereas the P regime yields a larger
 welfare under UL whenever the innovation is hazardous (i.e. if α + 2β > 1). In
 that case, recall that the LL constraint binds so the appeal of the P regime is
 weakened. Therefore, the introduction of a LL constraint might make the optimal
 regulatory response switch from the P regime to an authorization-based response
 but the opposite can never be true. In other words, if an authorization regime is
 optimal under UL, it remains optimal once the LL constraint is introduced.
 In the LL case, we have computed the conditions under which the LA regime
 dominates the SA regime. We now describe the optimal policy with UL. To that
 end, we merely have to compare the welfare generated by the optimal policy with
 LL to that induced by the P with UL.
 Proposition 3 When the rm's liability is unlimited, the penalty regime is opti-
 mal whenever the innovation is hazardous and enforcement is weak. It induces a
 R&D strategy that is excessively safe. Otherwise, the optimal policy with limited and
 unlimited liability are identical.
 To see this, we compute the conditions under which the P regime is optimal.
 Let us dene p1 = 12
 2−α−√α(4−3α)
 (1−α)2, β1 = 1
 2
 (1+√αp)(1−α)
 1−αp , β2 = 12
 [1−
 √1− 1−α
 p
 ]and
 α : p0(α) = p1(α). Standard calculations allow us to establish that the P regime
 is optimal if α ≥ α, p ≤ 1 − α and β ≥ β1, if p ∈[1− α, 1
 4α
 ]and β ∈ [β1, β2]
 or if α ≤ α, p ≤ p1 and β ≥ β1. Otherwise, the optimal regulatory response is
 that described in the LL liability case. The following Figures illustrate the optimal
 policy with UL. In the blue shaded area, the rm implements a R&D strategy that
 is excessively safe.
 Corollary 1 Authorization regimes can be optimal even though the rm's liability
 is unlimited.
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 Figure 7 Optimal policy with unlimited liability when α ≤ α
 Recall that this was not the case in Immordino & al. (2011) because A regimes
 were unable to steer innovators towards a less harmful innovation of their ndings.
 Also, we observe that the P regime is optimal whenever the innovation is suciently
 hazardous and enforcement is weak. Indeed, if the innovation is not hazardous, the
 P regime is equivalent to the LF which it itself dominated by the LA regime.
 Besides, recall that the welfare generated by the P regime is unaected by the
 eectiveness of enforcement whereas authorization regimes become more performant
 as p increases. It is for this reason that an increase in the quality of the audit can
 make the optimal regulatory response switch from the P regime to the A regime.
 As we previously explained, the optimal policy with UL and with LL are identical
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 Figure 8 Optimal policy with unlimited liability when α ∈[α, 1
 2
 ]whenever the P regime with UL is not the optimal regulatory response. In particular,
 the public agency should opt for the lenient rule when the innovation is not hazardous
 and he should choose the strict rule otherwise. Note that the SA is too stringent
 when the damage is supercial so it can can never be optimal.
 Also, for the same reason outlined above, the resurgence phenomenon we identi-
 ed in the LL case occurs whenever α ∈[α, 1
 2
 ]and β ∈ [β0(1− α), β0(p0)]. Indeed,
 as p goes up, the optimal regulatory response changes from the P regime to the LA
 regime, then from the LA to the SA regime and nally from the SA regime back to
 the LA regime.
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 Figure 9 Optimal policy with unlimited liability when α ≥ 12
 Besides, the rm's R&D strategy is excessively safe whenever the P regime with
 UL is optimal. It is so because the P regime cannot be optimal unless it makes the
 rm undertake preventive actions (i.e. unless α + 2β > 1). If the optimal policy
 under UL is based on authorizations, then the rm adopts the same R&D strategy
 as the one that she would have adopted in the LL case. Therefore, the introduction
 of a LL constraint might entail a reduction in the amount of resources that the rm
 devotes to prevention but the opposite can never never true.
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 8 Concluding remarks
 In this chapter, we investigated an alternative framework to that of Immordino &
 al. (2011) as for providing a more balanced discussion of which regulatory response
 should be favored when innovations might turn out harmful. We indeed argued
 that their specication is biased to the disadvantage of authorization regimes so
 the laissez-faire and the penalty regime are not optimal as often as the authors
 claim they are. In order to restore balance between regimes, our model is such that
 authorization regimes have the potential to give the rm incentives to undertake
 preventive actions. Also, our informational structure implied that the public agency's
 ability to take advantage of his knowledge about the rm's action was the same
 accross all regimes.
 Some of our conclusions support those of Immordino & al. (2011). Namely, the
 severity of the regulatory response should go along with the innovation's hazardous-
 ness and prohibiting the innovation altogether is never optimal. Our analysis howe-
 ver stressed that public intervention was always desirable whereas Immordino & al.
 (2011) argue that the laissez-faire is optimal when the innovation is not hazardous.
 Also, when the rm's liability is unlimited, the authors conclude that authorization
 regimes can never be optimal whereas we proved that the optimal policy under UL
 is a mix between penalties and authorizations. Finally, we showed that the public
 agency should never opt for the penalty regime when the rm's liability is limited
 whereas Immordino & al. (2011) explain that such response might be optimal when
 the damage is supercial.
 If the public agency implements the penalty regime, then he should be aware
 that his intervention might nip innovation in the bud since it makes the rm devote
 an excessive amount of resources to safety and not enough to the pursuit of the
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 primary objectives. At the contrary, authorization regimes tend to maintain strong
 dynamics of innovation at the cost of a greater danger of social harm.
 It must be recognized that our model has some limitations. The most severe is
 perhaps that the rm is endowed with R&D resources so the investment decision
 is exogenous. We have reduced the rm's strategy to one single dimension because
 the model did not seem to be tractable otherwise. However, this specication has
 the disadvantage of tying the incentives to innovate and to reduce social harm and
 making them substitutable
 Also, recall that we (implicitly) assumed that the damage generated by the in-
 novation in the bad state was irrelevant to the rm. Indeed, the private value of the
 innovation is the same in both states so the rm is given no incentives to undertake
 preventive actions when she faces no regulatory policy. Yet, if the rm were assu-
 med to be either directly or indirectly impacted by that damage, then the innovation
 would be more protable in the good state so the rm might nd it optimal to im-
 plement a safe R&D strategy even in the absence of regulation so the conclusion
 that public intervention is always desirable would be challenged.
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Chapitre 2
 Optimal patent policy with negative
 externalities
 1 Introduction
 When free markets are unable to convey sucient incentives to invest in R&D,
 industrial property - and the use of patents in particular - may play a signicant role
 in stimulating innovative activities. A patent is an industrial property title that gives
 a patentee the exclusive and temporary right to exploit her ndings commercially.
 The market power which is awarded to her allows the patentee to make supernor-
 mal prots and to recoup R&D investments but it also generates deadweight loss.
 Hence, the question of how much protection to give innovators should weigh the
 benet associated with a higher rate of innovation against the cost of precluding
 competition.
 Nordhaus (1967, 1972) and Scherer (1972) were among the rst economists to ad-
 dress this issue and to compute the optimal length of a patent, that is, the duration
 for which innovators should benet from industrial property. Thereafter, Gilbert &
 Shapiro (1990) and Klemperer (1990) argued that the value of a patent is not only
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 determined by its length but also by its breadth. 1 The economic literature has inter-
 preted the concept of breadth in various ways. As summarized by Denicolò (1996),
 it can be alternatively understood as (i) the cost of inventing around the patent
 (Gallini, 1992), (ii) the distance in the space product that must be traveled between
 the innovation and non-infringing varieties (Klemperer, 1990), (iii) the fraction of
 the optimal royalty fee that the innovator is allowed to charge by the public agency
 (Tandon, 1982) or (iv) the fraction of the cost reduction induced by a process inno-
 vation that does not spill out and becomes freely available to non-innovating rms
 (Nordhaus, 1972). Generally speaking, the patent breadth measures the patentee's
 ability to take advantage of her dominant position and make supernormal prots.
 Hence, the design of the optimal patent policy should be guided by two major
 considerations : rst, the reward that is given to innovators (i.e. the value of the
 patent) for the policy to convey the appropriate amount of incentives to innovate
 and second, the way in which that reward is allocated over time (i.e. the structure
 of the patent) for the industrial property to induce the least overall social costs.
 Indeed, although the patentee is indierent between all the industrial protection
 titles that have the same value, the trade-o between the patent length and breadth
 is not necessarily neutral in terms of welfare.
 In this chapter, we assume that the innovation generates a negative externality 2
 and we discuss the way it inuences the design of the optimal patent policy. When
 it is conned to giving rms incentives to innovate, industrial property is nothing
 else than a necessary evil. Our main point is that it can also prove to be a powerful
 instrument for preventing the emergence of negative externalities and for reducing
 the damage that they may cause.
 1. Also referred to as width or scope in the literature.2. Throughout this chapter, we focus on negative externalities since our primary interest is
 the regulation of potentially harmful innovations. Yet, it would be straightforward to extend ouranalysis to a more general class of externalities including those said to be positive.
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 In particular, if the magnitude of the externality is determined by the innovator's
 R&D strategy, then it is possible to imagine a patent policy in which rms that have
 implemented safe R&D strategies are given a stronger protection than those who
 have not. In that case, the public agency faces an additional trade-o between the
 decrease in the innovation's harmfulness and the extra deadweight loss.
 Besides, while most authors assume that the social costs induced by the industrial
 property increase with the patent breadth, we argue that in the presence of a negative
 external eect, they may as well be decreasing. In particular, by giving market power
 to the patentee, industrial property may lower the equilibrium output and reduce
 the damage caused by the external eect more eectively. Therefore, the trade-o
 underlying the design of the optimal patent structure should take into consideration
 the impact that breadth has on both the deadweight loss and the size of the external
 eect.
 Note that the economic literature has long underlined that imperfectly competi-
 tive markets may actually reduce the size of negative external eects. In particular,
 Buchanan (1969), Baumol & Oates (1975) and Barnett (1980) stress that the market
 structure for the good or service that generates the externality is a key element in
 clarifying the issue of taxation for control of external eects. Also, it should be noted
 that the idea that industrial property can be used as a tool to correct the market
 failure associated with external eects has been already put forward : Laxminarayan
 (2002) addresses the issue of antimicrobial resistance. The author explains that "an-
 tibiotic use creates a negative externality because antibiotic use by one patient may
 generate resistant bacteria that can infect others" and he stresses that pharmaceu-
 tical companies selling antibiotics do not fully internalize the social cost associated
 with the depletion of their eectiveness. Likewise, when doctors prescribe antibiotics,
 they are likely to focus on the short-term benets to the patient and to overlook the
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 long-term risks to society. The main argument is that stronger industrial property
 rights may reduce antibiotic use and prevent the emergence of resistant bacteria.
 Laxminarayan shows that increasing patent breadth - as measured by the number
 of competing rms within the same class of antibiotics - can be benecial to society.
 In that case, the cost of greater monopoly power today is outweighed by the benet
 of preserving antibiotic eectiveness tomorrow. Horowitz & Moehring (2004) bring
 forward another argument in favour of broad patents : when cross-resistance may oc-
 cur, 3 extending the patent breadth to the whole class of antibiotics could strengthen
 the incentive for the patentee to internalize this external eect. Finally, the Oce
 of Technology Assessment has suggested that a longer patent length could increase
 the incentives for pharmaceutical companies to contain resistance, since they would
 enjoy a longer period of monopoly benets from its antibiotic's eectiveness.
 This chapter is organized as follows : in Section 2, we compute the patent optimal
 length and breadth when the innovation generates a negative external eect. First,
 we present the general result established by Gilbert & Shapiro (1990) and we show
 that narrow and innitely-lived patents may not be optimal even though breadth is
 increasingly costly in terms of deadweight loss. Second, we discuss the consequences
 that the externality may have on the optimal patent structure. Last, we follow
 Denicolò (1996) and we examine several interpretations of the concept of breadth in
 order to establish closed-form conditions for the patent's optimal length and breadth.
 Our conclusions suggest that the optimal patent structure is closely related to the
 size of the negative external eect and to the extent to which broader patents may
 make non-infringing imitations less harmful. In Section 3, we compute the optimal
 value of the patent when the rm's R&D strategy determines the size of the negative
 external eect. First, we address the case in which the public agency can set a single
 3. Cross-resistance is the resistance to a particular antibiotic that often results in resistance toother antibiotics, usually from a similar chemical class, to which the bacteria may not have beenexposed.
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 patent value whatever the rm's R&D strategy. Second, we look into a hypothetical
 modulated patent policy that gives stronger protection to rms that have undertaken
 actions aimed at preventive the externality from arising. We establish that the latter
 policy is strictly more ecient than the former whenever the negative external eect
 is suciently large. In that case, indeed, the public agency eectively takes advantage
 of the exibility allowed by the modulated policy and induces rms to undertake
 preventive actions. Section 4 concludes.
 2 Optimal patent length and breadth
 2.1 Gilbert & Shapiro (RAND, 1990) : the general result
 In this seminal article, Richard Gilbert & Carl Shapiro discuss the rule according
 to which a pre-specied value of the patent V should be allocated over time. The
 basic trade-o is between broad patents that induce a large deadweight loss for a
 short period of time and narrow patents that generate a small deadweight loss for
 a long period of time. Note that the authors leave aside the question of how much
 to reward innovators so they take the rate of innovation as given and they focus on
 computing the optimal patent structure. In their framework, T denotes the patent
 length and π its breadth. 4 The latter is identied to the patentee's ow rate of
 prots. Once the patent has expired, the rm's ow prots decline to π (i.e. π ≥ π).
 The smaller π, the more competitive the underlying market structure. Hence, the
 patentee's discounted prot is equal to
 V (T, π) =
 ∫ T
 0
 πe−rtdt+
 ∫ +∞
 T
 πe−rtdt
 4. The authors focus on rectangular patents whose breadth is constant over time and so will we.
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 where r is the rate at which future amounts are discounted. 5 The ow social welfare
 W (π) is assumed to be decreasing in breadth (i.e.W ′(π) < 0). The argument is that
 the broader the patent, the larger the deadweight loss induced by the industrial
 property. The discounted social welfare is thus equal to
 Ω(T, π) =
 ∫ T
 0
 W (π)e−rtdt+
 ∫ +∞
 T
 W (π)e−rtdt
 The problem of the public agency consists in determining the patent length and
 breadth that maximize the discounted welfare under the constraint that the patentee
 gets at least V . Formally, the public agency solves
 maxT≥0, π≥rV
 Ω(T, π) s.t. V (T, π) ≥ V
 The patent breadth must be larger than rV so the desired reward can be achieved
 through industrial property. Since Ω decreases in both its arguments, it is clear that
 the constraint binds at the optimum (i.e. V (T ∗, π∗) = V ). 6 Therefore, the authors
 are able to dene the function φ such that V (T, φ(T )) = V . Dierentiating this
 latter equation with respect to the patent length, they show that
 φ′(T ) = −r [φ(T )− π]e−rT
 1− e−rT(1)
 Next, they dierentiate Ω(T, φ(T )) with respect to the patent length and they show
 that the discounted welfare increases in length whenever
 re−rT [W (φ(T ))−W (π)] + (1− e−rT )W ′(φ(T ))φ′(T ) ≥ 0
 5. We assume that the private discount rate equals the social discount rate.6. Klemperer (1990) solves an analogous problem in which the constraint is directly written as
 an equality.
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 Finally, they use (1) and rewrite the former condition as follows :
 W (φ(T ))−W (π)
 φ(T )− π≥ W ′(φ(T )) (2)
 The concavity ofW on the interval [π, φ(T )] is thus a sucient condition for inequa-
 lity (2) to hold. In the framework of Gilbert & Shapiro, the only source of social
 costs is the deadweight loss dwl(π) with dwl′ > 0 so W (π) = wc − dwl(π) where
 wc is the perfectly competitive welfare. Clearly, the convexity of dwl implies the
 concavity of W so the authors state that if breadth is increasingly costly in terms of
 deadweight loss, then narrow and innitely lived-patents are optimal (Proposition
 1). 7 In that case, indeed, "increasing the breadth of the patent [...] is increasingly
 costly, in terms of deadweight loss, as the patentee's market power grows. When in-
 creasing the length of the patent, by contrast, there is a constant trade o between
 the additional reward to the patentee and the increment to deadweight loss [...]".
 It should be noted that the variations of the ow social welfare are irrelevant to
 determine the optimal patent structure, only its curvature matters. However, their
 Proposition would no longer hold if non-linearity were to be introduced in the rela-
 tion between breadth and the patentee's ow prots so the scope of their results is
 limited to specic market structures. 8
 7. Likewise, the concavity of dwl is a sucient condition for wide and short patents to beoptimal. Finally, if dwl is linear, then the mix between length and breadth has no impact onwelfare.
 8. On this point, the framework provided by Klemperer (1990) is more general since no res-triction is placed on the relation between breadth and the patentee's ow prots. In that case,the optimal patent structure is not merely driven by the curvature of the deadweight loss butby the breadth elasticity of both the prot and the deadweight loss. However, his work may alsobe considered more restrictive because Klemperer adopts a specic interpretation of the conceptof breadth (i.e. the distance that must be traveled, in a vertically dierentiated product space,between the variety produced by the patent holder and non-infringing imitations).
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 2.2 Introducing a negative externality
 When the innovation generates a negative external eect, the design of the op-
 timal patent structure should not only be driven by the impact of breadth on the
 deadweight loss but also by its inuence on the damage generated by the externality.
 In that case, breadth is no longer a pure cost for society, as was the case in the fra-
 mework of Gilbert & Shapiro, since it becomes an instrument with the potential to
 address the externality. As we shall see, if an increase in breadth leads to a reduction
 in damage which is larger than the additional induced deadweight loss, then giving
 the patentee a greater market power might actually be welfare improving.
 The idea that broader patents may reduce the negative externality can be ex-
 plained in two ways : rst, broader patents may lessen competition in the inno-
 vation market, decrease the equilibrium output and thus reduce the magnitude of
 the externality. Second, if the concept of breadth is interpreted as the distance that
 must be traveled, in some product space, away from the innovation to produce a
 non-infringing variety, then broader patents may make imitations less harmful (i.e.
 reduce the extent to which they generate a negative externality).
 In the presence of a negative external eect, note that the constraint according
 to which the innovator must be given at least a pre-specied reward might not
 bind at the optimum. Indeed, the public agency may be better o giving stronger
 protection, at the cost of a larger deadweight loss, in order to reduce the external
 eect more eectively. For now, we leave this issue aside and we set V (T ∗, π∗) = V
 so our primary interest is to determine the socially ecient way to structure a
 patent of given value. We shall discuss how much innovators should be rewarded in
 a subsequent section.
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 When introducing a negative external eect into Gilbert & Shapiro framework,
 the ow social welfare is given by
 W (π) = wc − dwl(π)− d(π)
 where d(π) is the damage generated by the externality. Recall that the concavity of
 W is a sucient condition for narrow and innitely-lived patents to be optimal. Yet,
 in the presence of the external eect, W ′′ is not only determined by the curvature
 of dwl but by that of the total social costs dwl + d. In particular, W and dwl can
 be both convex when d is suciently concave. Therefore, narrow and innitely-lived
 patents may not be optimal even though breadth is increasingly costly in terms of
 deadweight loss. As outlined above, since the variations of the ow social welfare are
 irrelevant to determine the optimal patent structure, we are able to establish what
 we refer to as the extended Gilbert & Shapiro condition.
 Proposition 4 When introducing a negative externality into the framework of Gil-
 bert & Shapiro, if the total social costs are convex in breadth, then narrow and
 innitely-lived patents are optimal.
 Pay attention to the fact that this extended Gilbert & Shapiro condition only ap-
 plies when the patentee's ow prot grows linearly with the patent breadth. Clearly,
 under the assumption that breadth is increasingly costly in terms of deadweight
 loss, the introduction of a negative external eect does not challenge the optimality
 of narrow and innitely-lived patents whenever the damage it induces is not too
 concave in breadth.
 Throughout this chapter, we assume that the demand for the innovation is
 constant over time. That is, we disregard the innovation diusion process. Bass
 (1969) provides a theoretical framework in which the probability that a potential
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 buyer purchases the innovation at time t is linearly related to the cumulative num-
 ber of buyers. If broader patents reduce the equilibrium output in the innovation
 market, then industrial property may slow the diusion process down. When the
 innovation does not generate any negative external eect, this reduction in speed
 of diusion entails an additional social cost. However, in the presence of a negative
 external eect, a slower diusion process may actually curtail the damage and raise
 the discounted social welfare. The diusion of harmful innovations is indeed analo-
 gous to the spread of an epidemic and the patent breadth can be assimilated to the
 extent to which the disease in question is contagious. The benet of slowing down
 the innovation diusion process is even greater if society acquires information about
 the external eect as time goes by or when the damage induced by the externality
 is irreversible.
 Finally, on a more speculative note, if previous consumption experiences improve
 the understanding that society has of the innovation and if the industrial property
 combined with the absence of economies of scale and learning-by-doing productivity
 gains at the early stages of the diusion process make the innovation pricy at the time
 it is rst introduced, then we can ourselves whether or not the richest individuals
 or countries serve as Guinea pigs.
 2.3 Examples
 In this section, we follow Denicolò (1996) and we provide several interpretations
 of the concept of breadth. In each case, we describe the market structure and we
 compute the optimal structure of the patent
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 2.3.1 Compulsory licensing
 To start with, we assume that there is compulsory licensing of a cost reducing
 innovation as in Tandon (1982). The royalty fee is determined by the public agency
 and it is understood as the patent breadth. Though this might not be the most
 intuitive interpretation of the concept of breadth, it allows us to make our point in
 the clearest possible way.
 Consider the market inverse demand P = a−Q for a given good where P is the
 price at which it is sold and Q is the output. The cost reducing innovation allows the
 innovator to produce this good at constant unit cost k < a. If she were unregulated,
 and since we assume free-entry, then the innovator would set the royalty fee at s2
 where s = a−k so the innovation would be sold (competitively) at monopoly price. 9
 Let w ∈ [0, 1] be the fraction of that optimal royalty fee that the patentee is
 allowed to charge by the public agency. We assimilate w to the patent breadth : the
 smaller w, the less able the innovator to take advantage of her better production
 eciency and to make supernormal prots. If w = 0, then the market is perfectly
 competitive whereas it is equivalent to a monopoly if w = 1. 10
 We depart from the standard framework by assuming that the process innovation
 generates a production negative externality which induces a damage d(Q) = 12γQ2
 where γ ≥ 0 measures the size of the externality. The good is sold at price p(w) =
 k+w s2so the equilibrium output is Q(w) = s
 2(2−w). The innovator's prot is equal
 to
 π(w) =s2
 4w(2− w)
 9. When the innovator charges a royalty fee ρ, the equilibrium price and output are, respectively,k+ ρ and s− ρ. In that case, all licensees make zero prot while the innovator gets ρ(s− ρ) whichis maximum at ρ = s
 2 . Hence, the equilibrium price is k + s2 which coincides with the monopoly
 price.10. By equivalent, we mean that the innovator behaves as a monopolist when she is unregulated.
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 The consumer surplus is equal to
 CS(w) =s2
 8(2− w)2
 the damage associated with the negative externality is equal to
 d(Q(w)) =s2
 8γ(2− w)2
 and the social welfare is equal to
 S(w) = CS(w) + π(w)− d(Q(w)) =1
 8s2(2− w) [2(1− γ) + w(1 + γ)]
 In this framework, breadth is increasingly costly in terms of deadweight loss. 11
 Yet, we cannot conclude which patent structure is the most ecient because the
 patentee's prot does not grow linearly with the patent breadth and even if it were
 the case, the existence of a negative external eect is such that the concavity of the
 ow social welfare is no longer a sucient condition for narrow and innitely-lived
 patents to be optimal.
 As mentioned earlier, breadth should not only be seen as a cost for society.
 Indeed, by reducing the equilibrium output (i.e. Q′(w) < 0), broader patents de-
 crease (at a decreasing rate) the damage generated by the negative externality (i.e.
 ∂d(Q(w))∂w
 ≤ 0 and ∂2d(Q(w))∂w2 ≥ 0). As depicted in Figure 10, if the externality is large
 (i.e. if γ ≥ 1), then we show that the marginal benet of a lower damage is always
 larger than the marginal deadweight loss so increasing the patent breadth is always
 welfare improving. However, if the externality is small (i.e. if γ ≤ 1), then the social
 welfare has an inverted U shape : for narrow patents, a marginal increase in breadth
 is such that the additional deadweight loss is smaller than the damage reduction
 11. Indeed, dwl(w) = CS(0)− CS(w)− π(w) = 18w
 2s2
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 Figure 10 Welfare and size of the negative external eect
 so the welfare is locally increasing. The eect reverses for broader patents. 12 In
 the absence of any negative external eect (i.e. if γ = 0), note that the welfare
 unambiguously decreases with the patent breadth.
 Let us now determine the socially ecient way to structure a patent whose value
 V is given. That is, we compute the patent length T ≥ 0 and breadth w ∈ [0, 1]
 that minimize the discounted social costs for a given rate of technological change.
 As outlined earlier, when there is no external eect, the basic trade-o is between
 a smaller deadweight loss for a longer period of time and a larger deadweight loss
 for a shorter period of time. In the presence of a negative externality, the trade-o
 12. The marginal deadweight loss is equal to the marginal damage reduction at w = 2γ1+γ . If
 γ ≥ 1, then w > 1 so breadth unambiguously increases welfare. However, if γ ≤ 1, then w ∈ [0, 1]so the ow social welfare is non-monotonic with respect to the patent breadth.
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 incorporates an additional dimension : long and narrow patents induce a smaller
 damage reduction for a longer period of time whereas broad and short patents allow
 a larger damage reduction for a shorter period of time.
 Future amounts are discounted at rate r. The public agency chooses the patent
 structure (T,w) that maximizes
 Ω(T,w) =
 ∫ T
 0
 e−rtS(w)dt+
 ∫ +∞
 T
 e−rtS(0)dt
 under the constraint that
 V (T,w) =
 ∫ T
 0
 e−rtπ(w)dt = V
 Note that V must be smaller than V = V (∞, 1), the maximum reward achievable
 through industrial property. The constraint V (T,w) = V implies that the patent
 length and breadth are linked by the relation
 T = ψ(w) = −1
 rln(1− 4rV
 ws2(2− w))
 The discounted welfare is Ω(ψ(w), w). Dierentiating with respect to w, we have
 dΩ
 dw=V (γ − 1)
 (w − 2)2
 so the discounted welfare increases with the patent breadth whenever γ ≥ 1.
 Proposition 5 In the case of compulsory licensing of a cost reducing innovation
 that generates a negative externality, with linear demand and constant marginal
 costs, if the size of the negative externality is small (i.e. if γ ≤ 1), then narrow and
 innitely-lived patents are optimal.
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 Clearly, broad and short patents are optimal if γ ≥ 1 and the mix between length
 and breadth has no impact on welfare if γ = 1. In the absence of any negative
 external eect, Tandon (1982) showed that innitely-lived patents are optimal. By
 setting γ = 0, we come to the same conclusion. This Proposition makes it clear that
 the optimal patent structure is closely related to the size of the external eect. If
 the public agency were to overlook the impact that breadth has on the externality,
 then the rule according to which he would choose to allocate the value of the patent
 over time might be inecient. 13
 2.3.2 Costly imitation
 Gallini (1992) and Wright (1999) interpret the concept of breadth as the (xed)
 cost of inventing around the patent : the broader the patent, the more costly it is
 to develop and to introduce a non-infringing imitation. The authors assume perfect
 imitation and free-entry into the market for imitations. The inverse demand for the
 innovation is given by P = a−Q where P is the price at which it is sold and Q is
 the aggregate output. 14 The innovation is produced at unit cost k < a. Finally, the
 innovation induces a negative external eect which generates a damage d(Q) = 12γQ2
 with γ ≥ 0.
 Assume that the original innovator and n perfect imitators compete à la Cournot.
 The symmetric Nash equilibrium is such that each of them produces q(n) = s2+n
 with
 s = a − k so the original innovator gets π(n) = s2
 (2+n)2whereas each imitator gets
 π(n) − h where h is the xed cost of inventing around the patent. Clearly, the
 free-entry assumption implies that n∗ = π−1(h) so all imitators make zero prot
 and the original innovator gets h. We follow Denicolò (1996) and we assume that
 13. In our framework, such an inecient decision would be made whenever γ ≥ 1. In that case,the minimization of the discounted deadweight loss calls for innitely-lived patents whereas wideare short patents are actually socially ecient.14. The aggregate output includes the original innovation as well as its imitations since they are
 assumed to be perfect substitutes.
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 the imitation cost is a fraction of the monopoly prot. Namely, we set h = wπ(0)
 where w ∈ [0, 1] is interpreted as the patent breadth. If w = 1, then entry is totally
 blockaded (i.e. n∗ = 0). If w = 0, then imitation is free so the market is perfectly
 competitive (i.e. n∗ = +∞) and all rms make zero prot. Generally speaking,
 the broader the patent, the more concentrated the market (i.e. (n∗)′(w) < 0) so
 the larger the supernormal prot that the original innovator can make. The entry
 process stops at
 n∗ =2(1−
 √w)2
 w
 Each rm produces q(w) = s2
 √w so the aggregate output is Q(w) = s
 2(2 −
 √w).
 Although the individual output increases with the patent breadth (i.e. q′(w) > 0),
 the aggregate output decreases (i.e. Q′(w) < 0) so broader patents do reduce the
 damage generated by the externality (at a decreasing rate) (i.e. ∂d(Q(w))∂w
 ≤ 0 and
 ∂2d(Q(w))∂w2 ≥ 0). The consumer surplus is equal to
 CS(w) =1
 8s2(2−
 √w)2
 the damage associated with the negative externality is equal to
 d(Q(w)) =1
 8s2γ(2−
 √w)2
 and the ow social welfare is equal to
 S(w) = h+ CS(w)− d(Q(w)) =1
 8s2[(3− γ)w − 4(γ − 1)(1−
 √w)]
 Both the marginal damage reduction and the marginal deadweight loss decrease with
 the patent breadth. If γ ≥ 1, the former is always larger than the latter so the ow
 social welfare monotonically increases in breadth. If γ ≤ 1, however, the marginal
 damage reduction outweighs the marginal deadweight for broad patents only, so the
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 social welfare has a U shape. An interesting feature of this model is that even though
 there is no negative external eect, the social welfare may be increasing in breadth.
 Indeed, when γ = 0, we have S ′(w) ≥ 0 ⇔ w ≥ 49. The reason is that broader
 patents reduce the number of imitators and thus decrease the total imitation costs
 which are another type of social cost. However, for all w ≥ 49, the imitation cost
 is larger than the duopoly prot (i.e. wπ(0) ≥ π(1)) so no entry eectively occurs
 when the number of entrants is a discrete rather than a continuous variable.
 Since the patentee's prot h grows linearly with the patent breadth, the extended
 Gilbert & Shapiro condition applies. In other words, studying the concavity of the
 ow social welfare is sucient to establish the optimal patent structure. We show
 that
 S ′′(w) =1
 8s2(1− γ)w
 23
 so the ow social welfare is concave if and only if γ ≥ 1.
 Proposition 6 In a market with linear demand, constant marginal costs and a xed
 imitation cost with free-entry, if the size of the negative externality is large (i.e. if
 γ ≥ 1), then narrow and innitely-lived patents are optimal.
 Clearly, this Proposition is diametrically opposed to that we established in the
 case of compulsory licensing. 15 This underscores how important the interpretation
 of the concept of breadth is when describing the socially ecient way to allocate a
 given value of the patent over time. Besides, as was already the case in the previous
 example, we observe that the size of the externality is the key determinant of the
 optimal patent structure.
 15. We suspect the inverted U curve between breadth and the imitation costs to be behind thisreversal but the specic reasons are still unclear to us.
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 2.3.3 Vertical dierentiation
 In the case of compulsory licensing, the original innovator and the licensees use
 the same cost-reducing technology. In the model à la Gallini (1982), imitations are
 perfect so the original innovator and imitators produced the same good. Hence, the
 two previous examples were such that the damage generated by the externality was
 related to a single variety of product or process. Yet, if the patent breadth prevents
 imitators from using or producing the original innovation without infringing the
 industrial property title, then multiple varieties will be used or produced. In that
 case, the damage generated by the externality is determined by each variety's output
 and relative rate of conveying. The relative rate of conveying measures the extent to
 which a given variety generates a negative externality with respect to the original
 innovation. Thus, the relative rate of conveying of a perfect imitation is equal to 1.
 We assume that imitations convey an increasing share of the external eect as they
 get closer to the original innovation. 16
 In order to understand better the concept of relative rate of conveying and to
 explain our latter assumption, let us consider the example of a tobacco company that
 patents a new additive. The innovation improves the taste of the cigarette but it also
 makes more addictive so its consumption generates increased negative externalities
 (e.g. passive smoking, cost of treating smoking-related-diseases, street litter, etc.).
 If the patent is broadly dened, then imitators cannot capture a large fraction of
 the taste improvement without infringing the patent so the variety they produce
 conveys smaller negative external eects in the sense that it is less addictive.
 Here, we assume that a product innovation allows a quality improvement θ > 0.
 The patent breadth w ∈ [0, 1] is interpreted as the fraction of θ that cannot be
 16. For simplicity, we do not consider the (plausible) case in which imitations may be moreharmful than the original innovation.
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 captured by imitators without infringing the patents. Clearly, all imitators produce
 the non-infringing variety that has the highest quality. Therefore, there are only two
 varieties that compete in the market : the original innovation of quality θ+ θ where
 θ is the quality of the traditional product, and imitations of quality θ + (1 − w)θ.
 Production costs are normalized to zero. We further assume free-entry into the
 market for imitations so competition drives their price to zero.
 We consider a mass-one continuum of consumers. Let m ∈ [0, 1] be their willin-
 gness to pay for quality. It is assumed to be distributed with density f and cumu-
 lative F . Each consumer buys either one unit of the innovation or one unit of the
 imitation. In the former case, the consumer obtains utility m(θ + θ)− p where p is
 the price at which the innovation is sold. In the latter case, the consumer obtains
 utility m(θ+ (1−w)θ). Hence, the consumer m which is indierent between buying
 one unit of the innovation and one unit of the imitation is such that
 m =p
 wθ(3)
 Therefore, the demand for the innovation is given by 1 − F (m) so the patentee's
 prot is equal to π(m) = p(1− F (m)). Using (3) :
 π(m) = mwθ(1− F (m))
 Choosing at which price p to sell the innovation is equivalent to choosing m. We
 dierentiate π with respect to m and we show that the indierent consumer m∗
 that maximizes π(m) is independent of w. Therefore, the patentee's optimal prot
 is given by
 π(w) = m∗wθ(1− F (m∗))
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 This has two important consequences : rst, it implies that the innovator's prot
 grows linearly with respect to the patent breadth. Hence, the extended Gilbert &
 Shapiro condition applies so studying the concavity of the ow social welfare function
 is sucient to determine the optimal patent structure. Second, it implies that the
 innovator's market share is not aected by the patent breadth. That is, unlike our
 two previous examples, broader patents do not reduce the equilibrium output of
 the original innovation. It might then be thought that industrial property has no
 inuence on the damage generated by the negative externality. Yet, although the
 patent breadth does not alter the equilibrium output of each variety, it determines
 the extent to which imitations are harmful with respect to the original innovation.
 Let R(w) be the imitation relative rate of conveying for a given patent breadth.
 As mentioned above, we have R(0) = 1 and R′ < 0. We dene
 Q(R(w)) = F (m∗) +R(w)(1− F (m∗))
 as the weighted sum of output, that is, the actual amount of output that causes social
 harm. In particular, the original innovation and imitations are assumed to induce
 a negative externality that generates a damage given by d(Q(R(w))) with d′ > 0
 and d′′ ≥ 0. 17 Note that Q decreases with the patent breadth so broader patents do
 reduce the negative externality more eectively because they make imitations less
 harmful. The consumer surplus is equal to
 CS(w) = F (m∗)[θ + (1− w)θ
 ]E(m|m ≤ m∗)+(1−F (m∗))
 [(θ + θ)E(m|m ≥ m∗)−m∗wθ
 ]17. In this example, there is no need to assume a specic form for the damage generated by the
 external eect.
 69

Page 79
                        

Section 2. Length and breadth Chapitre 2. Optimal patent policy
 Note that it is linearly related to the patent breadth. Finally, the social welfare is
 equal to
 S(w) = π(w) + CS(w)− d(Q(R(w)))
 Therefore, since π and CS are both linear functions, the concavity of the social
 welfare is determined by that of the damage. Clearly, if R is either linear or convex,
 then the damage is convex in breadth. When R is concave, however, the curvature
 of the damage function is undetermined.
 Proposition 7 In the case of product innovation in a vertically dierentiated in-
 dustry, if the relative rate of conveying is not too concave, then narrow and innitely-
 lived patents are optimal.
 Unlike the two previous examples, note that the size of the externality is no
 longer the key determinant of the optimal patent structure. Here, only the curvature
 of the relative rate of conveying matters. Unfortunately, economic intuition provides
 very little guidance on this specic point. Intuitively, we would be more inclined
 to assume convexity between the patent breadth and the relative rate of conveying
 so only imitations that are suciently close to the original innovation conveys this
 external eect. Indeed, in the case of concavity, even remote imitations convey a
 large share of the external eect, which seems less relevant.
 2.3.4 Horizontal dierentiation
 In the previous example, we showed that the patentee's market share was unaf-
 fected by the patent breadth so broader patents reduced the damage more eectively
 only because they made imitations less harmful. On that particular point, the case
 in which the market is horizontally dierentiated is more interesting because the
 patent breadth impacts the damage through two channels. Namely, an increase in
 breadth improves the patentee's market share and it reduces the relative rate of
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 conveying of imitations. Hence, it is no longer straightforward to determine whether
 or not broader patents decrease the damage generated by the externality. Also, this
 market structure tends to be more delicate to address because the patentee's prot
 is non-linearly related to the patent breadth and because rms make supernormal
 prots after the patent expires. In order to deal with those additional complications,
 we shall assume that both the relative rate of conveying and the damage are linear
 functions.
 We consider a mass-one continuum of consumers whose location x is uniformly
 distributed on the line [0, 1]. There are two exogenously located rms : rm 1 is
 located at 0 and rm 2 is located at 1. They initially produce the same good of
 quality θ. We dene t as the unit transport cost. Firm 1 innovates and raises the
 quality of her good to θ + θ. Again, the patent breadth w ∈ [0, 1] is interpreted as
 the fraction of the quality improvement that cannot be captured by rm 2 without
 infringing the patent. Therefore, rm 2 produces a good of quality θ + (1 − w)θ,
 the non-infringing variety of highest quality. Production costs are normalized to
 zero. We assume that the market is covered so all consumers buy one unit of the
 innovation or one unit of the imitation. We further assume that the innovation is
 not drastic so the patentee does not monopolize the market. 18 Finally, let p1 be the
 price of the innovation and p2 be that of the imitation. If a consumer located at x
 buys one unit of the innovation, then he obtains utility
 U1(x) = θ + θ − p1 − tx
 whereas he obtains utility
 U2(x) = θ + (1− w)θ − p2 − t(1− x)
 18. The market is covered if θ ≥ 3t − 2θ and it is not monopolized by the innovator so long asθ ≤ 3t.
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 when he purchases one unit of the imitation. The consumer x which is indierent
 between buying one unit of the innovation and one unit of the imitation is such that
 x =1
 2+wθ
 2t− p1 − p2
 2t
 Hence, the patentee's prot is equal to π1(p1, p2) = p1x whereas the imitator's prot
 is equal to π2(p1, p2) = p2(1−x). Firms simultaneously choose at which price to sell
 their good. It is straightforward to show that there exists a single Nash Equilibrium
 (NE) such that
 p∗1(w) = t+1
 3wθ and p∗2(w) = t− 1
 3wθ
 which yields
 π∗1(w) =1
 18
 (3t+ wθ)2
 tand π∗2(w) =
 1
 18
 (3t− wθ)2
 t
 As mentioned above, the patentee's prot is non-linearly related to the patent
 breadth so the extended Gilbert & Shapiro condition does not apply. The equili-
 brium market share of the patentee is equal to
 x∗(w) =1
 2+
 1
 6
 wθ
 t
 Hence, the broader the patent the greater the equilibrium output of the original
 innovation. The consumer surplus is given by
 CS(w) =
 ∫ x∗
 0
 U1(x)dx+
 ∫ 1
 x∗U2(x)dx
 with p1 = p∗1 and p2 = p∗2. Let R(w) be the relative rate of conveying of the imi-
 tation. Hence, the weighted sum of output is such that Q(x∗(w), R(w)) = x∗(w) +
 R(w) [1− x∗(w)]. To simplify, we assume that R(w) = 1− w so the relative rate of
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 conveying is linearly related to the patent breadth. 19 Under such assumption,
 Q(w, x∗(w)) = 1− w [1− x∗(w)]
 The original innovation and the imitation induce a negative externality that gene-
 rates a damage d(Q(w)). Again, for simplicity, we assume that
 d(Q(w, x∗(w))) = γQ(w, x∗(w))
 where γ ≥ 0 is the constant marginal damage measuring the size of the external
 eect. Unlike our previous examples, an increase in breadth does not always reduce
 the damage. Two opposite forces are involved here : on the one hand, broader patents
 make imitations less harmful ; on the other hand, they increase the market share of
 the most harmful variety (i.e. the original innovation). We show that the damage
 decreases monotonically with the patent breadth whenever the innovation is incre-
 mental (i.e. if θ ≤ 3t2). In that case, indeed, the quality gap between both varieties is
 small so the patent breadth has little impact on their respective market shares. Ho-
 wever, if the quality improvement is signicant, then the damage generated by the
 externality has a U shape : for patents narrower than w = 32t
 θ, a marginal increase
 in breadth is such that the eect of a lower imitation's relative rate of conveying
 outweighs the impact of an increased market share of the original innovation so the
 damage is locally decreasing. The balance of power reverses for patents broader than
 w.
 Finally, the ow social welfare is given by
 S(w) = π∗1(w) + π∗2(w) + CS(w)− d(Q(w, x∗(w)))
 19. Also, this specication implies that the traditional product does not generate any negativeexternality.
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 Unlike our previous examples, the market is imperfectly competitive even though
 there is no industrial property. That is, before the patent expires, the deadweight loss
 has two components : one part is induced by the industrial property while another
 is generated by the underlying market structure.
 Now that we have described the market equilibrium for a given patent breadth,
 we turn to computing the socially ecient way of structuring a patent whose value V
 is pre-specied. The patent (imperfectly) protects the innovator for T ≥ 0 periods.
 Future amounts are discounted at rate r. The patentee's discounted prot is equal
 to
 V (T,w) =
 ∫ T
 0
 e−rtπ∗1(w)dt+
 ∫ +∞
 T
 e−rtπ∗1(0)dt
 Note that V cannot be smaller than V (0, 0) = t2r, the competitive discounted prot.
 Likewise, V cannot exceed V (+∞, 1) = 118
 (3t+θ)2
 rt, the maximum reward achievable
 through industrial property. The discounted social welfare is equal to 20
 Ω(T,w) =
 ∫ T
 0
 e−rsS(w)ds+
 ∫ +∞
 T
 e−rsS(0)ds (4)
 The constraint V (T,w) = V implies that T = ψ(w) with
 ψ(w) = −1
 rln
 [1− 9t(2V r − t)
 θw(θw + 6t)
 ]
 The discounted welfare is Ω(ψ(w), w). Dierentiating with respect to w, we have
 dΩ
 dw=
 3
 2
 t(2V r − t)(8θ − 9γ)
 r(wθ + 6t)2
 so the discounted welfare increases with the patent breadth whenever γ ≤ 89θ.
 20. We use the dummy variable s so no confusion can be made with the transport cost t.
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 Proposition 8 In a market with linear transport costs and horizontal dierentia-
 tion, if the size of the externality is large (i.e. if γ ≥ 89θ), then narrow and innitely-
 lived patents are optimal.
 Hence, we nd similar results to the example in which we interpreted the pa-
 tent breadth as the cost of inventing around the patent. Namely, the public agency
 should prefer length to breadth whenever the negative externality is large. Note
 that the size of the external eect above which narrow and innitely-lived patents
 are optimal increases with the magnitude of the quality improvement. Therefore,
 the more incremental the innovation, the wider the range of externalities for which
 length should be preferred to breadth.
 2.3.5 Cournot competition
 The last example we discuss is the case for which two rms compete à la Cournot
 in a homogenous product market. One of them (the patentee) achieves an innovative
 production process and becomes more ecient than her rival (the imitator). The new
 process generates a production negative externality. Here, we interpret the concept
 of patent breadth as the fraction of the cost reducing technology that can not be
 used by the imitator without infringing the patent.
 Let P = a−Q be the (inverse) demand function for the product where Q is the
 aggregate output and P is the price at which it is sold. Firms initially produce at unit
 cost k ≤ a. The new process allows the patentee to save d ≤ k per unit of output.
 This cost reduction is assumed to be small enough so she does not monopolize
 the market before the patent expires. 21 The imitator can incorporate a fraction
 1 − w of the new technology into his own production process without infringing
 the patent so he can produce at unit cost k − (1 − w)d where w ∈ [0, 1] is the
 21. It implies that the cost reduction d must be smaller than a− k.
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 patent breadth. Assume that rm 1 is the patentee and rm 2 is the imitator and
 let q1 and q2 denote their respective output. Hence, the patentee's prot is equal
 to π1(q1, q2) = q1(s − q1 − q2 + d) with s = a − k whereas the imitator's prot
 is equal to π2(q1, q2) = q2(s − q1 − q2 + (1 − w)d). Firms simultaneously choose
 their output. The Cournot-Nash equilibrium is such that q∗1(w) = 13
 [s+ d(1 + w)]
 and q∗2(w) = 13
 [s+ d(1− 2w)]. Typically, the wider the cost-gap between the two
 competitors, the larger the equilibrium output of the low-cost rm (i.e. the patentee),
 the smaller that of the high-cost rm (i.e. the imitator) and the lower the aggregate
 output. The equilibrium prots are such that
 π∗1(w) =1
 9(s+ d(1 + w))2 and π∗2(w) =
 1
 9(s+ d(1− 2w))2
 As was the case in the previous example, note that rms make supernormal prots
 after the patent expires because the market is imperfectly competitive. Also, we
 observe that the patentee's prot is non-linearly related to the patent breadth so
 the extended Gilbert & Shapiro condition does not apply. The consumer surplus is
 given by
 CS(w) =1
 18(2s+ d(2− w))2
 Again, let R(w) denote the imitation's relative rate of conveying so the weighted
 sum of output Q(q∗1(w), q∗2(w), R(w)) is equal to q∗1(w) +R(w)q∗2(w). To simplify, we
 assume that R(w) = 1− w. We thus have
 Q(w, q∗1(w), q∗2(w)) = q∗1(w) + (1− w)q∗2(w)
 The original innovation and the imitation induce a negative externality that gene-
 rates a damage d(Q(w, q∗1(w), q∗2(w))). For tractability reasons, we assume that the
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 damage is linearly related to the weighted sum of output. That is,
 d(Q(w, q∗1(w), q∗2(w))) = γQ(w, q∗1(w), q∗2(w))
 with γ ≥ 0. For the same reasons as those explained in the previous example,
 the damage may increase in breadth if the cost reducing innovation is incremental.
 Finally, the social welfare is given by
 S(w) = π∗1(w) + π∗2(w) + CS(w)− d(Q(w, q∗1(w), q∗2(w)))
 We now discuss the rule according to which a pre-specied value of the patent V
 should be allocated over time. Let V (T,w) be the patentee's discounted prot and
 let Ω(T,w) be the discounted social welfare as dened in (4). Here, the desired
 reward V must be comprised between V (0, 0) = 19
 (s+d)2
 rand V (+∞, 1) = 1
 9(2d+s)2
 r.
 The constraint V (T,w) = V implies that T = ψ(w) with
 ψ(w) = −1
 rln
 [1− 9rV − (s+ d)2
 dw(dw + 2(s+ d))
 ]
 The discounted welfare is Ω(ψ(w), w). Dierentiating with respect to w, we have
 dΩ
 dw=
 1
 3
 (5d(d+ s)− γ(6d+ 5s))(9V r − (d+ s)2)
 r(dw + 2(d+ s))2
 Thus, the discounted welfare increases with the patent breadth whenever γ ≤ γ =
 5d(s+d)6d+5s
 .
 Proposition 9 In the case of a cost reducing innovation in a linear homogenous
 Cournot duopoly with constant marginal costs, if the size of the externality is large
 (i.e. if γ ≥ γ), then narrow and innitely-lived patents are optimal.
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 This result is familiar to us from the horizontal dierentiation case and from that
 of costly imitation. It is possible to check that γ increases with the magnitude of the
 cost reduction. Hence, as was the case in the previous example, our ndings suggest
 that if the innovation is incremental, then narrow and innitely-lived patents are
 optimal for a wider range of externalities.
 3 Optimal value of the patent
 In the previous section, we focused on determining the optimal length and
 breadth of a patent whose value was given. That is, we assumed that the rate
 of innovation was pre-specied and we discussed the socially ecient way of struc-
 turing the patent. Here, we address the question of how much innovators should be
 rewarded when the innovation generates a negative external eect. Greater rewards
 induce stronger incentives to innovate. Since negative externalities undermine the
 appeal of innovative activities, one might expect that the larger those eects, the
 smaller the optimal value of the patent. As we shall see, this is not necessarily the
 case.
 In this section, we illustrate our point by focusing on the case of compulsory
 licensing in which the patent breadth is interpreted as the fraction of the optimal
 royalty fee that the patentee is allowed to charge by the public agency. This example
 is indeed the easiest to work with since broader patents unambiguously generate
 additional deadweight loss and reduce the damage more eectively. Besides, since the
 original innovator and the licensees use the same innovative cost reducing technology,
 complications related to the relative rate of conveying are ruled out.
 In the case of compulsory licensing, recall that if γ ≤ 1, then narrow and
 innitely-lived patents are optimal so T ∗ = +∞ and w∗ : V (+∞, w∗) = V . Ho-
 wever, if γ ≥ 1, then patents of maximum breadth are optimal so w∗ = 1 and
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 T ∗ : V (T ∗, 1) = V . In the former case, the optimal discounted welfare generated by
 the innovation 22 is given by Ω(V ) = Ω(+∞, w∗) so
 Ω(V ) =1
 4
 [s(1− γ)(s+
 √s2 − 4rV )
 r+ 2(1 + γ)V
 ]
 In the latter, it is dened by Ω(V ) = Ω(T ∗, 1) so
 Ω(V ) =1
 2
 [s2(1− γ)
 r+ (3γ − 1)V
 ]
 We thus have
 Ω(V ) =
 Ω(V )
 Ω(V )if
 γ ≤ 1
 γ ≥ 1
 In the case for which the patent length is maximum, breadth is the only adjustement
 variable to a change in the value of the patent. For small rewards, the patent is
 narrow so an increase in the strength of protection raises the optimal discounted
 welfare. Indeed, recall that in the case for which γ ≤ 1, the marginal deadweight
 loss was outweighed by the marginal damage reduction for narrow patents. However,
 since the balance of power reversed for broader patents, the optimal discounted
 welfare starts declining beyond a certain value of the patent. 23
 In the case for which the patent breadth is maximum, the optimal discounted
 welfare increases linearly with the value of the patent. Indeed, recall that when the
 negative externality is large, the welfare declines once the patent expires. Therefore,
 by delaying the onset of perfect competition, stronger industrial property raises the
 optimal discounted social welfare.
 22. Here, we use the term optimal to indicate that the value of the patent is allocated over timein the most socially ecient way.
 23. It is immediate to show that Ω(V ) is srictly concave and that it is maximum at V = γs2
 r(1+γ)2 .
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 Let us now describe the problem of a rational, prot-maximizing and risk-neutral
 rm that is endowed with an idea for a cost-reducing innovation. 24 Let x ∈ [0, 1] be
 the amount of resources that she devotes to R&D at cost
 C(x) =1
 2cx2
 where c ≥ V = V (+∞, 1) so corner solutions are ruled out. Apart from choosing how
 much to invest in that process, the rm decides whether or not to undertake actions
 aimed at preventing the negative externality from arising. As mentioned in chapter
 one, such actions may include the implementation of strict safety protocols or the
 employment of highly-skilled researchers. Let y ∈ 0, 1 be the binary variable that
 determines whether or not the rm undertakes preventive actions : y = 0 means that
 she does not, while y = 1 indicates that she does. The negative externality arises in
 the former case only. 25 Preventive actions are costly in the sense that they divert
 a fraction of the rm's resources from their primary objectives so they undermine
 the chances that R&D succeeds. In particular, we assume that the rm achieves
 innovation with probability
 p(x, y) =
 x
 axif
 y = 0
 y = 1
 where a ∈]0, 1[ measures the cost of undertaking such actions. 26 Clearly, the greater
 the amount of resources that the rm devotes to R&D, the more likely it is that
 innovation is achieved. If the process fails, then the rm implements the status quo
 24. Unlike Denicolò (1996), we do not address the case in which several rms are engaged in apatent race. The issue of rivalry in R&D will be addressed in the next chapter.25. If γ is understood as the expected size of the externality, then our framework may include
 risk in the relation between the rm's R&D strategy and the innovation's actual impact on welfare.26. Pay attention to the fact that preventive actions induce a large cost when a is small.
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 action which is assumed to generate zero prot and zero social welfare. 27 We now
 consider two types of policy : the standard patent policy and the modulated patent
 policy. In the standard policy the value of the patent is the same whatever the rm's
 R&D strategy. In the modulated policy, the public agency is able to reward preven-
 tive actions by giving stronger protection to the rm. Obviously, this latter policy
 is hardly implementable and remains mainly theoretical. The modulated patent po-
 licy is indeed confronted to the one size ts all problem and the informational
 requirements are likely not to be met.
 In both cases, the timing of the game is as follows : rst the public agency
 determines and announces the value(s) of the patent ; second, the rm chooses her
 R&D strategy. We thus face a dynamic game whose information is perfect and
 complete. We do not not allow players to randomize their strategies and we search
 for Subgame Perfect Nash Equilibria (SPNE). Thus, we shall rst compute the
 rm's optimal R&D strategy and then, we will determine the optimal value(s) of
 the patent.
 3.1 Standard patent policy
 In this rst type of policy, the rm is given a protection whose value V is the
 same regardless of her R&D strategy. She thus solves
 maxx,y
 Π(x, y) = p(x, y)V − C(x)
 Clearly, undertaking preventive actions can never be optimal because it induces
 a cost and it is not rewarded by stronger protection. Hence, it is straightforward
 to show that the rm's optimal R&D strategy is such that (x∗, y∗) = (x0, 0) with
 27. The assumption that the status quo action generates zero social welfare suggests that theinitial unit cost of production is larger than a.
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 x0 = Vc. Her optimal prot is equal to Π(x0, 0) = 1
 2V 2
 c. Note that it is always positive
 so the rm's participation constraint is always satised.
 We now go back to the rst stage of the game in which the public agency chooses
 V ∗, the optimal value of the patent. We dene
 W0(V ) = p(x0, 0)Ω(V )− C(x0)
 as the social welfare induced by the R&D strategy (x0, 0). Formally, the public
 agency solves
 maxV≤V
 W0(V )
 where V is the maximum reward achievable through industrial property
 If γ ≥ 1, then Ω = Ω. In that case, as depicted in Figure 11, we show that the
 problem has no interior solution. In that case, indeed, the size of the negative external
 eect would justify a strong protection but the existence of an upper bound for the
 value of the patent prevents the public agency from giving the rm the protection
 that is socially optimal in the unconstrained problem. If the size of the externality
 is moderate (i.e. if γ ∈ [1, 2]), then maximum protection yields a positive welfare so
 the constraint binds at the optimum (i.e. V ∗ = V ). However, if the externality is
 too large (i.e. if γ ≥ 2), then the welfare is negative for all admissible values of the
 patent so the public agency should give the rm no protection at all (i.e. V ∗ = 0).
 If γ ≤ 1, then Ω = Ω. In that case, we show that the problem has an interior
 solution such that V ∗ = V with
 V =1
 32s2
 [(3− γ)
 √9(1− γ)2 + 4γ + 3γ2 + 10γ − 9
 rγ2
 ]
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 Figure 11 Welfare and value of the patent
 Note that V - and thus the rate of technological change - increases with γ so the
 public agency should give the rm stronger protection as the size of the negative
 externality goes up. The reason is that the benet of reducing the damage through
 broader patents increases with γ. Let us dene V0 as the optimal value of the patent
 in the standard policy. As depicted in Figure 12, We thus have
 V0 =
 V if γ ≤ 1
 V if γ ∈ [1, 2]
 0 if γ > 2
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 Figure 12 Size of the negative externality and optimal patent value
 Proposition 10 In the standard patent policy, as the size of the externality goes
 up, the optimal value of the patent increases, reaches the maximum strength of pro-
 tection, and then falls to zero.
 3.2 Modulated patent policy
 In this section, we examine a policy in which the public agency may reward
 preventive actions by giving stronger protection to the rm. In that case, the patent
 policy has the potential to give incentives to innovate and to reduce the negative
 externality.
 To some extent, this type of policy echoes patent laws that incorporate a pre-
 cautionary principle. Usually, new products or processes qualify for industrial pro-
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 perty whenever they fulll three patentability standards : novelty, usefulness and
 non-obviousness. As emphasized by Kolitch (2006), there are numerous examples of
 nations whose patent policies are more stringent and exclude potentially harmful
 innovations from industrial property. In that case, preventive actions may be re-
 warded in the sense that they make the public agency less inclined to trigger the
 precautionary principle and deny patentability.
 In the modulated policy, the value of the patent is dened as follows :
 V (y) =
 V
 V +Bif
 y = 0
 y = 1
 where B ≥ 0 is the additional value that is given to the rm when she undertakes
 preventive actions. Note that B ≤ B = V − V since the value of the patent cannot
 exceed the maximum reward achievable through industrial property. 28 The rm then
 solves
 maxx,y
 Π(x, y) = p(x, y)V (y)− C(x)
 If she does not undertake preventive actions, then the rm's investment decision is
 identical to that in the standard policy case so she implements the R&D strategy
 (x0, 0) and she gets Π(x0, 0). However, if she does undertake preventive actions, then
 her optimal R&D strategy is such that (x∗, y∗) = (x1, 1) with x1 = a(V+B)c
 so she gets
 Π(x1, 1) = 12a2(V+B)2
 c. Again, the rm's participation constraint is trivially satised.
 Clearly, the rm undertakes preventive actions if Π(x1, 1) ≥ Π(x0, 0). The inequality
 is true whenever
 B ≥ B =(1− a)V
 a
 That is, the extra value of the patent must be suciently large to induce the rm to
 undertake preventive actions. As depicted in Figure 13, note that B ≤ B⇔ V ≤ aV .
 28. In the standard policy, we had B = 0.
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 Indeed, since there is an upper bound on the value of the patent, the public agency
 cannot give the rm a sucient extra protection when V is too large. Let us dene
 ∆ as the set of modulated patent policies (V,B) that induce the implementation of
 preventive actions. We then have
 ∆ =V ≤ aV ,B ∈
 [B,B
 ]Hence, the rm's optimal R&D strategy is such that
 (x∗, y∗) =
 (x0, 0)
 (x1, 1)if
 (V,B) /∈ ∆
 (V,B) ∈ ∆
 Let us now go back to the rst stage of the game in which the public agency chooses
 the optimal modulated patent policy (V ∗, B∗). To start with, we focus on the set of
 policies that does not induce the implementation of preventive actions (i.e. (V,B) /∈
 ∆). In that case, the problem of the public agency is identical to that we solved in
 the standard policy case. We thus have (V ∗, B∗) = (V0, B). Clearly, the value of B is
 irrelevant - so long as (V,B) /∈ ∆ - because the rm does not undertake preventive
 actions so she will not be given the extra value of the patent.
 We now turn our attention to the set of modulated policies that make the rm
 undertake preventive actions (i.e. (V,B) ∈ ∆). In that case, the negative externality
 does not arise so the patent should be narrow and innitely-lived. We dene
 W1(V,B) = p(x1, 1)Ω(V +B|γ = 0)− C(x1)
 as the social welfare induced by the R&D strategy (x1, 1). Therefore, the public
 agency solves
 max(V,B)∈∆
 W1(V,B)
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 Figure 13 Modulated patent policies
 We show that (V ∗, B∗) = (V,B) ∈ ∆ such that V +B = Z with
 Z =1
 32s2
 [√4a2 − 12a+ 17(5− 2a) + 4a2 − 13
 (1− a)2r
 ]
 Note that Z ≤ V so the set of solutions is nonempty.
 Now that we have computed the optimal policy on each subset, we turn to com-
 paring the welfare that they generate in order to determine under which conditions
 the optimal modulated patent policy eectively improves welfare by inducing the
 rm to undertake preventive actions. Clearly, policy (V, Z − V ) ∈ ∆ should be
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 Figure 14 Standard vs Modulated patent policy
 preferred to policy (V0, B) /∈ ∆ whenever
 W1(V, Z − V ) ≥ W0(V0, B)
 As depicted in Figure 14, we show that this inequality is true whenever the size
 of the externality is larger than a threshold γ < 2 that increases with the cost of
 preventive actions. 29
 29. To see this, note that W0(V0, B) is continuous and decreasing with respect to γ. If γ ≥ 2,
 then W0(V0, B) = 0. If γ → 0 then W0(V , B) → W = 227
 s4
 r2c . Besides, W1(V,Z − V ) is constantwith respect to γ since the externality does not arise. Also, it decreases with the cost of preventiveactions (i.e. it increases with a). If a → 0, then W1(V,Z − V ) → 0 whereas W1(V,Z − V ) → Wwhen a→ 1. Therefore, by the intermediary value theorem, we conclude that there exists a singlevalue γ that decreases with a and such that W1(V,Z − V ) ≥ W0(V0, B) ⇔ γ ≥ γ. Unfortunately,γ cannot be computed analytically.
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 Proposition 11 The modulated patent policy is strictly more ecient than the stan-
 dard policy whenever the innovation generates a negative externality that is su-
 ciently large.
 When the negative externality is small, the standard and the modulated patent
 policy are equally ecient. In that case, indeed, even though the public agency
 is able to reward preventive actions by giving the rm stronger protection, he is
 better o not to. The reason is that the (small) damage that can be prevented
 is outweighed by the cost of preventive actions. Clearly, the more those actions
 undermine the chances that R&D succeeds, the wider the range of externalities for
 which the standard and the modulated policy are equally ecient When the negative
 externality is large, the optimal modulated policy induces the rm to undertake
 preventive actions so the public agency actually takes advantage of the exibility
 allowed by the modulated policy. In that case, the inability of the standard policy
 to reward preventive actions is detrimental and induces welfare losses. In particular,
 the eciency gap that separates the two types of policies grows as the size of the
 external eect goes up.
 4 Concluding remarks
 In this chapter, we investigated the extent to which the introduction of a negative
 externality inuences the design of the optimal patent policy. First, we computed
 the optimal length and breadth of a patent whose value was given. That is, we
 determined the socially ecient way to allocate a pre-specied reward over time.
 Our main point was that the trade-o between length and breadth should not only
 be driven by the impact of industrial property on the deadweight loss but also by
 its inuence on the damage generated by the negative externality. In particular,
 although broader patents may generate additional deadweight loss, we argued that
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 they can also reduce the damage by decreasing the equilibrium output or by making
 non-infringing imitations convey a smaller share of the external eect. Therefore,
 breadth should not only be seen as a cost for society but also as an instrument with
 the potential to address the externality. In particular, an increase in breadth may be
 welfare improving if the additional deadweight loss is outweighed by the reduction
 in damage. In the presence of a negative external eect, we showed that unlike
 Gilbert & Shapiro's ndings, narrow and innitely-lived patents may not be optimal
 even though breadth is increasingly costly in terms of deadweight loss. Instead, we
 provided an extended condition which indicates that the public agency should prefer
 length to breadth whenever the total socials costs (i.e. the usual deadweight loss
 and the damage generated by the externality) are convex in breadth.
 Then, we successively examined several interpretations of the concept of breadth
 in order to establish closed-form conditions for the optimal length and breadth of
 a patent. Specically, breadth was alternatively understood as the fraction of the
 optimal royalty fee that the patentee was allowed to charge by the public agency,
 as the (xed) cost of inventing around the patent and as the fraction of a product
 or process improvement that could not be captured by imitators without infringing
 the patent. If the public agency were to overlook the impact of breadth on the
 externality, then we stressed that the rule according to which he would choose to
 allocate the value of the patent over time might be inecient. Generally speaking,
 we showed that the optimal structure of the patent is closely related to the size
 of the external eect and to the extent to which breadth can make non-infringing
 imitations less harmful.
 Finally, we turned to the question of how much innovators should be rewarded
 when the size of the negative external eect is determined by their R&D strategy.
 We rst examined a standard policy in which the value of the patent was the same
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 regardless of the rm's R&D strategy. Then, we investigated a modulated policy
 that allowed the public agency to reward safe R&D strategies by giving stronger
 protection to the innovator. Our conclusions indicate that the latter type of policy
 is strictly more ecient than the former whenever the size of the externality is
 suciently large so the public agency actually takes advantage of the exibility
 allowed by the modulated policy.
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Chapitre 3
 Does rivalry in R&D foster harmful
 innovations ?
 1 Introduction
 In innovation races, rival rms compete to be the rst to introduce a new pro-
 duct. Being rst matters in the sense that the winner generally takes a larger share
 of the innovation's private value than the losers. Existing literature (e.g. Scherer,
 1967 ; Loury, 1979 ; Lee & Wilde, 1980 ; Reinganum, 1981 ; Fudenberg & al., 1983 ;
 Grossman & Shapiro, 1985) studies the relationship between the degree of rivalry
 and the amount of resources competitors devote to R&D. So as to keep models trac-
 table, the characteristics of the innovation are generally assumed to be exogenous
 and known ex ante. Hence, rms are denied the ability to shape the innovation that
 they introduce and their sole responsability is to invest in R&D to make that process
 successful. Such framework is convenient in the sense that it allows R&D to be seen
 as a one-dimensional activity. However, critical aspects of innovations such as their
 quality, their impact on public health or the environment might actually result from
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 decisions that are intentionally made by the rms at the time they are engaged in
 R&D.
 In this chapter, we depart from the traditional patent race framework by as-
 suming that the innovation generates a damage whose magnitude depends on the
 winner's R&D strategy. 1 We further assume that the greater that damage, the smal-
 ler the private value of the innovation. This latter assumption can be justied as
 follows : rst, the innovator might be directly and at least partially impacted by the
 damage. Also, consumers might be less willing to pay for a new product or process
 that induces a damage so its introduction is less protable. Besides, when the public
 agency believes that an innovation is harmful, he might deny its introduction on the
 market ex ante, withdraw it ex post or impose nancial penalties on the innovator.
 Finally, when a new product or process induces a damage, it might be vulnerable
 to future improvements that would render the initial innovation obsolete.
 We shall successively examine three sets of R&D strategies (i.e. three types of
 actions) that can inuence the size of the damage in order to determine whether our
 conclusions rely on a specic approach.
 In the rst set of R%D strategies, rms decide whether or not to devote a fraction
 of their - predetermined - per-period R&D resources to undertaking actions aimed
 at preventing the damage from arising. Such preventive actions may include the
 implementation of demanding safety protocols or the employment of a highly-skilled
 researchers. Firms have an interest in undertaking preventive actions because it
 enhances the protability of introducing an innovation. However, taking such actions
 is expected to slow R&D down so it increases the cost of that process and it exposes
 rms to a higher risk of being defeated by one of their rivals.
 1. Note that the innovation is assumed to fall under the scope of a single industrial propertytitle whatever the size of the damage it generates.
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 In the second set of R&D strategies, rms choose whether or not to undertake
 corrective actions once they realize that they have made mistakes. Again, taking
 such actions is appealing in the sense that it might lead the rms to introduce an
 innovation whose protability is greater. However, the implementation of corrective
 actions requires time, resources and exposes the rms to the risk of being defeated by
 one of their rivals. Also, such actions might transmit information to late competitors
 and strengthen rivalry.
 Finally, in the third set of strategies, rms decide whether or not to overlap
 several of the steps R&D is made of. Overlapping steps is appealing in the sense
 that it saves time and it softens the burden of decreasing returns to scale. Yet, as
 noted by Scherer (1969), when rms break the sequentiality of R&D, poor decisions
 might be made because there are based of an insucient knowledge. Overlapping
 steps may thus result in a wide range of consequences, among which the emergence
 of harmful innovations.
 The main question we are seeking to answer is whether or not rivalry makes
 rms more inclined to implement unsafe R&D strategies that foster the emergence
 of harmful innovations. 2 From a methodological point of view, we must provide a
 suitable measurement for the degree of rivalry. In this chapter, we mainly exploit
 the number of rms engaged in the race to get an idea of how intense rivalry is
 (see e.g Loury, 1979 ; Lee & Wilde, 1980). However, when studying the rst set
 of R&D strategies, we shall consider alternative measurement methods in order to
 determine if our conclusions are driven by the way we interpret rivalry. In particular,
 if rms enter the race one after the other, then it becomes possible to measure the
 degree of rivalry through the size of the head start early entrants benet from (see
 e.g. Fudenberg & al., 1983 ; Kamien & Schwartz, 1972). Moreover, when R&D is
 2. Note that we do not discuss the social optimality of rms' decisions.
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 understood as a multi-stage process, we can measure the degree of rivalry through
 competitors' relative progress (see e.g. Grossman & Shapiro, 1985). Finally, if we
 introduce some exibility in the division of the innovation's private value among
 competing rms, it then becomes possible to measure the degree of rivalry through
 the importance of the competitive threat (see e.g. Beath & al., 1989).
 When rms choose whether or not to undertake preventive actions, we show that
 the equilibrium R&D strategies are not aected by the degree of rivalry whenever
 implementing such actions is either very rewarding or, at the opposite, not quite
 worth it. In the former case, rms always undertake preventive actions and they
 never do in the latter. Only when there is some form of balance between the extra
 protability associated with the introduction of a damage-free innovation and the
 extra cost and risk induced by a reduction in speed of R&D will the degree of rivalry
 be a determining factor. In that case, the more intense rivalry, the more dicult it
 is to sustain an equilibrium in which preventive actions are taken. We reach similar
 conclusions in the case for which rms decide whether or not to overlap several of
 the steps R&D is made of. Finally, in the case for which rms choose whether or
 not to undertake corrective actions once they realize they have made mistakes, we
 show that rivalry must be suciently weak for rms to nd it optimal to take such
 actions.
 Our conclusions support the idea, originally put forward by Gilbert & Shapiro
 (1990), that patents should be as narrow as possible. Indeed, the wider the patent,
 the more numerous the rms competing for the same industrial property title. Be-
 sides, our ndings indicate that the public agency should not subsidy competing
 rms in the sense that feeding the rivalry could foster the emergence of harmful
 innovations. Also, our work mitigates the appeal of contests that deliberately create
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 rivalry. Finally, it stresses the importance of rewarding safe R&D strategies in order
 to make rms immune to rivalry.
 This chapter is organized as follows : Section 2 explores the rst set of R&D
 strategies in which rms decide whether or not to undertake actions aimed at pre-
 venting the damage from arising. In Section 3, we examine the second set of R&D
 strategies in which rms may undertake corrective actions once they realize that
 they have made mistakes. In Section 4, we analyze the third set of R&D strategies
 in which rms are given the opportunity to overlap several of the steps R&D is made
 of. Section 5 concludes. Section 6 is a short mathematical appendix.
 2 Preventive actions
 In this section, we explore the rst set of R&D strategies in which rational,
 prot-maximizing and risk-neutral rms decide, at the time they are engaged in
 R&D, whether or not to undertake actions aimed at preventing the damage from
 arising. Let xi ∈ 0, 1 be rm i's R&D strategy and x−i her competitors'. We set
 xi = 0 when she does not undertake preventive actions and xi = 1 when she does. 3
 In the former case, her R&D strategy is said to be unsafe whereas it is said to be
 safe in the latter.
 First, we measure the degree of rivalry through the number of competitors and
 we establish our main Proposition. Second, we use alternative measurements for the
 degree of rivalry in order to determine whether our previous conclusions hold. In
 particular, we shall use the importance of the competitive threat, the size of the
 head start early entrants benet from, and competitors' relative progress within a
 multi-stage innovation race.
 3. We have chosen to focus on a discrete strategy set as for keeping the analysis simple.
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 2.1 The number of competitors
 We consider n ∈ N symmetric rms who simultaneously enter a single-stage
 winner-take-all innovation race. Remaining in the race induces a per-period R&D
 cost equal to c > 0. This cost is assumed to be small enough so rms do not
 nd it optimal to abandon R&D. Future amounts are discounted at rate r ∈]0, 1[.
 The time τi at which rm i achieves innovation is a random variable that is assu-
 med to follow an exponential distribution of parameter (hazard rate) h(xi) > 0 so
 Pr(τi = t) = h(xi)e−h(xi)t 4 and Pr(τi ≤ t) = 1 − e−h(xi)t. The hazard rate indicates
 the instantaneous probability of achieving innovation (conditional upon previous fai-
 lure). Note that R&D is memoryless under this specication. Let τ−i = minj 6=i τj
 the random variable that describes the time at which rm i is defeated by one
 of her rival. τ−i follows an exponential distribution of parameter∑
 j 6=i h(xj) so
 Pr(τ−i ≤ t) = 1 − e−∑
 j 6=i h(xj)t. We assume that h(0) = h and h(1) = ah with
 a ∈]0, 1[. Hence, undertaking preventive actions is costly in the sense that it diverts
 a fraction of the rm's resources from their primary purpose (i.e. achieving innova-
 tion) so it decreases the speed of R&D. In that case, the rm is more likely to be
 defeated by a rival and she incurs higher R&D costs. 5 Let V (xi) be the innovation's
 private value when rm i has adopted the R&D strategy xi and wins the race. We
 assume that V (0) = v > 0 and that V (1) = v(1 + b) where b > 0 is the prize gap.
 Hence, undertaking preventive actions is rewarding because it reduces the size of
 the damage and it makes - for the reasons outlined earlier - the introduction of the
 new product or process more protable. When rm i enters the race, her expected
 benet is equal to
 B(xi, x−i) =
 ∫ +∞
 0
 Pr(τi = t) Pr(τ−i > t)e−rtV (xi)dt
 4. Pay attention to the fact that this expression is actually a probability density.5. Other consequences may include the depletion of the rm's resources before R&D succeeds
 or the introduction of an innovation once it has already become obsolete.
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 and her expected cost is equal to
 C(xi, x−i) =
 ∫ +∞
 0
 Pr(τi = t or τ−i = t)
 ∫ t
 0
 ce−rsds
 dt
 Her expected prot Π(xi, x−i) is simply the dierence between the expected benet
 and cost. We study the symmetric game in which the n rms simultaneously decide
 whether or not to undertake preventive actions as for maximizing their expected
 prot. Information is complete but imperfect. We search for pure-strategy Nash
 Equilibria (NE) such that all rms implement the same strategy. It is straightforward
 to show that all rms choosing not to undertake preventive actions is a NE whenever
 b ≤ b0 =(1− a)(hv(n− 1) + c+ vr)
 av(r + nh)
 Likewise, all rms undertaking preventive actions if a NE so long as
 b ≥ b1 =(1− a)(ahv(n− 1) + vr + c)
 av(r + h+ ah(n− 1))
 Since, b0 ≥ b1 the game has a single NE whenever b ≤ b1 or b ≥ b0. If b ≤ b1, then
 rms do not undertake preventive actions. If b ≥ b0, however, then all rms undertake
 those actions. If b ∈ [b1, b0], then there are two symmetric NE. However, we show
 that the NE in which all rms undertake preventive actions Pareto dominates that
 in which they do not. We thus assume that rms coordinate on the Pareto dominant
 NE Therefore, the NE is such that all rms undertake preventive actions when b ≥ b1
 and none of them take such actions otherwise. b1 is continuous and increasing with
 n. When there is a single rm engaged in R&D (i.e. when n = 1), then b1 is equal to
 b = (c+vr)(1−a)va(r+h)
 and b1 tends to b = 1−aa
 as the number of competitors tends to +∞.
 Thus, if b ≤ b or if b ≥ b, the number of rms engaged on the race has no impact
 on the equilibrium. When b ∈[b, b], however, rms undertake preventive actions so
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 long as
 n ≤ n = 1 +a(vb(r + h) + vr + c)− c− vr
 ahv(1− a(1 + b))
 and they do not otherwise.
 Proposition 12 If there is a balance between the prize gap and the hazard gap, then
 rivalry must be suciently weak for all rms undertaking preventive actions to be
 sustained as an equilibrium.
 Hence, the degree of rivalry does not aect the equilibrium R&D strategies whe-
 never undertaking preventive actions is very rewarding or, at the opposite, not quite
 worth it. In the former case, competitors always undertake preventive actions whe-
 reas they never do in the latter. Only when the benet of a larger value and the
 cost of undermined chances of success are similar will the degree of rivalry be a key
 determinant of the equilibrium R&D. In that case, rivalry does foster the emergence
 of harmful innovations.
 As depicted in Figure 15, if the prize gap is suciently large (i.e. if b ≥ b), then
 all rms undertake preventive actions whatever the degree of rivalry. In that case,
 indeed, surrendering a (much) greater prize in order to increase chances of winning
 the race can never constitute an equilibrium. At the opposite, if the prize gap is small
 enough (i.e. if b ≤ b), then implementing a safe R&D strategy is not worth it so
 none of them undertake preventive actions whatever the degree of rivalry. When the
 equilibrium R&D strategies are aected by the number of competitors engaged in the
 race (i.e. if b ∈[b, b]), we observe that the more intense rivalry, the more dicult it is
 to sustain an equilibrium in which all rms undertake preventive actions. Therefore,
 the entry of a new rival within the race - and thus the intensication of rivalry - might
 induce all incumbent rms to adapt their R&D strategy and to stop undertaking
 preventive actions. 6 The argument is reversible if one rm drops out of the race. We
 6. If rms were allowed to adapt their R&D strategy at the time an entry occurs.
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 Figure 15 Equilibrium R&D strategies when rivalry is measured through thenumber of competitors
 obtain this result because the more numerous the competitors, the more appealing
 it is for them to trade a smaller chance to get a larger prize against a larger chance
 to get a smaller prize. Indeed, the weaker rivalry, the more costly it is to surrender
 the larger prize because each rm expects to win the race with high probability. In
 particular, only when rivalry is suciently strong may that cost be oset by the
 benet associated with greater chances of success and an increase in the speed of
 R&D.
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 Besides, we note that the larger the prize gap or the smaller the hazard gap (i.e.
 the larger a, b or v or the smaller h), the greater n, the rivalry threshold above
 which rms do not undertake preventive actions. Indeed, if the prize gap is large or
 if the hazard gap is small, implementing a safe R&D strategy is rewarding and it
 does not signicantly slow R&D down so rivalry must be very intense to deter rms
 from undertaking preventive actions. At the opposite, the larger the discount rate
 or the per-period cost of R&D (i.e. the larger r or c) the smaller n. When those
 parameters take large values, implementing an unsafe R&D strategy is appealing
 because it is expected to accelerate the introduction of the innovation so rms incur
 R&D costs for a shorter period of time and they introduce an innovation whose
 discounted value is larger given that they win the race.
 Now that we have described the inuence of competition on rms' R&D strategies
 when using a specic measurement for the degree or rivalry, we turn to investigating
 whether or not our main result holds for a alternative measuring methods.
 2.2 Alternative measurements
 2.2.1 The importance of the competitive threat
 In winner-take-all races, the winner collects the whole innovation's private value.
 Because of its tractability, this class of races is often adopted in the economic lite-
 rature (see e.g. Loury, 1979 ; Lee & Wilde, 1980 ; Grossman & Shapiro, 1985 ; etc.).
 Yet, losers can get a slice of the pie for at least two reasons : rst, they might be able
 to imitate the innovation ; second, they might benet from the winner's knowledge
 and be at the origin of a patentable improvement of the initial innovation. In this
 section, we relax the assumption according to which the race is winner-take-all and
 we measure the degree of rivalry through the share of the innovation's private value
 that goes to the winner. We borrow the term competitive threat from Beath & al.
 101

Page 111
                        

Section 2. Preventive actions Chapitre 3. Rivalry in R&D
 (1989) to characterize the dierence between the winner's and the losers' prizes. The
 larger this dierence, the bigger the competitive threat so the more intense rivalry.
 Indeed, when the winner takes the lion's share, the incentives to be rst are strong
 so rms have an interest in throwing all their forces into battle. At the opposite, if
 the innovation's private value is divided rather equally between the winner and the
 losers, then being defeated is not such a big deal so rms may not want to compete
 ercely.
 For simplicity, we address the case in which there are only two rms (i.e. n =
 2) engaged in a single-stage innovation race and we dene θ as the share of the
 innovation's private value that goes to the winner. We assume that it is larger than
 one half (i.e. θ ∈[
 12, 1]) so the winner collects a larger share than the loser. The rest
 of the model is unchanged. To simplify the expressions, let Ai be the event "Firm
 i wins the race" and let Ai be the event "Firm i loses the race". We thus have
 Pr(Ai = t) = Pr(τi = t) Pr(τ−i > t) and Pr(Ai = t) = Pr(τ−i = t) Pr(τi > t). Firm
 i's expected benet is equal to
 B(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtθV (xi)dt+
 ∫ +∞
 0
 Pr(Ai = t)e−rt(1− θ)V (x−i)dt
 The left-hand side of that expression is her expected benet when she wins the race
 and the right-hand side is rm i's expected benet when she is defeated by her rival.
 In the previous section, θ = 1 so this latter part was equal to zero. Her expected
 cost is identical to that previously described. Again, rms are symmetric and they
 simultaneously choose whether or not to undertake preventive actions. The game
 has the same informational properties as the one introduced in the previous section.
 We search for symmetric pure-strategy NE. Both rms refraining from undertaking
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 preventive actions is a NE whenever
 b ≤ b′0 =(hv(2θ − 1) + c+ θvr)(1− a)
 vθa(r + 2h)
 At the opposite, both rms undertaking such actions is a NE whenever
 b ≥ b′1 =(1− a)(ahv(2θ − 1) + θvr + c)
 av(ah(2θ − 1) + h+ θr)
 Since b′1 ≤ b′0 and because the NE in which both rms undertake the preventive
 actions Pareto dominates that in which they do not, we conclude that the game
 admits a single symmetric NE such that both rms undertake preventive actions
 when b ≥ b′1 and they do not otherwise. We note that b′1 is continuous and increasing
 with θ. When the innovation's private value is equally divided among the winner and
 the loser (i.e. when θ = 12), then b′1 is equal to b′ = (vr+2c)(1−a)
 va(r+2h). When the winner
 collects the whole prize (i.e. when θ = 1) then b′1 is equal to b′
 = (1−a)(ahv+vr+c)av(r+ah+h)
 .
 Therefore, if b ≤ b′ or if b ≥ b′, the competitive threat has no impact on the
 equilibrium. When b ∈[b′, b
 ′], however, rms undertake preventive actions if
 θ ≤ θ =(1− a)(ahv(1 + b)− c)(r + 2ah)v(1− a(1 + b))
 and they do not otherwise. The equilibrium is depicted in Figure 16.
 Lemma 1 Proposition 1 holds when the degree of rivalry is measured through the
 importance of the competitive threat rather than the number of competitors.
 The comments that we made about Proposition 1 can be transposed into the
 current framework. In particular, if the degree of rivalry aects the equilibrium, then
 the larger the share of the innovation's private value that goes to the winner, the
 more dicult it is to sustain an equilibrium in which both rms undertake preventive
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 Figure 16 Equilibrium R&D strategies when rivalry is measured through theimportance of the competitive threat
 actions. Indeed, if that value is shared rather equally between the winner and the
 loser (i.e. if the competitive threat is weak), then there is little incentive to achieve
 innovation rst. In other words, the benet associated with the implementation of
 an unsafe R&D strategy (i.e. achieving innovation sooner) is low and is likely to be
 oset by the cost of surrendering the larger prize. However, if the winner gets the
 lion's share (i.e. if the competitive threat is strong), then saving time becomes a
 crucial matter for both competitors and surrendering the larger prize in exchange
 of an increase in the speed of R&D proves to be optimal.
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 2.2.2 The size of the head start early entrants benet from
 So far, we assumed that rms entered the race at once. In practice, however,
 some rms act as precursors and open new lines of R&D while others jump on the
 bandwagon. In order to take into account this feature, we follow Fudenberg & al.
 (1983) and we study an alternative framework in which two rms (i.e. n = 2) enter
 a single-stage winner-take-all innovation race (i.e. θ = 1) one after the other. In
 particular, a precursor rm acts as an incumbent (I) and starts R&D at time 0. At
 that moment, he decides whether or not to undertake preventive actions. At rst,
 he does not face any rivalry. Yet, if he has not achieved innovation by time T > 0,
 an entrant rm (E) joins the race. At that moment, the entrant observes the R&D
 strategy implemented by the incumbent and she chooses her own (once and for all).
 The incumbent is unable to adjust his R&D strategy when the entrant joins the
 race (i.e. the incumbent 's R&D strategy is determined once and for all at time 0).
 From time T on, both rms compete to be the rst to introduce the innovation.
 In this framework, we follow Kamien & Schwartz (1972) and we capture the degree
 of rivalry through T , the incumbent 's head start, that is, the length of time during
 which he does not face any competition. The smaller the head start, the more intense
 rivalry. To simplify, we no longer assume that rms incur a per-period cost. Instead,
 we follow Loury (1979) and we suppose that R&D induces a xed cost that is paid
 up front and which is small enough so engaging in R&D is always optimal. 7 The
 rest of the model is unchanged.
 At time 0, the incumbent 's payo ΠI(xI , xE) is such that
 ΠI(xI , xE) =
 ∫ T
 0
 Pr(τI = t)e−rtV (xI)dt+
 ∫ +∞
 T
 Pr(τI = t) Pr(τE > t)e−rtV (xI)dt
 7. Since R&D costs are neutral in the analysis, we do not make them appear. Therefore, theamounts we indicate are net payos.
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 with Pr(τE > t) = e−h(xE)(t−T ) since the entrant joins the race at time T . The left-
 hand side of this expression is the incumbent 's payo when he achieves innovation
 before the entrant joins the race and the right-hand side is his payo when he is the
 rst to achieve innovation at the outcome of a race with the entrant.
 At time T , the entrant 's payo ΠE(xI , xE) is such that
 ΠE(xI , xE) =
 ∫ +∞
 0
 Pr(τE = t) Pr(τI > t)e−rtV (xE)dt
 Since R&D is memoryless, the incumbent 's head start is worthless once the entrant
 joins the race. 8
 In this dynamic game, the information is complete and perfect. We thus search
 for SPNE. Hence, we start by solving the subgames that start at time T . Next, we
 discuss the incumbent 's behaviour at time 0.
 If the incumbent has not achieved innovation by time T , then the entrant joins
 the race. She observes the incumbent 's R&D strategy xI and she decides whether or
 not to undertake preventive actions in order to maximize ΠE(xE, xI). Two subgames
 must be analyzed depending on the R&D strategy that the incumbent has imple-
 mented at time 0. If he has not undertaken preventive actions, it is straightforward
 to show that the entrant undertakes preventive actions whenever
 b ≥ b′′1 =r + h
 r + 2h
 1− aa
 8. If the hazard rate was determined by the stock of knowledge accumulated by the rm as timegoes by (see e.g. Fundenberg & al., 1983), then, for a given size of the head start, the incumbentwould benet from a stronger competitive advantage compared to the case in which R&D ismemoryless.
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 Likewise, if the incumbent has undertaken preventive actions, then so the entrant
 adopts the same R&D strategy whenever
 b ≥ b′′0 =r + ah
 r + h+ ah
 1− aa
 Since b′′1 ≥ b′′0, the entrant always undertakes preventive actions if b ≥ b′′1 and he
 never does not if b ≤ b′′0. When b ∈ [b′′0, b′′1], the entrant undertakes preventive actions
 if and only if the incumbent has undertaken such actions himself.
 Now that we have described the entrant 's behaviour at time T , we turn to com-
 puting the equilibrium R&D strategy adopted by the incumbent at time 0. We show
 that if b ≤ b = rr+h
 1−aa, then the incumbent never undertakes preventive actions. At
 the opposite, if b ≥ b′′0, then the incumbent undertakes such actions whatever the
 degree of rivalry. Finally, if b ∈[b, b′′0
 ], then we nd that the incumbent undertakes
 preventive actions whenever the head start he benets from is large enough.
 Lemma 2 Proposition 1 holds when the degree of rivalry is measured through the
 size of the head start early entrants benet from rather than the number of competi-
 tors.
 The proof is in the Appendix. Again, our comments about Proposition 1 can
 be transposed into the current framework. In particular, when the degree of rivalry
 aects the incumbent 's optimal R&D strategy, then the smaller the size of the head
 start, the more likely it is that he nds it optimal not to undertake prevention
 actions. Indeed, if the incumbent knows that he will face rivalry in a near future,
 then he is given strong incentives to achieve innovation before the entry occurs even
 if it leads to the surrendering of the larger prize. However, if the incumbent benets
 from a signicant head start, then he is given little incentive to rush R&D apart
 from the fact that the sooner innovation is achieved, the larger its discounted value.
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 2.2.3 Firms' relative progress within a multi-stage innovation race
 In most of the literature regarding innovation races, authors assume that there
 is one single stage to complete for R&D to succeed (e.g. Loury, 1979 ; Lee & Wilde,
 1981 ; Reinganum, 1981). Such an assumption has the advantage of keeping models
 tractable but it makes it impossible to capture the notion of progress within the
 race. Grossman & Shapiro (1985) are among the rst to study innovation races
 with multi-stage R&D. In particular, they argue that "in races other than sprints,
 strategy plays a critical role. The participants adjust their tactics as the race develops
 [...]". In this section, we assume that R&D is made of several steps and capture the
 degree of rivalry through rms' relative progress within the race : the closer rms
 get to success and the more neck-to-neck they are, the more intense rivalry. Note
 that the degree of rivalry is not exogenous as was the case before. Indeed, rms'
 relative progress is the outcome of the strategies that they have implemented in the
 past. Therefore, we will not be able to proceed to direct comparisons with the results
 established earlier
 To simplify, we consider the case for which there are only two rms (i.e. n = 2)
 who simultaneously enter a winner-take-all innovation race (i.e. θ = 1). Two steps
 s ∈ R,Dmust be completed one after the other for R&D to succeed. We shall refer
 to the rst step as Research (R) and to the second as Development (D). Research
 must be completed before Development can be initiated. We use the term state of the
 race to denote rms' relative progress within the race. Therefore, a state of the race
 is a combination (si, s−i) describing in which step rm i and her rival are currently
 engaged. For each possible state of the race, rms simultaneously choose whether or
 not to undertake preventive actions. 9 In particular, let xi(si, s−i) indicate whether
 9. In practice, switching from undertaking preventive actions to not taking them (or vice versa)from one state of the race to another is likely to induce a cost in the sense that it might requirea restructuring of labor and capital or necessitate organizational changes. To simplify, we ignorethose costs.
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 or not rm i undertakes preventive actions in state (si, s−i). As was the case earlier,
 xi(si, s−i) = 0 stands for no preventive actions and xi(si, s−i) = 1 means that rm i
 undertakes such actions. Firm i's R&D strategy xi is thus a mapping between each
 possible state of the race and a decision of whether or not to undertake preventive
 actions.
 The rst rm who completes Development achieves innovation and collects a
 prize whose value depends on whether or not she has completed each step while
 undertaking preventive actions. Let mi ∈ 0, 1, 2 indicate the number of steps that
 rm i has completed while undertaking preventive actions. For reasons outlined
 earlier, undertaking preventive actions is rewarding in the sense that it reduces the
 size of the expected damage generated by the innovation and makes its introduction
 more protable. With this in mind, we dene V (mi) as the innovation's private value
 when rm i wins the race and we assume that V (0) = v > 0, V (1) = v(1 + b) with
 b > 0 10 and V (2) = v(1 + b)2.
 As was the case in the previous section, we assume that R&D induces a xed
 cost that is paid up front and which is small enough so engaging in R&D is optimal
 for both rms. Also, we normalize the discount rate to zero. 11 The rest of the model
 is unchanged. In particular, the rm's hazard rate is equal to h > 0 when she does
 not undertake preventive actions and it is equal to ah with a ∈]0, 1[ when she does.
 To simplify the expressions let Ai be the event "Firm i takes the race to the next
 state" and Ai be the event "Firm i's rival takes the race to the next state". Hence,
 Pr(Ai = t) = Pr(τi = t) Pr(τ−i > t) and Pr(Ai = t) = Pr(τ−i = t) Pr(τi > t). Also,
 let Πsi,s−i(xi, x−i) be rm i's expected payo in state (si, s−i).
 10. Hence, the prize is the same regardless of which stage has been completed with preventiveactions.11. Introducing a positive discount rate is appealing but it would lead to multiple equilibria and
 no evident coordination criterion.
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 In state (D,D), both rms are engaged in Development so rm i gets an expected
 payo equal to
 ΠD,D(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtV (mi)dt
 In that case, the rst rm who completes Development achieves innovation and
 collects its whole private value while the defeated rm gets nothing.
 In state (D,R), rm i is ahead (i.e. engaged in Development while her rival is
 still working on Research) so rm i's expected payo is equal to
 ΠD,R(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtV (mi)dt+
 ∫ +∞
 0
 Pr(Ai = t)e−rtΠD,D(xi, x−i)dt
 The rst term is rm i's expected payo when she defeats her rival before the latter
 catches up whereas the second term is her expected payo when she loses her edge.
 At the opposite, in state (R,D), rm i is behind (i.e. is engaged in Research
 while her rival is working on Development so rm i's expected payo is equal to
 ΠR,D(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtΠD,D(xi, x−i)dt
 At this state of the game, rm i either catches up or loses the race.
 Finally, in state (R,R), both rms are engaged in Research so rm i gets an
 expected payo equal to
 ΠR,R(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtΠD,R(xi, x−i)dt+
 ∫ +∞
 0
 Pr(Ai = t)e−rtΠR,D(xi, x−i)dt
 The rst term is rm i's expected payo when she takes the lead whereas the second
 term is her expected payo when she loses ground.
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 The timing of the game goes as follows : at the beginning of the race (i.e. in
 state (R,R)), rms simultaneously choose whether or not to undertake preventive
 actions. As soon as the race develops (i.e. passes to the next state), rms learn
 the past of the game and they simultaneously decide whether or not to undertake
 preventive actions for the current state of the race. We thus face a dynamic game
 whose information is complete and perfect so we search for (pure-strategy) SPNE.
 We solve the game backwards so we rst focus on the subgames that start once both
 rms are engaged in Development. Next, we solve the subgames in which one rm
 is ahead and conducts Development while her rival has not completed Research yet.
 Finally, we address the case in which both rms are engaged in Research and we
 solve the whole game.
 When both rms are engaged in Development, it is immediate to show that they
 both undertake preventive actions if b ≥ b(a) = 1−a1+a
 and that they both from taking
 those actions otherwise. Hence, both rms undertaking preventive actions is opti-
 mal whenever the prize gap (i.e. the extra benet factor associated with preventive
 actions) is suciently large with respect to the hazard gap (i.e. the extent to which
 undertaking those actions is expected to slow R&D down). Since b is decreasing, the
 smaller the hazard gap, the smaller the prize gap threshold above which both rms
 undertaking preventive actions form an equilibrium. An interesting feature of those
 subgames is that their NE is unaected by the race's past. That is, the question
 of knowing whether or not rms have undertaken preventive actions to complete
 Research is irrelevant. Finally, pay attention to the fact that those subgames might
 admit two symmetric NE. Yet, we show that the equilibrium in which both rms
 undertake preventive actions Pareto dominates that in which they do not and we
 assume that rms coordinate on the Pareto dominant equilibrium. 12
 12. Note that we shall use this Pareto dominance argument multiple times throughout the ana-lysis.
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 We now turn to solving the subgames that start once one rm is ahead. In
 that case, there is one leader who is engaged in Development and one follower who
 conducts Research. Let us dene b(a) = 1−a4a
 and
 φ(a) =
 b(a)
 b(a)ifa ≤ 1
 3
 a ≥ 13
 In that case, the leader undertakes preventive actions if b ≥ φ(a) whereas the follo-
 wer undertakes such actions whenever b ≥ b(a). If b ∈[φ(a), b(a)
 ], then an asym-
 metric equilibrium arises : the leader undertakes preventive actions whereas the
 follower does not. Again, we observe that the past of the race does not inuence
 the equilibrium of those subgames. Note that b(a) ≥ φ(a) so the leader is more
 likely to undertake preventive actions than the follower. Indeed, the follower can
 hardly aord the luxury of undertaking preventive actions and thus reducing the
 speed of R&D when her rival is about to achieve innovation. Besides, we observe
 that if the leader loses his edge (i.e. if the follower catches up), then he either stays
 on course (i.e. does not change his behavior) or he stops undertaking preventive
 actions whereas the follower always stays on course.
 Finally, we address the case in which both rms are engaged in Research. Our
 conclusions are depicted in Figure 17. Let us dene b(a) = 23
 1−a1+a
 , b(a) = 14
 √8a3+25a2+2a+1−4a2−a−1
 a(1+a)
 and
 ψ(a) =
 b(a) if a ≤ 3
 5
 b(a) if a ∈[
 35, 1+2
 √7
 9
 ]b(a) if a ≥ 1+2
 √7
 9
 Tedious but routine calculations allow us to show that both rms undertake preven-
 tive actions if b ≥ ψ(a) and that they do not otherwise. Since ψ(a) ≤ b(a), rms are
 more inclined to undertake such actions when they are both engaged in Research
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 Figure 17 Equilibrium R&D strategies when rivalry is measured through rms'relative progress within a multi-stage innovation race
 than the case in which they are both engaged in Development. In the latter state of
 the race - and unlike the former - rms are engaged in a "sudden death game" so
 the time that can be saved by renouncing to undertake preventive actions is more
 valuable. The fact that ψ(a) ≤ b(a) also implies that if a rm falls behind, then
 she either stays on course or she stops undertaking preventive actions. Finally, since
 ψ(a) ≶ φ(a), it is not clear whether taking the lead makes rms stay on course, start
 undertaking preventive actions or stop taking them.
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 We observe that if the prize gap is suciently large or suciently small, then
 rms' decision of whether or not to undertake preventive actions is the same at all
 states of the race. In the former case (i.e. when b ≥ b(a)), they always undertake
 such actions whereas they never do in the latter (i.e. when b ≤ min ψ(a), φ(a)).
 This echoes Proposition 1 since it shows that the degree of rivalry does not aect the
 equilibrium R&D strategies when undertaking preventive actions is either very re-
 warding or, at the opposite, not quite worth it. Only when b ∈[min ψ(a), φ(a) , b
 ]will the rms adjust their tactics as the race develops. We focus on this latter case
 and we distinguish three dierent scenarios.
 First, when b ∈ [ψ(a), φ(a)], both rms undertake preventive actions at the initial
 state of the race. As soon as one of them takes the lead, they both stop undertaking
 preventive actions for the rest of the race. Second, if b ∈[max ψ(a), φ(a) , b
 ], then
 both rms undertake preventive actions at the initial state of the race. Once one
 of them takes the lead, the rm who is ahead keeps undertaking preventive actions
 whereas the one who is late stops undertaking such actions. If the follower catches
 up, then both rms are neck-to-neck in Development and none of them undertakes
 preventive actions. Last, if b ∈ [φ(a), ψ(a)], then rms do not undertake preventive
 actions when they are working on the same step. If one of them is ahead, then none
 of them undertakes preventive actions at the initial state of the race. Once one of
 them takes the lead, she starts undertaking those actions and the follower does not
 adjust her tactics. Finally, if the follower catches up, then rms are neck-to-neck in
 Development and none of them undertakes preventive actions.
 In a nutshell, when rms are engaged in the same step, preventive actions are
 more likely to be taken in Research than in Development. If one rm is ahead, then
 the leader is more likely to undertake preventive actions than the follower. When
 those actions are either very rewarding or, at the opposite, not quite worth it, the
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 degree of rivalry does not make the rms adjust their tactics as the race develops. In
 the former case, rms undertake preventive actions at all states of the race whereas
 they never take those actions in the latter. However, if there is a balance between
 the prize gap and the hazard gap, rms adapt their tactics as the race develops. If
 they lose their edge or if they fall behind, then rms either stay on course or stop
 undertaking preventive actions. If they catch up, then they stay on course. Finally,
 if they take the lead, then they either stay on course, start undertaking preventive
 actions or stop taking them.
 In this section, we have established that if there is a balance between the prize
 gap and the hazard gap then rivalry makes the implementation of preventive actions
 more dicult to be sustained as an equilibrium. In the next section, we explore the
 second set of R&D strategies in which rms may undertake corrective actions aimed
 at addressing a mistake. This alternative approach will allow us determine whether
 or not our main ndings are driven by a specic class of strategies.
 3 Corrective actions
 When rms are not fully aware of the consequences induced by their actions, the
 environment they face is uncertain. Our previous framework included two types of
 uncertainty : technological uncertainty (i.e. rms' ability to achieve innovation) and
 competitive uncertainty (i.e. rms' chances to be the rst to achieve innovation).
 Yet, there is a third type of uncertainty that we left aside : product uncertainty. 13
 By that, we refer to the presence of uncertainty in the relation between rms' R&D
 strategy and the characteristics of the innovation. So far, the implications of each
 R&D strategy, and, specically, their impact on the value of the innovation, were
 13. If prizes are understood as expected values rather than certain amounts, then our previousframework included product uncertainty.
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 indeed perfectly understood ex ante. Yet, R&D is, above all, a learning-by-doing
 process : attempts might fail or lead to unexpected outcomes so it might be necessary
 to go back and correct previous mistakes.
 In this section, we introduce product uncertainty in the sense that rms are
 unable to determine whether their innovation will turn out benecial or harmful at
 the time they are engaged in R&D. This uncertainty dissipates once innovation is
 achieved and rms then decide whether to introduce their innovation as such or to
 go back to R&D in order to undertake corrective actions. As we shall see, underta-
 king such actions is appealing because it increases the protability of the innovation.
 However, engaging in a second round of R&D requires time, resources and it exposes
 rms to the risk of being defeated by one of their rivals. This latter threat is particu-
 larly important when undertaking corrective actions transmits information to rival
 rms.
 The main question we investigate is whether or not rivalry - as measured by the
 number of competitors - makes rms less inclined to undertake corrective actions
 once they realize that they have made a mistake. To that end, we consider that
 an even natural number of rms n are engaged in a single-stage winner-take-all
 innovation race. At the time they start R&D, rms decide which of two equally costly
 paths p ∈ R,W to take. A path includes all the relevant features of R&D such as
 the technology which is used, the agenda that is decided, etc. The right path (R) leads
 to a benecial innovation and the wrong path (W ) leads to a harmful innovation.
 For reasons outlined earlier, the former type of innovation is more protable than
 the latter. Let V (p) be the private value of the innovation when the winner has
 taken path p. We assume that the harmful innovation is worth v > 0 whereas the
 benecial innovation is worth v + b with b > 0.
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 Our framework features product uncertainty because the rms do not know which
 path leads where at the time they decide which one to take. In particular, we assume
 that they initially believe each path to be equally likely to lead to the harmful
 innovation. Hence, rms choose one path at random so one half (type-R rms) takes
 the right path whereas the other half (type-W rms) takes the wrong path Firms are
 assumed to observe the path their rivals are on. Once they have taken a path, rms
 choose what amount of resources to devote to R&D. This amount determines both
 the per-period cost of R&D and the hazard rate associated with the exponentially
 distributed random variable describing the time at which R&D succeeds. We assume
 that they all invest the same amount of resources so each of them is rst to achieve
 innovation (i.e. to take the lead) with probability 1n.
 The leader (L) discovers the path he was on so he learns whether his innovation
 has turned out benecial or harmful. 14 Then, he can either introduce the innovation
 and collect its value or he can go back to R&D and undertake corrective actions. 15
 In our model, such actions consist in switching from the wrong path to the right
 path. Once the leader goes back to R&D he instantly surrenders the former prize
 that he had access to. We assume that switching from one path to the other induced
 a xed cost S < b. This change of course might indeed require a restructuring of
 labor and capital or necessitate organizational changes. Besides, in order to take
 into account the fact that the leader may benet from his experience as he engages
 in a second round of R&D, we assume that his hazard rate is scaled up by factor
 1 + γ with γ ≥ 0. The greater γ the more substantial the experience.
 14. Note that even though rms do not know which path leads where at the time they enter therace, they are aware that one path leads to a benecial innovation whereas the other leads to aharmful innovation. It implies that if the leader learns that he was on the wrong path, he ndsout how to set things right and correct his previous mistake. If this was not the case, then it couldtake the leader several attempts to eventually achieve a benecial innovation.15. In order to rule out successive restarts, we assume that R&D can be restarted only once in
 the whole industry.
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 If the leader learns that his innovation is benecial (i.e. if he was on the right
 path), then there is no need to undertake corrective actions since he already has
 access to the larger prize. In that case, he introduces the innovation. However, if the
 leader learns that his innovation is harmful (i.e. if he was on the wrong path), then
 he can either introduce it anyway and collect the smaller prize or he can go back to
 R&D and undertake corrective actions. Yet, there are three forces that might deter
 the leader from doing so.
 First, undertaking corrective actions is costly because the leader has to switch
 from the wrong path to the right path and because he has to devote resources to
 a second round of R&D. If those costs are too important with respect to the prize
 gap (i.e. the dierence between the private value of the benecial and the harmful
 innovation), then the leader will be better o introducing the harmful innovation.
 Second, when the leader engages in a second round of R&D, he might be defeated
 by one of the followers and lose the smaller prize that he previously had access to.
 Last, when the leader undertakes corrective actions, he transmits information to the
 followers and the race might intensify. Indeed, since rms know which path their
 rivals are on, switching from one path to the other is an observable move. Therefore,
 when the leader undertakes corrective actions, product uncertainty vanishes and
 followers learn which path leads where.
 If the leader has taken the wrong path and goes back to R&D as for undertaking
 corrective actions, then we assume that followers can adjust their own trajectory
 (i.e. decide whether or not to switch from one path to the other). Note that there are
 two types of followers : those who are on the right path (type-R follower) and those
 who are on the wrong path (type-W follower). There are n2type-R followers and
 n2−1 type-W followers. Clearly, type-R followers remain on the right path. However,
 type-W followers have an interest in adjusting their trajectory and switching from
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 the wrong path to the right path in order to get a larger prize in the event in which
 they win the race. However, this move would induce a switching cost so the question
 of whether type-W followers are better o adjusting their trajectory will require
 some attention. Finally, once the followers have decided whether or not to switch
 from one path to the other, all rms (including the leader) simultaneously determine
 the amount of resources that they devote to this second round of R&D.
 We focus on the game that starts once a leader emerges. 16 Indeed, our primary
 interest is to determine the conditions under which a leader who has initially taken
 the wrong path is better o undertaking corrective actions rather than introducing
 the harmful innovation as such. Let us summarize the timing of that (sub)game :
 rst, the leader decides whether to introduce the innovation or to undertake correc-
 tive actions. In the former case, the game ends and payos are realized. In the latter
 case, followers observe the leader 's move and they simultaneously decide whether
 or not to switch from one path to the other. Finally, all rms simultaneously decide
 what amount of resources to devote to this second round of R&D.
 We thus face a dynamic game whose information is perfect and complete. We do
 not allow rms to randomize their strategies and we search for SPNE. Therefore, we
 solve the game backwards and we start by studying the last stage at which all rms
 simultaneously choose what amount of resources to devote to the second round of
 R&D. We assume the equilibrium to be interior. 17 There are actually two subgames
 to explore depending on whether or not type-W followers have switched from the
 wrong path to the right path.
 16. Recall that the past of the game can be summarized as follows : rms choose one path atrandom, they devote the same amount of resources to the rst round of R&D and each of themtakes the lead with equal probability.17. That is, all types of rms devote a strictly positive amount of resources to the second round
 of R&D so they get a positive expected payo.
 119

Page 129
                        

Section 3. Corrective actions Chapitre 3. Rivalry in R&D
 Let xi ≥ 0 be the amount of resources that rm i devotes to the second round
 of R&D. Recall that this amount determines the ow cost of R&D. Besides, let τi
 be the random variable describing the time at which rm i achieves innovation. It
 is assumed to follow an exponential distribution of parameter (hazard rate) h(xi)
 with h′ > 0 and h′′ ≤ 0 if rm i is a follower and of parameter (1 + γ)h(xi) if rm
 i is the leader since his experience makes him more ecient. To simplify notations,
 we dene
 C =
 ∫ +∞
 0
 Pr(τi = t or τ−i = t)
 ∫ t
 0
 e−rsxids
 dt
 as the expected cost associated with the resources devoted by rm i to the second
 round of R&D. The index −i refers to rm i's rivals and r is the discount rate.
 Also, let Ai be the event :"Firm i wins the second round of R&D" so Pr(Ai = t) =
 Pr(τi = t) Pr(τ−i > t). Finally, let Πi(xi, x−i) be rm i's expected payo when she
 invests xi in the second round of R&D while her competitor's R&D investments are
 given by the vector x−i.
 If rm i is the leader, then his expected payo is equal to
 ΠL(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtV (R)dt− C − S
 If rm i is a type-R follower, then her expected prot is equal to
 ΠR(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtV (R)dt− C
 If rm i is a type-W follower who has adjusted her trajectory, then her expected
 payo is equal to
 ΠW (xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtV (R)dt− C − S
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 Finally, if rm i is a type-W follower who has decided to remain on the wrong path,
 then her expected payo is equal to
 ΠW (xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtv(W )dt− C
 In each subgame, there exists a single NE in which rms that have the same type
 devote the same amount of resources to this second round of R&D. Let x∗ =
 (x∗L, x∗R, x
 ∗W ) (resp. x∗∗ = (x∗∗L , x
 ∗∗R , x
 ∗∗W )) be those amounts when type-W followers
 adjust their trajectory (resp. when type-W followers remain on the wrong path). In
 both cases, we expect the leader and type-R followers to devote a larger amount
 of resources to the second round of R&D than to the rst because uncertainty has
 vanished so they know that they are on the path that leads to the larger prize. The
 same applies for type-W followers if they adjust their trajectory. If they do not, we
 presume that they reduce their initial eort to achieve innovation since their prot
 incentive is weaker.
 When type-W followers have adjusted their trajectory, we show that the NE
 induces the following expected payos :
 ΠL(x∗) = V (R)− 1
 (1 + γ)h′(x∗L)− S
 ΠR(x∗) = V (R)− 1
 h′(x∗R)
 ΠW (x∗) = V (R)− 1
 h′(x∗W )− S
 Likewise, when type-W rms remain on the wrong path, we show that the NE
 induces the following expected payos
 ΠL(x∗∗) = V (R)− 1
 (1 + γ)h′(x∗∗L )− S
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 ΠR(x∗∗) = V (R)− 1
 h′(x∗∗R )
 ΠW (x∗∗) = V (W )− 1
 h′(x∗∗W )
 We now turn to the previous stage of the game in which the followers simultaneously
 decide whether or not to adjust their trajectory. As mentioned earlier, type-R fol-
 lowers stay on the right path. As for type-W followers, they switch from the wrong
 path to the right path whenever ΠW (x∗) ≥ ΠW (x∗∗) which is equivalent to
 b− S ≥ 1
 h′(x∗W )− 1
 h′(x∗∗W )(1)
 Therefore, the extra protability (net of the switching cost) associated with the
 introduction of a benecial innovation must be suciently large to induce type-W
 followers to adjust their trajectory and take the right path. To simplify notations,
 let us dene xi as the equilibrium amount of resources that is devoted by rm i to
 the second round of R&D. Hence, xi = x∗i if type-W followers adjust their strategy
 (i.e. if inequality (1) is true) and xi = x∗∗i if type-W followers remain on the wrong
 path (i.e. if inequality (1) is false).
 Finally, we solve the stage of the game at which the leader decides whether or
 not to go back to R&D and undertake corrective actions. As explained earlier, if
 he discovers that his innovation is benecial, then he introduces it and he gets the
 larger prize. However, if he learns that his innovation is harmful, then he can either
 introduce it and gets the smaller prize of he can undertake corrective actions and
 get ΠL(x). Hence, the leader undertakes corrective actions whenever
 ΠL(x) ≥ V (W )⇔ h′(xL) ≥ 1
 (b− S)(1 + γ)(2)
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 In can be checked that the assumption according to which the NE of the investment
 subgame is interior implies that the amount of resources devoted by the leader to
 the second round of R&D increases with the number of competitors so both h′(xL)
 and ΠL(x) decrease with the number of competitors. 18 In other words, the leader
 responds to an increase in rivalry by stepping up his own eort to achieve innovation.
 Note that the idea that rms react agressively to an increase in rivalry has already
 been put forward by Lee & Wilde (1981).
 We further show that h′(xL) is continuous with respect to the number of com-
 petitors and that it tends to 1(1+γ)(v+b)
 ≤ 1(b−S)(1+γ)
 as ntends to +∞. Assume that
 inequality (2) is true when n = 2, 19 then we are able to establish that ΠL(x) ≥
 V (W )⇔ n ≤ n′ with
 n′ =2(h(xL)(1 + γ)(b− S) + (v + S)(h(xW )− r)− xL)
 (v + S)(h(xR) + h(xW ))
 We are now able to answer the question of whether rivalry makes the leader less
 inclined to undertake corrective actions when he discovers that his innovation has
 turned out harmful.
 Proposition 13 The leader undertakes corrective actions if rivalry is suciently
 weak and he introduces the harmful innovation otherwise.
 Therefore, unlike preventive actions, rivalry unambiguously makes the implemen-
 tation of corrective actions more dicult to be sustained as an equilibrium. Clearly,
 the more intense rivalry, the more keenly contested the second round of R&D so the
 more appealing it is for the leader to be satised with the smaller prize rather than
 attempting to get a larger one at the risk of losing everything.
 18. By assumption, the NE is interior. Therefore, it must be the case that (1 + γ)h(xL)V (R)−xL ≥ 0. We show that this condition implies h′(xL) ≤ 0.19. Otherwise, the leader does not undertake corrective actions whatever the degree of rivalry.
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 Comparative statics on n′ are somewhat complicated to study because of its im-
 plicit form. However, we expect n′ to be increasing with γ since the more experienced
 the leader the stronger his competitive advantage in the second round of R&D. Mo-
 reover, we presume that n′ decreases with S since the greater the switching cost, the
 less incentivized the leader to undertake corrective actions. For opposite reasons,
 we suspect n′ to be increasing with b. Finally, n′ should be decreasing with r since
 the greater the discount rate, the more appealing it is for the leader to collect the
 smaller prize today rather than a potential larger prize in the future.
 4 Overlapping steps
 In this last section, we explore the third set of R&D strategies in which rms
 decide whether or not to overlap (i.e. conduct simultaneously) several of the steps
 R&D is made up of. As noted by Scherer (1967) : "R&D is in many ways a heuristic
 process. Each sequential step provides knowledge useful in the next step. Time can be
 saved by overlapping steps, but then one takes actions (e.g. conducts tests) without
 all the knowledge prior steps have furnished. As more and more actions are based
 on a given amount of prior knowledge, more and more costly mistakes are made".
 In this section, we assume that the innovation induces a greater damage when rms
 overlap steps and we investigate whether or not rivalry - as measured by the number
 of competitors - makes rms more inclined to break the sequentiality of R&D.
 To that end, we consider a model in which n ∈ 1, 2 symmetric rms 20 are en-
 gaged in an innovation race. Remaining in the race induces a per-period cost c > 0
 which is assumed to be small enough so rms never nd it optimal to abandon
 R&D. Two equally dicult steps must be completed for innovation to be achieved.
 20. Studying the n-rm case would be interesting because it would allow a more accurate mea-surement of the degree of rivalry. Yet, this generalization makes our model too tedious to provideany meaningful insights.
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 One is called Research (R) and the other Development (D). In the previous section,
 rms had to complete Research before they could initiate Development. We relax
 this assumption and we explore the case in which rms can also overlap both steps
 (i.e. conduct Research and Development simultaneously). At the time she enters
 the race, rm i chooses what R&D strategy xi ∈ O, S to implement : strategy
 O (Overlapping) consists in initiating Research and Development at once whereas
 strategy S (Sequential) consists in initiating Development as soon as Research is ni-
 shed. The rms simultaneously choose their R&D strategy. By assumption, harmful
 innovations are more likely to arise when steps are overlapped, the expected value
 of the innovation V (xi) is larger when steps have been conducted one at the time.
 In particular, we set V (O) = v > 0 and V (S) = v(1 + b) with b > 0. 21 We refer to b
 as the prize gap in the sense that it measures the extent to which overlapping steps
 curtails the private value of the innovation.
 The time at which a rm completes step s ∈ R,D is a random variable that
 is assumed to follow an exponential distribution of parameter h(m) where m is the
 fraction of the rm's - predetermined - resources which is devoted to that step.
 We assume h′ > 0 and h′′ < 0 so R&D features decreasing returns to scale. When
 rms do not overlap steps, their whole resources are devoted to Research rst and
 to Development afterwards so if xi = S, then ∀s : m = 1. However, when rms
 opt for conducting Research and Development at once, they rst have to split their
 resources into two parts : one fraction is allocated to conducting Research while the
 other is used to undertake Development. The concavity of the hazard rate function
 21. When rms choose to conduct Research and Development simultaneously, the order in whichthose two steps are completed is irrelevant. That is, our model includes some form of inertia withineach step. Namely, once Research or Development is initiated, rms can hardly take advantage ofthe arrival of new information and adjust their trajectory at the time they succeed in completingone step.
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 implies that the rm should divide her resources into two halves. 22 As soon as one
 step has been completed (either Research or Development), then rms allocate their
 whole resources to the remaining step. Hence, if xi = O, then m = 12when no step
 has been completed yet and m = 1 when one step has already been completed. We
 further assume that h(1) = h > 0 and h(12) = ah with a ∈ [1
 2, 1] since R&D features
 decreasing returns to scale. Obviously, the more concave h, (i.e. the larger a), the
 more appealing it is to overlap R&D. We refer to a as the hazard gap in the sense
 that it measures the extent to which overlapping steps hastens R&D.
 We dene τ ki with k ∈ 1, 2 as the random variables describing the time at which
 rm i completes the single step she is working on (if k = 1) and the rst of the two
 steps she conducts (if k = 2). Hence, Pr(τ 1i = t) = he−ht and Pr(τ 2
 i = t) = 2ahe−2aht.
 Finally, future amounts are discounted at rate r > 0.
 4.1 One-rm case
 We rst focus on the case in which a single rm is engaged in R&D. 23 Rivalry
 shall be introduced later on. Let Πq(x) denote her expected prot when she has
 adopted the R&D strategy x and when she has already completed q ∈ 0, 1 step.
 First, suppose that this rm has chosen to conduct steps one at the time (i.e. x = S).
 When she initiates Development, her expected payo is equal to
 Π1(S) =
 ∫ +∞
 0
 Pr(τ 1 = t)
 e−rtV (S)−
 ∫ t
 0
 ce−rsds
 dt
 22. With increasing returns to scale, a rm overlapping Research and Development that has notcompleted any step yet would allocate all her resources to Research or to Development. In thatcase, overlapping steps can never be optimal since it does not allow the rm to save time and ityields a lower payo.23. Since there is only one rm, we drop the index i.
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 At the time she initiates Research, her expected prot is equal to
 Π0(S) =
 ∫ +∞
 0
 Pr(τ 1 = t)
 e−rtΠ1(S)−
 ∫ t
 0
 ce−rsds
 dt
 Now, suppose that this rm has decided to conduct Research & Development at
 once. As soon as she completes one step (either Research or Development), she no
 longer splits her resources into two halves. In that case, her expected prot is equal
 to
 Π1(O) =
 ∫ +∞
 0
 Pr(τ 1 = t)
 e−rtV (O)−
 ∫ t
 0
 ce−rsds
 dt
 When this rm has neither completed Research nor Development, then she allocates
 half of her resources to each step. In that case, her expected prot is equal to
 Π0(O) =
 ∫ +∞
 0
 Pr(τ 2 = t)
 e−rtΠ1(O)−
 ∫ t
 0
 ce−rsds
 dt
 Hence, the rm is better o adopting the R&D strategy that consists in conducting
 one step after the other whenever Π0(S) ≥ Π0(O). We show that this inequality is
 true so long as
 b ≥ b =(vr + c)(2a− 1)
 v(r + 2ah)
 We observe that the prize gap has to be large enough for the rm to nd it optimal
 to conduct one step at the time. Note that b increases with a because the greater
 the hazard gap (i.e. the smaller a) the larger the cost associated with dividing
 resources so the less appealing it is to overlap steps. Also, note that b increases
 with r because the more discounted future amounts, the more tempting it is for the
 rm to overlap steps as for achieving innovation sooner. Likewise, b increases with c
 because overlapping steps allows the rst to save time and to incur R&D costs from
 a shorter period of time. Finally, note that b decreases with both v and h because
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 the larger v, the wider the prize gap and the larger h, the more costly the division
 of resources.
 4.2 Two-rm case
 Now that we have described the optimal R&D strategy of a rm facing no rivalry,
 we turn to the case in which two rms are engaged in a winner-take-all innovation
 race. The main question is to determine whether or not the introduction of rivalry
 makes rms more inclined to overlap steps. Recall that rms simultaneously choose
 their R&D strategy at the time they enter the race so we are interested in a static
 game with complete but imperfect information. We do not allow rms to randomize
 their strategies and we search for NE in which both rms adopt the same strategy.
 Let Πqi,q−i(xi, x−i) be rm i's expected prot when she adopts the R&D strategy xi,
 has already completed qi step and faces a rival who has chosen the R&D strategy
 x−i and has already completed q−i step. To simplify the expressions, we use the
 following notations : rst, let
 C =
 ∫ +∞
 0
 Pr(τ ki = t or τ k−i = t)
 ∫ t
 0
 ce−rsds
 dt
 be rm i's expected cost from one state of the race to the next. Also, let Ai be the
 event, "Firm i takes the race to the next state" so
 Pr(Ai = t) = Pr(τ ki = t) Pr(τ k−i > t)
 Finally, let Ai be the event "Firm i's rival takes the race to the next state" so
 Pr(Ai = t) = Pr(τ k−i = t) Pr(τ ki > t)
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 Once both rms have completed one step, rm i's expected payo is equal to
 Π1,1(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtV (xi)dt− C
 In that case, the rst rm who completes the remaining step wins the race, collects
 the whole prize while her rival gets nothing.
 When rm i takes the lead and completes one step before her rival does, her
 expected payo is equal to
 Π1,0(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtV (xi)dt+
 ∫ +∞
 0
 Pr(Ai = t)e−rtΠ1,1(xi, x−i)dt−C
 The rst term is rm i's expected benet when she achieves innovation before her
 rival catches up and the second term is her expected payo when she loses her edge.
 When rm i falls behind (i.e. when her rival completes one step before she does),
 her expected payo is equal to
 Π0,1(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtΠ1,1(xi, x−i)dt− C
 Finally, when none of the rms have completed any step yet, each of them gets an
 expected payo equal to
 Π0,0(xi, x−i) =
 ∫ +∞
 0
 Pr(Ai = t)e−rtΠ1,0(xi, x−i)dt+
 ∫ +∞
 0
 Pr(Ai = t)e−rtΠ0,1(xi, x−i)dt−C
 The rst term is the rm's expected payo when she takes the lead and the second
 term is her expected payo when she falls behind.
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 4.3 Rivalry and optimal R&D strategy
 We now turn to describing the conditions under which both rms overlapping
 steps and both rms conducting one step at the time form a NE. Let us dene
 b′ =(2a− 1)(4v(1 + a)h3 + (2c(3 + 4a) + vr(9 + 8a))h2 + r(c+ vr)(2h(3 + a) + r))
 (r + h(1 + 2a))2(r + 4h)v
 and
 b =(2a− 1)(8av(1 + a)h3 + 2(2(c+ v)(2a2r + 1) + a(4c+ 7vr))h2 + r(c+ vr)(2h(2 + 3a) + r))
 (r + 4ah)(2(2 + a(3 + 2a))h2 + 4r(1 + a)h+ r2)v
 Both rms choosing not to overlap Research and Development is a NE whenever
 Π0,0(S, S) ≥ Π0,0(O, S). We show that this true for all b ≥ b′. At the opposite, both
 rms choosing to overlap Research and Development is a NE whenever Π0,0(O,O) ≥
 Π0,0(S,O). We show that this true for all b ≤ b. Note that b ≥ b′ 24 so if b ≥ b, there
 is a single NE in which both rms conduct one step at the time. Likewise, if b ≤ b′,
 then there exists a single NE in which both rms overlap Research and Development.
 However, if b ∈[b′, b]those two outcomes form a NE.
 Claim 1 The Nash Equilibrium in which both rms choose not to overlap steps
 Pareto dominates that in which they do.
 The Proof is in the Appendix. We assume that rms coordinate on the Pareto
 dominant equilibrium. Therefore, the equilibrium is such that rms conduct one step
 at the time when b ≥ b′, and they overlap Research and Development otherwise.
 As was the case in the one-rm case, the prize gap must be suciently large for
 both rms choosing not to overlap steps to constitute an equilibrium. Note that
 24. The inequality is true so long as c ≤ 2ahv. However, the assumption that rms never abandonR&D implies that the inequality is true. To see this, consider (for instance) that both rms overlapResearch and Development. In that case, rms do not drop out the race (i.e. whatever its state) so
 long as c ≤ 2ah2vr+2h+2ah . Since
 2ah2vr+2h+2ah ≤ 2ahv, we conclude that b ≥ b′ is always true.
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 the comparative statics results that we previously established remain valid in the
 two-rm case.
 We are nally able to answer our main question, namely : has the introduction of
 rivalry made rms more inclined to overlap steps ? The assumption that rms never
 abandon R&D makes it straightforward to establish that b ≤ b′. Therefore, the
 prot gap threshold above which rms do not overlap steps is larger when rivalry is
 introduced. If b ≥ b′ or if b ≤ b, then introduction of one rival rm has not aected
 the equilibrium R&D strategies. In the former case, rms conduct one step at the
 time whatever the degree of rivalry (i.e. whether or not they face a competitor).
 In the latter case, rms always overlap Research and Development. If b ∈[b, b′],
 however, then the introduction of a rival rm has changed the equilibrium R&D
 strategies. In particular, as depicted in Figure 18, when a rm faces no rivalry, then
 she conducts one step at the time whereas she - and her rival - overlaps Research
 and Development in the presence of a competitor.
 Proposition 14 If there is a balance between the prize gap and the hazard gap,
 then rms are better o conducting one step at the time when they face no rivalry
 whereas they nd it optimal to overlap both steps when they do.
 However, if overlapping Research and Development is either very rewarding or,
 at the opposite, not quite worth it, then rms implement the same R&D strategy
 regardless of whether or not they face a rival. In the former case, overlapping both
 steps is always optimal whereas it never is in the latter.
 Hence, we draw very similar conclusions to those of Section 2, when rms had to
 decide whether or not to undertake preventive actions. In both cases, the tradeo is
 between an increased private value of the innovation and a reduction in the speed
 of R&D. When rms do not face any rivalry, they are not exposed to the threat of
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 Figure 18 Equilibrium R&D strategies when rms decide whether or not tooverlap several of the steps R&D is made of
 being defeated so there is little incentive for them to rush R&D apart from the fact
 that the sooner innovation is achieved, the smaller the cost induced by that process
 and the larger the innovation's discounted value. Introducing rivalry makes the time
 that is saved by overlapping steps more valuable. Also, breaking the sequentiality of
 R&D - and surrendering the larger prize - is more costly in the two-rm case.
 5 Concluding remarks
 In this chapter, we analyzed the R&D strategy implemented by rms when they
 are engaged in an innovation race. Competitors have an interest in adopting safe
 R&D strategies because they enhance the private value of the innovation. However,
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 safety has the disadvantage of slowing R&D down so the cost of that process is grea-
 ter and rms are exposed to a higher risk of being defeated by one or their rivals. We
 investigated whether or not rivalry makes rms more inclined to implement unsafe
 R&D strategies that foster the emergence of harmful innovations. In particular, in
 order to determine the extent to which our conclusions rely on a specic approach,
 we explored successively three sets of R&D strategies : the decision of whether or
 not to undertake preventive actions, corrective actions or to overlap several of the
 steps R&D is made of. Likewise, we provided several measurement methods for the
 degree of rivalry including the number of competitors, the importance of the compe-
 titive threat, the size of the head start early entrants benet from and rms' relative
 progress within a multi-stage innovation race.
 When rms decide whether or not to undertake preventive actions, we showed
 that if such actions are either very rewarding or, at the opposite, not quite worth
 it, then the degree of rivalry does not aect the equilibrium R&D strategies. In the
 former case, rms always undertake preventive actions whereas they never do in the
 latter. However, if there is a balance between the prize gap and the hazard gap, then
 rms undertake preventive actions so long as the degree of rivalry is weak and they
 do not otherwise. We drew similar conclusions in the case for which rms decide
 whether or not to overlap several of the steps R&D is made of. Finally, when rms
 are given the opportunity to undertake corrective actions once they realize that they
 have made a mistake, we found that the more intense rivalry, the more dicult it is
 to sustain an equilibrium in which such actions are taken.
 Our ndings puts forward an additional argument in favour of narrow and
 innitely-lived patents in the sense that the narrower the patent, the fewer the
 rms competing for the same industrial property title. Besides, our conclusions in-
 dicate that the public agency should not subsidize competing rms in the sense that
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 feeding rivalry might foster the emergence of harmful innovations. Also, our work
 mitigates the appeal of contests that deliberately create rivalry. Finally, it stresses
 the importance of rewarding safe R&D strategies in order to make rms immune to
 rivalry.
 6 Appendix
 6.1 Proof of Lemma 2
 We dene xE(xI) as the entrant 's optimal R&D strategy when the incumbent
 has adopted strategy xI and G(T ) = ΠI(1, xE(1))−ΠI(0, xE(0)) as the gap between
 the incumbent 's payo when he undertakes preventive actions and when he does
 not, for a given degree of rivalry. G is continuous with respect to T on R+. Besides,
 note that G(+∞) > 0 ⇔ b ≥ b = rr+h
 1−aa
 with b ≤ b′′0. The incumbent undertakes
 preventive actions whenever G(T ) ≥ 0. If b ≤ b′′0, then xE(0) = xE(1) = 0. In that
 case, G has the following properties : its intercept is negative, it is decreasing on
 [0, T0] with T0 = 1h(1−a)
 ln( (r+ah+h)a(r+2h)(1+b)
 ) and increasing on [T0,+∞[. Hence, if b ≤ b,
 then G(T ) is always negative. If b ∈[b, b′′0
 ], however, the intermediate value theorem
 allows us conclude that there exists a single threshold T > 0 for the incumbent 's
 head start that must be exceeded for undertaking preventive actions to be optimal.
 Formally, ∀b ∈[b, b′′0
 ], ∃!T > 0 : ∀T ≤ T , G(T ) < 0 and ∀T ≥ T , G(T ) ≥ 0.
 Unfortunately, this threshold T cannot be computed analytically. If b ≥ b′′1, then
 xE(1) = xE(0) = 1. In that case, G has the following properties : its intercept is
 positive and it is increasing on R+. Therefore, if b ≥ b′′1, then G(T ) ≥ 0. Finally, if
 b ∈ [b′′0, b′′1], then xE(1) = 1 and xE(0) = 0. In that case, it is straightforward to show
 that G(T ) ≥ M(T ) = ΠI(1, xE(1)) − ΠI(0, xE(1)). For all b ∈ [b′′0, b′′1], M has the
 following properties : its intercept is positive and it is increasing on R+. Therefore,
 since M(T ) ≥ 0 for all b ∈ [b′′0, b′′1], so is G(T ).
 134

Page 144
                        

Section 6. Appendix Chapitre 3. Rivalry in R&D
 6.2 Proof of Claim 1
 First, note that Π0,0(S, S) ≥ Π0,0(O,O) is equivalent to
 b ≥ b =(2a− 1)(12ah2 + 4rah+ 4h2 + 5hr + r2)(2c+ vr)
 (r + h+ 2ah)(r + 4ah)(r + 4h)v
 Second, we show that b ≤ b′. To that end, we show that the inequality is true for all
 c ≤ 2ah2v(3r + 4h+ 4ah)
 r2 + 8a2h2 + 4h2 + 8ah2 + 6rah+ 4hr
 Recall that the assumption that rms never drop out the race requires (at least) that
 c ≤ 2ah2vr+2h+2ah
 . Since 2ah2vr+2h+2ah
 ≤ 2ah2v(3r+4h+4ah)r2+8a2h2+4h2+8ah2+6rah+4hr
 we are able to conclude
 that the inequality Π0,0(S, S) ≥ Π0,0(O,O) is always true.
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 In this work, we assumed that innovations may induce social good as well as
 social harm and we shed light on the design of the optimal regulatory policy. A key
 feature of our study is that the magnitude of the damage was not taken as given,
 but instead, seen as the result of the R&D strategy implemented by innovators.
 Therefore, we stressed that public intervention should be guided by its impact on
 both the incentives to innovate and to reduce social harm.
 In chapter one, we argued that regulatory responses based on authorizations
 have the potential to induce rms to reduce social harm. We thus departed from
 Immordino & al. (2011) for whom authorizations, unlike penalties, are unable to
 steer innovators towards less harmful implementation of their ndings. We resto-
 red balance between the policy instruments available to the public agency and we
 determined the optimal policy.
 Some of our ndings support those of Immordino & al. (2011), including the idea
 that the severity of the regulatory response should go along with the magnitude of
 social harm and that innovation should never be prohibited altogether.
 However, we also reached dierent conclusions. Namely, we stressed that pu-
 blic intervention was always benecial whereas Immordino & al. (2011) show that
 refraining for intervening (laissez-faire) is optimal if the danger of social harm is
 suciently small. Moreover, we proved that authorization regimes may be optimal
 136

Page 146
                        

General Conclusion
 even though the rm's liability is unlimited while Immordino & al. (2011) conclude
 that, in that case, the optimal policy should rely exclusively on penalties. Also, we
 found that if the rm's liability is limited, then the penalty regime should not be
 implemented whereas this policy instrument could be optimal in Immordino & al.
 (2011).
 Finally, we showed that penalties make the rm adopt a R&D strategy that
 is excessively safe. Hence, social harm is reduced more eectively but innovation
 might be nipped in the bud. On the contrary, authorizations may induce the rm to
 implement a R&D strategy that is insuciently safe. In that case, regulation allows
 a higher rate of technological change but it exposes society to a larger social harm.
 In chapter two, we explained that patents may prove to be powerful instruments
 for preventing the emergence of negative externalities and reducing the damage
 that they may cause. Indeed, by decreasing the output or by making non-infringing
 imitations convey a smaller share of the external eect, broader patents may actually
 reduce social harm. Hence, breadth should no longer be seen as a pure cost for
 society. It might even improve social welfare if the reduction in damage outweighs
 the additional deadweight loss.
 We thus re-examined the trade-o between length and breadth and we showed
 that the general result of Gilbert & Shapiro (1990) no longer holds once we intro-
 duce a negative external eect into the analysis. That is, narrow and innitely-lived
 patents may not be optimal even though breadth is increasingly costly in terms
 of deadweight loss. Instead, we provided an extended condition stating that length
 should be preferred over breadth whenever the total social costs (i.e. the usual
 deadweight loss and the damage generated by the negative externality) are convex
 in breadth. Besides, we stressed that the optimal structure of a patent is closely
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 related to the way we interpret the concept of breadth, to the size of the external
 eect and to relative rate of conveying of non-infringing imitations.
 We also investigated the issue of how much protection should be given to an
 innovator whose R&D strategy determines the size of the externality. We rst ad-
 dressed the case of a standard policy in which the value of the patent is independent
 of the innovator's R&D strategy. This type of policy was clearly unable to give the
 rm incentives to undertake actions aimed at preventing the external eect from
 arising. Hence, its sole purpose was to induce the optimal amount of R&D invest-
 ments. We then explored the case of a modulated patent policy allowing the public
 agency to give the innovator a stronger protection when the latter has implemen-
 ted a safe R&D strategy. Therefore, this second type of policy had the potential to
 inuence both the incentives to innovate and to reduce the damage. In particular,
 we showed that the modulated policy proves to be strictly more ecient than the
 standard policy whenever the size of the externality is suciently large. In that case,
 indeed, the public agency eectively takes advantage of the exibility provided by
 the modulated policy.
 In chapter three, we investigated whether or not the degree of rivalry in R&D
 is a factor generating potentially harmful innovations. To this end, we studied a
 framework in which several rms were engaged in an innovation race and had to
 choose between a safe and an unsafe R&D strategy. Firms had an interest in adopting
 the safe strategy because it enhanced the private value of the innovation. Yet, safety
 slowed R&D down so it decreased the chances of winning the race and it increased
 the cost of that process.
 We identied and we explored successively three distinct sets of R&D strategies :
 the decision of whether or not to undertake preventive actions, corrective actions
 or to conduct simultaneously several of the steps R&D is made of. Though we
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 mainly used the number of competitors to measure the degree of rivalry, we provided
 alternative measurement methods as for establishing that our conclusions were not
 driven by a specic approach.
 In the case for which rms had to decide whether or not to undertake corrective
 actions, we showed that competition unambiguously foster the emergence of harmful
 innovations. That is, the stronger the rivalry, the less likely it is that corrective
 actions are implemented at equilibrium. In the case for which rms had to decide
 whether or not to undertake preventive actions or to overlap steps, our conclusions
 were less clear-cut. Namely, we found that rivalry does induce rms to implement
 unsafe R&D strategies only when there is some balance between the prize gap and
 the hazard gap.
 Finally, we drew some policy implications from our results. In particular, we
 questioned the soundness of policies that create, feed or increase rivalry within R&D.
 Also, we emphasized that a policy which rewards the implementation of safe R&D
 strategies has the potential to prevent the emergence of harmful innovations by
 making rms immune to rivalry.
 The main criticism that can be levelled at our work is its lack of generality.
 The main idea that we developed in the present study is that R&D should not be
 reduced to a one-dimensional process where rms merely act as investors. Instead,
 we provided an extended framework that empowers them to shape their innovation
 at the time they are engaged in R&D. The introduction of this additional dimen-
 sion created analytical complications that were addressed by making simplifying
 assumptions.
 Therefore, it must be recognized that the trade-o between the quantity (i.e. the
 speed of R&D) and the quality of innovations (i.e. the magnitude of social harm)
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 lacks of exibility and may not appear as clear as we had hoped. In chapter one, at
 the time we determined which policy instrument to use, recall that the rm's ability
 to introduce an innovation and that to reduce social harm were assumed to be
 substitutable. Likewise, in chapter two, when we computed the optimal value of the
 patent, undertaking preventive actions was essentially a yes-or-no decision. Finally,
 in chapter three, the speed of R&D as well as the extent to which the innovation
 generated social harm were driven by a single binary variable (i.e. whether or not to
 implement a safe R&D strategy). An extended analysis in which the rm's activity
 and safety levels would be both continuous would most likely provide meaningful
 insights and it would allow us to conduct a more thorough discussion on the trade-o
 between the incentives to innovate and those to reduce social harm.
 Also, it would be interesting to carry out an in-depth analysis of the consumer be-
 haviour. In chapter one, we assumed that the private value of the innovation was the
 same in both states of the nature. We thus implicitly considered that the magnitude
 of social harm was irrelevant to consumers. Therefore, in the absence of regulation,
 the rm was given no incentive to undertake preventive actions. It is for that rea-
 son that the laissez-faire could never be optimal. However, when the private value
 of the benecial innovation exceeds that of the harmful innovation, market-driven
 incentives may induce the rm to reduce social harm so the desirability of public
 intervention might be challenged. We explained that such incentives can be observed
 when consumers are less willing to pay for an innovation that generates a damage.
 This protability gap may also result from the implementation of the precautionary
 principle by consumers themselves in a fully decentralized manner. 25 Namely, in
 the presence of potential social harm, consumers can postpone current consump-
 tion in order to learn more about the innovation before deciding whether or not to
 purchase. In that case, we should pay attention to the fact that this consumption
 25. see Gollier & al. (2000)
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 deferral is likely to drive the equilibrium price down so the precautionary behaviour
 of consumers may be partially neutralized by the market itself. 26
 Besides, rather than considering the case of an isolated innovation, we could
 take the analysis one step further by acknowledging that innovation is actually
 cumulative. In such a framework, rms might have an incentive to reduce social
 harm in order to minimize opportunities for competitors to make improvements
 that would render the initial innovation obsolete.
 Finally, another avenue for research is the diusion of potentially harmful inno-
 vations. As we mentioned in chapter two, this process is analogous to the spread of
 an epidemic. Therefore, a slower diusion may actually be benecial. This is all the
 more true when society acquires knowledge about the innovation as time goes by or
 when the damage is irreversible. In particular, we explained that patents have the
 potential to inuence the rate at which an innovation is adopted by the members of
 a social system. The rationale was drawn from the model of Bass (1969) in which the
 demand at time t is related to the cumulative number of buyers. By increasing the
 price at which the innovation is sold, industrial property can reduce the number of
 early adopters and slow diusion down. Hence, the design of the optimal regulatory
 policy should not overlook the impact that patents may have on the extent to which
 society is exposed to potential social harm at a given time.
 26. In Gollier & al. (2000), the supply curve was perfectly inelastic (the good was free), so theeect that we describe here does not occur in their model.
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