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Introduction



It is simply common sense that any real-world organization is operated with an organizational structure. One main role of the structure can be suggested, even without supporting empirical evidence, as information acquisition and its transmission within the organization. However, in the standard mechanism, it is not clear whether such a role needs to exist. If a designer of the structure can interact with his or her agents directly, why should a manager, a “third party,” observing the agents be in between them? Little attention has been paid to the rationale behind the structure, perhaps, due to simple well-known solutions: the principal can pay a constant remuneration to extract the manager’s information, or just sell it. Selling and a selling-like contract cannot explain a firm’s structure based on the informational aspect, as it fails to show the emergence of an integrated large-size firm in reality, instead of separate multiple firms. Paying a constant wage leaves no incentive for the manager to acquire costly information, in addition to the multiplicity problem in his report, since the compensation is the same regardless of the report. To incentivize the third party for the information acquisition, then, requires a strict incentive scheme, but the challenge is the absence of a condition like the single-crossing property in his payoff given the monitoring role. This paper studies the manager’s role as information acquisition and its report in order to rationalize an information-organizational structure, by introducing a novel feature, noncontractible information. Information may not be associated with any contractible action when it affects the principal’s payoff, not through the agent’s action choice but rather directly. For example, a firm’s owner wishes to design an optimal contract for a worker, or a firm buys a part of its product from subcontractors, but the worker’s human capital and each subcontractor’s capability are their characteristics that determine product quality directly. No contractible action exists for the principal to elicit the human capital or the capability. The case with contractible information only is well understood through the revelation principle (e.g., Myerson (1982)), but the case combining contractible with non-contractible information has not been addressed in the literature, despite a wide range of applications. In the model, an agent produces an output with two dimensions of incomplete information, quality and marginal cost, that are correlated. The principal’s payoff depends on the agent’s output in two ways: its quantity and its (unit) quality. The production cost part satisfies
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the single-crossing property, but the product quality is not contractible.1 Since the non-contractible product quality does not affect the agent, the principal cannot elicit it meaningfully: the best payoff is through “partial revelation” with a constant contract over quality. Such incompleteness of the contract drives the principal to consider a manager who observes it.2 As argued, to provide the rationale for the existence of the organizational structure, we aim to show that a mechanism contracting simultaneously with the manager and the agent satisfies two conditions: (i) it dominates selling and (ii) it provides the manager an incentive to acquire information. We find a simultaneous contracting mechanism that attains the second-best payoff from a hypothetical situation that the principal, like the manager, can observe the quality; whereas selling, ex-ante contracting with the manager, may not attain the benchmark due to a (expost) limited liability.3 Providing the incentive becomes non-trivial when both the manager and the agent observing the quality, a complete information situation, meets with the noncontractibility. The quality affects neither one directly, so, without utilizing the correlation between cost and quality, given any true quality, any report can arise as an equilibrium. This multiplicity discourages the manger to acquire the quality even with a tiny acquisition cost, applying to two simple mechanisms, paying a constant, and punishing them if two reports differ. What may be surprising with respect to achieving the two goals, the second best and the incentive, is not where those conventional mechanisms fail, but where a mechanism can succeed. 1



The non-contractible information could be chosen by the agent’s action before, but it is fixed in the



mechanism with the present principal. In the examples, the human capital or the capability can be the result of the worker’s or the subcontractor’s earlier investment. But it is not changeable in the current stage. Hence, in this “short run,” the manager or the firm cannot expect their agents to be able to produce a different quality product from their given quality types. 2



For the direct revelation mechanism, the only role of the manager is to report the agent’s quality, so he



can be called an expert or a monitor. In Section 6, we study a delegation problem, where it may be more appropriate to name him or her a manager. 3



The ex-ante contract can be interpreted in two ways. One is the case in which a contract within an



organization is executed in exactly the same way as selling the project, and the other is the case in which the project is “literally” sold. In the former, the principal retains ownership; in the latter, ownership of the project is transferred to the manager. Nonetheless, retaining the ownership combined with selling the project does not require any information flow between the principal and the manager, so the two are treated virtually the same. The limited liability in the former of the two interpretations above can be translated into outsourcing with limited liability or selling to a third party with liquidity constraint in the latter’s context.
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Limited liability Information incentive Selling a project



X



O (N.A.)



Complete information approach



O



X



First-order approach



O



O



Table 1: Comparison between different mechanisms The mechanism this paper proposes, based on the first-order approach, satisfies both the limited liability and the uniqueness for the information acquisition, while attaining the second best, as described in figure 1. This also leads to the simultaneous mechanism’s dominance over selling.4 To show the main result, first observe that the non-contractibility allows us to focus on mechanisms in which the agent reports only the production cost; the manager reports the quality. Then, finding a strictly Bayesian incentive compatible contract for the manager is sufficient for a unique Bayesian implementation: the agent’s contract must be the same as the one from the second best with the quality not affecting him. The main idea to find the strict incentive compatibility, without the single-crossing, is to align his optimality condition for the truth-telling with the principal’s optimality condition for the second best.5 This firstorder-condition alignment together with the reverse hazard rate dominance creates such an endogenous link, while leaving no surplus to the manager.6 If information acquisition is costly, the uniqueness result not merely means a unique 4



At least two more reasons for the dominance of a simultaneous contracting mechanism over selling the



project can be suggested: management cost and partial commitment, but neither is necessary for the main results in this paper. First, if it is assumed that the principal is an expert in management, so that only the manager incurs a “management cost” when he becomes the mechanism designer (buys the project), then simultaneous contracting yields a higher payoff to the principal than selling the project. Second, it is reasonable that within an organization, people lower in the hierarchy (like the manager relative to the principal) have more specific information but less commitment power. The manager’s lack of commitment power may make simultaneous contracting more compelling. 5



The Vickrey-Clarke-Groves (VCG) mechanism aligns the individual agent’s interest with social welfare



to overcome externality between them in a public good situation, but the optimal contract in this paper aligns the manager’s interest as an observer with his incentive as a mechanism designer. 6



Despite the manager’s payoff being identical to the agent’s—the agent’s quality affecting neither one



directly—given this contract, the manager has to form conditional expectations about the agent’s production from the manager’s report, given his observation of a true quality, endogenously generating a relationship between report and observation.
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implementation but shows the existence of a mechanism implementing the second best, which is valuable, especially recognizing that the complete information approach is no longer incentive compatible with the cost. The extended model also provides a rich outcome on a “boundary of a firm” such that, depending on the cost, each of three mechanisms, the simultaneous contracting, the ex-ante contracting and the one not relying on the manager at all, can be optimal. It follows from the main result that the principal can implement the optimal contract in the form of delegation to the manager by restricting a feasible set of contracts that the manager chooses for the agent, which shares the basic idea with Holmstr¨om (1977, 1984).7 The analysis for a single agent can be extended to multiple agents if a team production between them has no complementarity.8 Finally, with a pre-investment stage, the partial revelation mechanism lowers not only the payoffs of the principal and the agent but also the incentive to make the investment. This paper considers the need for monitoring as a key factor for an organizational structure, as suggested by Alchian and Demsetz (1972), but their monitor’s specialty is to observe agents’ actions in a team, whereas we find its origin from incomplete contract. Furthermore, our main contribution is to characterize a monitor’s strict incentive compatibility for a unique implementation and thereby to show the dominance of the structure with a manager over selling.9 This also differentiates the current paper from the hierarchical structure, with no coalition, by Tirole (1986). The monitoring approach cannot be substituted by the property rights approach by Grossman and Hart (1986) and Hart and Moore (1990), based on the incomplete contract literature that is built on transaction costs (Williamson (1975, 1985), as it faces a selfcontradictory consequence when the information acquisition is an “asset”; by the monitor’s own role, information must be “verifiable,” so no ex-post bargaining procedure is rational. We 7



But the delegation in this model is not given in the form of interval delegation.



8



In the single-agent case, finding the optimal contract for the manager amounts to deriving an ordinary



differential equation, which is still applicable even with multiple agents provided that the assumption is satisfied. If the type of their joint production involves complementarity, however, the analysis will not be tractable, since finding the optimal contract requires solving a system of partial differential equations, especially given the nonlinear nature of the problem. However, in the case of a single indivisible good, such as a single unit auction, a similar analysis can be extended. See Yoo (2017). 9



Hence, as their “grocery story,” a firm’s function below monitoring can be within the firm or outside it,



depending on its context; see the two different examples in the introduction of this paper.
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suggest constructing an appropriate informational hierarchical structure with a manager’s incentive scheme as the remedy for the contract’s incompleteness. Thus, this paper relates the two views on the theory of the firm such that it seeks the origin from the incomplete contract, but finds its solution from the monitoring.10 In the delegation literature that compares a form of delegation with communication based on cheap-talk model by Crawford and Sobel (1982), with a bias, an informed party’s interest is aligned with an uninformed principal. The biased alignment is a source of an alignment between them, the single-crossing property, which makes it possible for the mechanism design approach, with a full commitment and monetary transfers, to achieve full revelation, as observed by Krishna and Morgan (2008). A critical difference between this model and the delegation literature, in terms of modelling, is whether a type a “sender” observes affects his own payoff or not. The question of this paper is how to create such an alignment, amidst the absence of any alignment endowed between the principal and a disinterested third party. Both this paper and Theorem 2 of Cr´emer and McLean (1988) construct mechanisms to provide incentive compatibility by exploiting correlation between two dimensions of a player’s type, but our first-order-condition alignment is, in addition to its continuity, different from theirs with the Farkas Lemma.11 Hence, the first-order approach to achieve the manager’s strict incentive compatibility is a separate theoretical interest, given no continuous-type general result that can apply to the third party in this paper.12 Moreover, even with discrete types, the limited liability in the full extraction is typically not satisfied, which is our task 10



With communication costs, Mookherjee and Tsumagari (2014) suggest a different perspective by deriving



optimal decentralized mechanisms that dominate typical centralized ones. The cost of centralization may not be sufficient to understand hierarchical structures commonly observed in various organizations, since adding another “layer” in a structure would increase communication costs. This paper sheds light on the benefit side of decentralization with the informational aspect. 11



Specifically, in Theorem 1, the principal constructs a set of lotteries only for extracting each agent’s rent,



with the VCG mechanism environment, whereas in Theorem 2, he designs a set of lotteries to achieve both each agent’s truth-telling and the rent extraction. Hence, in the former, each agent’s lottery depends only on the other agents’ reports, but in the latter, it depends on the agent’s own report as well as the others. 12



Theorem 1 applies to an environment in which the incentive compatibility is given, focusing only on the



full extraction, which is generalized by McAfee and Reny (1992), including continuous types. This is not applicable to the manager in this paper precisely because only the VCG mechanism for the disinterested manager is paying a constant. Note that they provide mechanisms to achieve incentive compatibility with the rent extraction for two important classes of environment, bargaining and auction, as supplements, but not for a third party.
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to resolve, for the organizational structure.13 The incomplete contract literature has been criticized for a lack of solid foundations of incompleteness (see Maskin and Tirole (1999) and Tirole (1999)), inviting researchers to search for a better paradigm (e.g. Segal (1999)). Without monitoring, the information structure with non-contractible information results in the partial revelation, which provides a foundation of incomplete contract. The manager’s role of observing non-contractible information cannot be replicated by any extended mechanism by Myerson (1982) without such a third party. In a seller and a buyer setting, Schmitz (2002) reports a result related to this outcome in which the first best may not be achieved due to two types of post-contractual informational asymmetries from the combination of hidden action and hidden information. The model is in the following section, and preliminary results are reported in Section 3. The main results are provided in Sections 4 and 5, and their extensions are in Section 6. An example and concluding remarks are in Section 7 and Section 8. The proofs are collected in an appendix.
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Model



A principal contracts with a manager and an agent. The agent produces q ≥ 0 quantity at cost θq with its unit quality ω, and the principal obtains a value v(ω, q) from it. With both θ and ω observable to the agent, not to the principal, the quality is an additional dimension of the agent’s type to a standard case. The non-contractible quality differs from the cost in that it affects the principal, not the agent. The manager has the expertise to observe only the quality. A type (θ, ω) is drawn from a non-empty subset Θ × Ω of R2 , where Θ ≡ [θ, θ] and Ω ≡ [ω, ω], according to a differentiable cumulative distribution function G(θ, ω) with its density function g(θ, ω) > 0 for all (θ, ω) ∈ Θ×Ω, its marginal cumulative functions Gθ (θ), Gω (ω) and their density functions gθ (θ), gω (ω), respectively. The conditional cumulative distribution function of θ given ω is denoted by F (θ|ω) with its density function f (θ|ω). This difference in their information structures, summarized in table 3, and the type distribution are common knowledge to them. 13



To achieve both incentive compatibility and the full extraction, the Farkas Lemma is employed as a main



mathematical tool, which of course does not provide the ex-post limited liability; furthermore, it applies to discrete types only.
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θ



ω



Principal



No



No



manager



No



Yes



Agent



Yes



Yes



Table 2: Information structures By assuming the standard monotone hazard rate condition for G(θ, ω) given each ω, Gθ (θ)/gθ (θ) is nondecreasing, and for each fixed ω, F (θ|ω)/f (θ|ω) is nondecreasing in θ. In addition, we assume the reverse hazard rate dominance between F (θ|ω 0 ) and F (θ|ω) for ω 0 > ω.14 That is, for any pair ω 0 > ω, (1)



f (θ|ω 0 ) f (θ|ω) > for all θ ∈ (θ, θ), 0 F (θ|ω ) F (θ|ω)



meaning that the cost distribution conditional on a higher quality dominates the one on a lower quality in terms of the reverse hazard rate. The virtual cost is defined as (2)



φ(θ, ω) ≡ θ +



F (θ|ω) , f (θ|ω)



and, from the above assumptions, φ is a strictly increasing function of θ, and a strictly decreasing function of ω. If the principal makes a monetary transfer t to the agent, the agent obtains t − θq, and the principal v(ω, q) − t, with v(ω, 0) = 0, v being twice-differentiable, strictly increasing in each of ω and q, strictly concave in q, and ω and q complementary.15 We assume that for each ω, vq (ω, 0) > φ(θ, ω) to ensure that it is optimal for the principal to make the best cost type agent produce a positive output, and that for each ω, vq (ω, 0) ≤ φ(θ, ω) to make the worst cost type agent not produce the good. Furthermore, limq→∞ vq (ω, q) < φ(θ, ω) so that the optimal output for any type of the agent is finite.16 We denote by U ≥ 0 the manager’s reservation payoff and by B his ex-post limited liability, assuming that the reservation payoff is greater than the limited liability, U > B. The 14



The condition implies the first order stochastic dominance, and it is widely used in auction theory; see,



e.g., Maskin and Riley (2000) and Krishna (2002). 15



Its partial derivatives are vω > 0, vq > 0, the second partial derivative vqq < 0, and the cross partial



vωq ≥ 0 for all (ω, q) ∈ Ω × R+ . Throughout the paper, we use a subscript to denote a partial derivative of a function. 16



Given our assumptions on v and the distribution, these are equivalent to vq (ω, 0) > φ(θ, ω), vq (ω, 0) ≤



φ(θ, ω) and limq→∞ vq (ω, q) < φ(θ, ω).
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agent’s reservation payoff is normalized to 0. The principal is the owner of the organizational structure, with its legitimate right to choose when to hire the third party and, by doing so, grant the manager the opportunity to observe the agent’s quality: the timing for the manager is chosen by the principal, not by “Nature.” It is clear that for the principal, hiring the manager ex-ante weakly dominates hiring the manager after ω is observable to him.17 For the sake of exposition, we first consider the case with zero information acquisition cost in Sections 3 - 4, and present the results with positive costs in Section 5.



3



Preliminaries



Before analyzing a mechanism with the manager, we identify when the principal has such an incentive. If the principal designs a mechanism with the agent directly, a direct mechanism consists of two-dimensional measurable functions, q and t, where (3)



q : Θ × Ω → R+ and t : Θ × Ω → R.



If the agent reports (θ, ω), then the principal commits to paying t(θ, ω) to the agent, and the agent produces q(θ, ω). A mechanism is incentive compatible if and only if for any pair (θ, ω), (θ0 , ω 0 ) ∈ Θ × Ω, (4)



t(θ, ω) − q(θ, ω)θ ≥ t(θ0 , ω 0 ) − q(θ0 , ω 0 )θ.



This incentive compatibility (4) is equivalently rewritten such that for any pair (θ, ω), (θ0 , ω 0 ) ∈ Θ × Ω, (5)



t(θ, ω) − q(θ, ω)θ ≥ t(θ0 , ω) − q(θ0 , ω)θ,



(6)



t(θ, ω) − q(θ, ω)θ = t(θ, ω 0 ) − q(θ, ω 0 )θ.



The following result shows that without the manager, it is impossible for the principal to assign different allocations depending on different quality levels. Proposition 1 For any mechanism between the principal and the agent, the incentive compatibility requires that for each pair ω 6= ω 0 ∈ Ω, q(θ, ω) = q(θ, ω 0 ) for almost all θ ∈ Θ. 17



This natural institutional setting allows us to consider an ex-ante individual rationality, not an interim



one, for the manager.
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The idea behind this is straightforward. The quality does not appear in the agent’s payoff, as in (4), so, to satisfy the incentive compatibility, the agent must obtain the same payoff for any two different quality reports, implying that different quality levels produce “essentially” an identical output. An incentive compatible and individual rational mechanism with a constant output over quality is denoted by qp (θ) = q(θ, ω) and tp (θ) = t(θ, ω) for all ω, and the partial revelation mechanism yields the principal’s payoff # Z " Z θ Eω [v(ω, qp (θ))] − qp (θ)θ − qp (x)dx dGθ (θ). Θ



θ



The principal chooses qp that maximizes the term inside of the integral above, and its maximum payoff is denoted by Vp . As a “benchmark,” suppose that the principal, like the manager, can observe the agent’s quality ω with the same opportunity cost U . Then, a direct mechanism consists of measurable functions, qs and ts , where (7)



qs (·, ω) : Θ → R+ and ts (·, ω) : Θ → R.



With the principal’s observability of ω making q and t in (3) one-variable functions, for each observed ω, the incentive compatibility among different values of θ becomes a “reverse” problem of the well-known nonlinear pricing (see, e.g., Mussa and Rosen (1978)). A mechanism is incentive compatible and individual rational if and only if for each ω ∈ Ω, and every pair θ, θ0 ∈ Θ, (8)



t(θ, ω) − q(θ, ω)θ ≥ t(θ0 , ω) − q(θ0 , ω)θ,



(9)



t(θ, ω) − q(θ, ω)θ ≥ 0.



An incentive compatible and individual rational mechanism yields Z Z (10) [v(ω, qs (θ, ω)) − qs (θ, ω)φ(θ, ω)] f (θ|ω)dθdGω (ω), Ω



Θ



so the optimal qs maximizing the principal’s payoff is given as (11)



(i) if vq (ω, 0) − φ(θ, ω) ≤ 0, qs (θ, ω) = 0; (ii) otherwise, vq (ω, qs (θ, ω)) − φ(θ, ω) = 0,



and its maximum value is denoted by Vs . By our assumptions on v and the distribution, for qs (θ, ω) > 0, qs (θ, ω) is a strictly decreasing function of marginal cost θ, and a strictly 9



increasing function of quality ω.18 The principal’s payoff from the benchmark Vs − U is the second-best payoff of this framework. If U is sufficiently small, the principal obtains a higher payoff from the second best than from the partial direct revelation. Proposition 2 If U < Vs − Vp , the second best yields a higher payoff to the principal than the partial revelation. The proof simply confirms our intuition, Vs > Vp , based on the difference between Vs and Vp , a mechanism designer’s observability of the agent’s quality ω.19 The purpose of this result rather characterizes the condition under which the principal hires a third party in an attempt to achieve the second best even when he cannot observe the quality; he would not bother to do it otherwise. The condition is maintained in what follows.
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Unique implementation



A collection of all mechanisms can be classified into two categories: selling the project to the manager, called ex-ante contracts with the manager, and no selling. After “buying the project,” the manager, as being an informed principal, obtains Vs like the benchmark, but the crucial difference between that and an ex-ante contracting is the limited liability. Denote by V the ex-post payoff that the manager obtains if he buys the project, i.e., V (θ, ω) ≡ v(ω, qs (θ, ω)) − qs (θ, ω)φ(θ, ω), derived from the analysis in (10). An ex-ante contracting mechanism is individual rational if and only if Vs − α ≥ U , where α is the selling price. The limited liability given α is satisfied if V (θ, ω) − α ≥ B for all (θ, ω) ∈ Θ × Ω; or min(θ,ω) V (θ, ω) − α ≥ B. Then the principal’s maximum payoff from the ex-ante contracting is 







(12) α = min Vs − U , min V (θ, ω) − B . (θ,ω)



18



For each ω, one obtains analogous results with the nonlinear pricing, including the “no distortion at the



top and the downward distortion below the top” such that the agent with the lowest marginal cost θ chooses the first-best quantity, whereas the agent with a marginal cost greater than θ chooses a quantity lower than the first best. 19



The maximization of the benchmark case with observable ω requires that for a higher value of ω, the



agent must produce more, whereas it is constant for the partial revelation.
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A observes (θ, ω)



Each A, M decides whether to participate M acquires ω



P offers a mechanism



A, M report A produces P makes transfers



Figure 1: Timeline Depending on a condition identified in the result below, the optimal ex-ante contracting payoff is strictly lower than the second-best for all U < Vs − Vp , or for some U < Vs − Vp . Proposition 3 The optimal ex-ante contracting payoff is strictly dominated by the secondbest payoff if Vp ≥ min(θ,ω) V (θ, ω) − B, and it is weakly dominated by the second-best payoff otherwise. Now with no selling, to understand the reason that we focus a unique Bayesian implementation, consider two simple well-known mechanisms for truthful revelation of the quality: b 0 ) if ω 0 = ω and S(ω b 0) −  constant payment S and punishing them if two reports differ, S(ω for  > 0 if ω 0 6= ω with the manager’s report ω 0 and the agent’s report ω. It is obvious that the former admits continuum of multiple equilibria by paying the manager the same compensation regardless of the report, and furthermore, the non-contractibility in the model makes even the latter exposed to the multiplicity. This multiple equilibria in the “global” sense, i.e., any report being an equilibrium given any true quality, is a key source of both failing to provide the manager an incentive to acquire the quality information, even with a tiny acquisition cost.20 The multiplicity holds for any mechanism that does not utilize the correlation between production cost and product quality, simply because the true quality does not appear in the payoff of both players. On the other hand, with the correlation, to induce a unique Bayesian equilibrium, the principal must elicit the information from either the manager or the agent, but not both. As eliciting it only from the agent obviously results in multiple equilibria, the principal elicits the quality only from the manager. Lemma 1 If the manager’s contract in a mechanism does not depend on θ, for any true ω, any report ω 0 can be an equilibrium in the mechanism. If the manager’s contract in a mechanism depends on θ, to induce a unique Bayesian equilibrium, the principal elicits the quality only from the manager. 20



This will be shown in more detail in Section 5.
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As such, the uniqueness is not just for the unique implementation in this section but the existence of an incentive compatible mechanism with an information acquisition cost in the following section. We tackle this by considering a sufficiency such that reporting a true quality is a unique solution given any true quality. For mechanisms that implements the second-best payoff as a unique Bayesian equilibrium among undominated strategies, the game’s timeline after Nature chooses a type (θ, ω) is describe in figure 1. Lemma 1 allows us to simplify our analysis by focusing on a mechanism satisfying “independence,” not dependent on the agent’s quality report ω, such that a direct mechanism consists of two-dimensional measurable functions, q, t and S, with the agent reporting only the cost, where q : Θ × Ω → R+ , t : Θ × Ω → R and S : Ω × Θ → R. The principal solves the following simultaneous contracting mechanism problem: Z Maximize [v(ω, q(θ, ω)) − t(θ, ω) − S(ω, θ)] dG(θ, ω) q,t,S



Θ×Ω



subject to (8), (9); and ∀ω 6= ω 0 ∈ Ω, ∀θ ∈ Θ, (13) (14)



Eθ [S(ω, θ)|ω] > Eθ [S(ω 0 , θ)|ω], Z Eθ [S(ω, θ)|ω]dGω (ω) ≥ U , Ω



(15)



S(ω, θ) ≥ B.



Note that (13), (14) and (15) are the manager’s incentive compatibility, individual rationality condition and limited liability, respectively. The quality ω affects neither the manager’s “direct” payoff nor the agent’s, but it does affect the manager’s expected payoff through the conditional distribution of θ given ω, as found in (13). It is immediate that such a direct mechanism (q, t, S) implementing the second-best payoff must be (qs , ts , S), where (qs , ts ) is the optimal choice of (qs , ts ) in (7), which makes the truthful report of θ the agent’s weakly dominant strategy. The remaining procedure is to identify the contract for the manager S satisfying strict Bayesian incentive compatibility, since eliciting quality from the manager is not sufficient to guarantee the uniqueness (e.g. paying a constant compensation). With the strict incentive compatibility, the truthful report of ω is the manager’s unique solution, which, combined with the agent’s dominant strategy, makes (qs , ts , S) implement the second best as a unique undominated Bayesian equilibrium.
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The main idea is to align the manager’s optimality condition for the truth-telling, from S(ω, θ), with the principal’s optimality condition, in (11), for the second best such that, by choosing an appropriate τ , we have ∂Eθ [S(ω, θ)|ω] 0 ∂ω | {z }



(16)



i h = Eθ τ (ω, qs (θ, ω)) [vq (ω, qs (θ, ω)) − φ(θ, ω)] = 0. | {z } P’s second-best optimality



M’s truth-telling optimality



The manager’s contract is aligned with the second best through the first order condition, so the optimal contract is unique up to a positive linear affine transformation. This freedom makes the principal choose the contract so that the manager obtains only up to his outside option.21 Finding the above integral or the manager’s payoff Eθ [S(ω, θ)|ω] and S(ω, θ) is a mathematical question, but choosing τ is an economics problem. Especially, to satisfy the ex-post limited liability S(ω, θ) ≥ B for all (ω, θ), (15), a contract is based on a marginal compensation such as Z (17) S(ω, θ) = B +



qs (θ,ω)



s(ω, x)dx, 0



where s(ω, q) is defined as the marginal compensation with respect to q: the increase in the compensation comes from the increase in q, while s(ω, q) satisfies s(ω, 0) = 0 for all ω. Let ω 0 denote the manager’s report and ω a true state that the manager observes. Then, from (17), the manager’s expected payoff is given as # Z "Z qs (θ,ω0 ) 0 0 s(ω , x)dx f (θ|ω)dθ. (18) Eθ [S(ω , θ)|ω] = B + Θ



0



The second part integration, by change of variables, can be rewritten in terms of a random variable q. We define p(ω, q) as p(ω, q) ≡ max{θ ∈ [θ, θ] : qs (θ, ω) ≥ q for q ∈ Q(ω)}, where p(ω, q) is the most costly type that can produce at least q given ω. By (11) for q > 0, qs is a strictly decreasing function of θ given qs (θ, ω) > 0, so p(ω, q) is simply an inverse function of qs (θ, ω) with respect to q and θ, holding ω fixed, which satisfies the condition qs (p(ω, q), ω) = q.22 Its cumulative probability distribution is denoted by Fq (q|ω 0 , ω), where Fq (q|ω 0 , ω) ≡ Pr(qs (θ, ω 0 ) ≤ q|ω) = 1 − F (p(ω 0 , q)|ω). 21



The positive sign matters because of the second order condition.



22



qs (θ, ω) can be a constant with respect to θ only when qs (θ, ω) = 0.
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Since qs is a continuously decreasing function of θ ∈ [θ, θ] given ω, the assumptions on the highest and lowest production costs imply that it has a lower bound as qs (θ, ω) = 0, and a finite upper bound as qs (θ, ω). The full range of q is denoted by Q(ω) = [0, qs (θ, ω)]. Hence, # Z "Z 0 qs (θ,ω )



s(ω 0 , x)dx f (θ|ω)dθ



Eθ [S(ω 0 , θ)|ω] = B +



Θ



Z =B+ Q(ω 0 )



Z =B+



0



h R q 0



s(ω 0 , x)dx



i



fq (q|ω 0 , ω)dq



s(ω 0 , q)(1 − Fq (q|ω 0 , ω))dq,



Q(ω 0 )



where the last equality follows from integration by parts.23 By defining u(ω 0 , ω, q) ≡ s(ω 0 , q)F (p(ω 0 , q)|ω), the manager’s payoff is re-formulated, using F (θ|ω) and p(ω, q), as Z 0 u(ω 0 , ω, q)dq. (19) Eθ [S(ω , θ)|ω] = B + Q(ω 0 )



The identity p(ω, qs (θ, ω)) = θ for qs (θ, ω) > 0 implies that the upper bound disappears in the derivative of the manager’s payoff with respect to a report ω 0 .24 Thus, a contract S(ω, θ) for the manager is incentive compatible if and only if only the term inside the integral in (19) is incentive compatible such that for each q > 0, (20) u(ω, ω, q) ≥ u(ω 0 , ω, q) for all ω 0 , ω ∈ [ω, ω]. From s(ω, 0) = 0, we only need to consider q > 0 for the incentive compatibility. Any incentive compatible marginal compensation s(ω, q) is a differentiably strictly decreasing function of ω. Lemma 2 For q > 0, any incentive compatible s(ω, q) is a strictly decreasing and differentiable function of ω. The optimal marginal compensation scheme must satisfy a negative relationship with the manager’s quality report, which can work as a “penalty” on the manager’s over-reporting incentive of quality for higher production. The trade-off yields truth-telling. qs (θ,ω0 ) R q (θ,ω 0 ) 0 0 − 0s s(ω 0 , q)Fq (q|ω 0 , ω)dq s(ω , x)dxF (q|ω , ω) q 0 0 0 0 R q (θ,ω ) R q (θ,ω ) = 0s s(ω 0 , q)dq − 0 s s(ω 0 , q)Fq (q|ω 0 , ω)dq. 0 ∂qs (θ, ω ) 24 That is, s(ω 0 , q)F (p(ω, qs (θ, ω))|ω) = 0. ∂ω 0 23



Note



Rq
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In addition, a contract S(ω, θ) for the manager is individually rational if and only if Z Z u(ω, ω, q)dqdGω (ω) ≥ U . (21) B + Ω



Q(ω)



Since the agent’s contract is adopted from the second best, a simultaneous contracting mechanism is incentive compatible and individually rational if and only if the manager’s incentive compatibility and individually rationality are satisfied. Definition 1 The mechanism that contracts simultaneously with the manager and the agent is incentive compatible and individually rational with limited liability if and only if (20)-(21) are satisfied. The manager chooses ω 0 to maximize the term inside of the integral in (19). By Lemma 2, the derivative of ω 0 is given as  s(ω 0 , q)pω (ω 0 , q) F (p(ω 0 , q)|ω) − (22) uω0 (ω , ω, q) = − sω (ω , q)f (p(ω , q)|ω) − sω (ω 0 , q) f (p(ω 0 , q)|ω)   s(ω 0 , q)pω (ω 0 , q) 0 0 0 0 = − sω (ω , q)f (p(ω , q)|ω) p(ω , q) − − φ(p(ω , q), ω) , sω (ω 0 , q) 0



0



0







where φ(p(ω 0 , q), ω) = p(ω 0 , q) − F (p(ω 0 , q)|ω)/f (p(ω 0 , q)|ω). If the principal chooses s(ω, q) such that for each ω ∈ Ω and q > 0, (23) p(ω, q) −



s(ω, q)pω (ω, q) = vq (ω, q), sω (ω, q)



the condition in (22) can be rewritten as uω0 (ω 0 , ω, q) = −sω (ω 0 , q)f (p(ω 0 , q)|ω) [vq (ω 0 , q) − φ(p(ω 0 , q), ω)] . Since for q > 0, q = qs (θ, ω 0 ) and θ = p(ω 0 , qs (θ, ω 0 )), the optimality condition in the second best (11) implies that for each ω ∈ Ω, the first order condition is satisfied such as uω0 (ω, ω, q) = 0. In addition, by showing uω0 (ω 0 , ω, q) > 0 for all ω 0 < ω, and uω0 (ω 0 , ω, q) < 0 for all ω 0 > ω, Theorem 1 establishes the strict Bayesian incentive compatibility for the manager, Eθ [S(ω, θ)|ω] > Eθ [S(ω 0 , θ)|ω] for all ω 0 6= ω ∈ Ω, and thereby shows the existence of a simultaneous contracting mechanism that makes the truth telling a unique Bayesian equilibrium. Furthermore, since the contract for the manager is chosen in such a way that the expost limited liability is, by definition, satisfied, the simultaneous contracting mechanism makes the manager obtain just his outside option U . Thus, the principal always attains the second-best payoff, Vs −U ; the mechanism weakly dominates the optimal ex-ante contracting mechanism. 15



Theorem 1 There exists an incentive compatible and individually rational simultaneous contracting mechanism that implements the second-best payoff as a unique Bayesian equilibrium such that (i) a contract for the agent is given as (qs , ts ) satisfying (11), and (ii) a contract for the manager is S in (17) satisfying Z ω  pω (x, q) (24) s(ω, q) = s(ω, q) exp dx , ω vq (x, q) − p(x, q) and Eθ [S(ω, θ)|ω] = U . Furthermore, the mechanism weakly dominates the optimal ex-ante contracting mechanism. The manager’s partially informed information structure and the marginal compensation scheme connect the manager’s truth-telling with the optimality condition of the second best, while the limited liability is satisfied for any arbitrary B, smaller than U . The reverse hazard rate dominance plays a key role in deriving the uniqueness. Note that the marginal compensation s(ω, q) uniformly changes the level of the manager’s ex-ante payoff, while s(ω, q) satisfies the incentive compatibility. There are typically multiple solutions for s(ω, q) to make the manager’s ex-ante payoff binding. One obvious candidate is s(ω) = s(ω, q), i.e., the compensation for the manager’s best quality ω is constant over quantity produced by the agent, which yields s(ω, q) such as  Z ω pω (x, q) dx , s(ω, q) = s(ω) exp ω vq (x, q) − p(x, q) and by denoting Z Z A≡ Ω



Q(ω)



Z exp ω



ω



 pω (x, q) dx F (p(ω, q)|ω)dqdGω (ω), vq (x, q) − p(x, q)



s(ω) is derived as s(ω) = (U − B)/A.
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Information acquisition cost



Acquiring information about quality can be costly even when one is capable of observing it. The timeline is modified in the following step: the manager decides whether or not to acquire the costly information, quality ω. Considering the information acquisition cost, the optimal mechanism with the manager’s strict incentive compatibility previously found extends its value from the uniqueness to the existence. 16



It is clear that two simple mechanisms from Section 4, constant payment and punishing them if two reports differ, are not incentive compatible with even a tiny information acquisition cost. For the former, if the manager reports a quality by acquiring it with the cost c > 0, his payoff is S − c, but if he reports a quality without acquiring it, his payoff is S, and for the latter, if the manager reports a quality by acquiring it with the cost c > 0, his payoff is b b b ω ) ≥ S(ω) b b S(ω)−c, but if he reports a quality ω b maximizing S(ω), his payoff is S(b > S(ω)−c, since the manager’s any report can arise as an “equilibrium” matched by the same report of the agent. The same line of argument applies to any mechanism that does not utilize the correlation between production cost and product quality With c > 0, the principal solves the following simultaneous contracting mechanism problem: Z [v(ω, q(θ, ω)) − t(θ, ω) − S(ω, θ)] dG(θ, ω)



Maximize q,t,S



Θ×Ω



subject to (8), (9); and ∀ω 6= ω 0 ∈ Ω, ∀θ ∈ Θ, Eθ [S(ω, θ)|ω] > Eθ [S(ω 0 , θ)|ω], Z Eθ [S(ω, θ)|ω]dGω (ω) − c ≥ U , Ω



S(ω, θ) − c ≥ B. By the first order alignment in (16), the solution with the information acquisition cost is a simple modification of the strictly incentive compatible scheme (17) from Theorem 1: Z qs (θ,ω) S(ω, θ) = B + c + s(ω, x)dx, 0



where the cost c is added. Now, the principal has to pay to the manager U + c, not U , to make him just obtain his outside option. Under the scheme S(ω, θ), if the manager reports a true quality by acquiring it with the cost c > 0, his payoff is Eθ [S(ω, θ)|ω] − c.25 If the manager does not acquire the information, then he chooses a report ω b maximizing his ex-ante payoff such that it solves Z max Eθ [S(ω 0 , θ)|ω]dGω (ω). 0 ω



25



ω∈Ω



To avoid any potential confusion, if we use different notations for the optimal contact for the man-



ager without the information acquisition from Section 4 and that with it from this section such as S ∗ (ω, θ) and S † (ω, θ), respectively, this means that Eθ [S † (ω, θ)|ω] − c = Eθ [S ∗ (ω, θ)|ω], or Eθ [S † (ω, θ)|ω] = Eθ [S ∗ (ω, θ)|ω] + c.
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min{θ,ω} V (θ, ω) − B − Vp



b c



Vs − U − Vp c



Ex-ante



Simultaneous



Partial



Figure 2: Three optimal mechanisms From Z



Z Eθ [S(ω, θ)|ω]dGω (ω) >



ω∈Ω



Eθ [S(b ω , θ)|ω]dGω (ω), ω∈Ω



for a sufficiently small c > 0, the manager has an incentive to acquire the information and tell a true quality. A threshold information acquisition cost b c > 0 is defined as Z Z b c= Eθ [S(ω, θ)|ω]dGω (ω) − Eθ [S(b ω , θ)|ω]dGω (ω). ω∈Ω



ω∈Ω



The result is summarized as below. Proposition 4 If the information acquisition cost c is lower than b c, the simultaneous contracting mechanism implements the second-best payoff as a unique Bayesian equilibrium. The information acquisition cost also opens a discussion of the “boundary of a firm” in this framework. Without it, the manager always has the incentive to acquire the quality information, but if the cost is greater than b c, he will not acquire it by paying the cost given the optimal simultaneous contracting mechanism. Then, the principal’s two remaining options are the ex-ante contracting and the partial revelation, with the following payoff summary. Partial revelation



Vp



Ex-ante contracting



 min Vs − U , min{θ,ω} V (θ, ω) − B − c



Simultaneous contracting Vs − U − c Table 3: Payoffs from three mechanisms As in the previous section, we consider the case that the second best is more desirable than the partial revelation. Otherwise, it is obvious that the partial revelation is better than any other mechanisms. With the information acquisition, the condition changes from U < Vs −Vp in Proposition 2 to c+U < Vs −Vp or c < Vs −U −Vp , focusing on the information acquisition cost range. Suppose min{θ,ω} V (θ, ω) − B < Vs − U . Then, if c > min{θ,ω} V (θ, ω) − B − Vp or Vp > min{θ,ω} V (θ, ω) − B − c, the partial revelation is better than the ex-ante contracting. On the other hand, if min{θ,ω} V (θ, ω) − B ≥ Vs − U , the partial revelation is only optimal with c > Vs − U − Vp . 18



Proposition 5 For min{θ,ω} V (θ, ω) − B < Vs − U , the optimal mechanism is (i) the simultaneous contracting if c < b c; (ii) the ex-ante contracting if b c < c < min{θ,ω} V (θ, ω) − B − Vp , (iii) the partial revelation if min{θ,ω} V (θ, ω) − B − Vp < c < Vs − U − Vp , and for min{θ,ω} V (θ, ω) − B ≥ Vs − U , the optimal mechanism is (i) the simultaneous contracting if c < b c; (ii) the ex-ante contracting if b c < c < Vs − U − Vp . With a third party’s role of information transmission, the information acquisition cost plays a critical role in determining a firm’s limitation. If the cost is in the low range, the optimal mechanism is to include the manager inside of the firm. An additional interesting implication of this result is that the information acquisition can suggest when to sell a project by “outsourcing” it to an informed expert. If the cost is in the middle range, the optimal mechanism is selling. If it is high, then the optimal mechanism is not to resort to a third party at all.
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Extensions



We first show that the principal can implement the optimal contract in the form of delegation to the manager by restricting the feasible set of contracts that the manager chooses for the agent. Delegation can benefit the principal under the additional costs that centralization incurs or the hidden benefits of decentralization, so it is important to demonstrate that the principal can delegate his decision to the manager. In particular, the manager offers a set of contracts among P(ω) ≡ {(q, t) : q = qs (θ, ω), t = ts (θ, ω) for all θ ∈ [θ, θ]} to the agent under a take-it-or-leave-it decision. The incentive compatibility of (qs , ts ) in (7) implies that for any ω ∈ Ω, the agent reports his production cost truthfully. That is, ts (θ, ω) − qs (θ, ω)θ ≥ ts (θ0 , ω) − qs (θ0 , ω)θ for all θ0 , θ ∈ [θ, θ]. which entails that the contract the agent chooses to maximize his payoff is the one from the second best. The next question is whether the manager optimally chooses a set of contracts designated for the manager P(ω) upon observing ω over all other sets of contracts P(ω 0 ) for all ω 0 6= ω. This follows from Theorem 1, and we summarize the result in the next Corollary. 19



Corollary 1 The principal can implement the second-best payoff in the form of delegation if a set of contracts from which the manager can choose is given as P(ω) ≡ {(q, t) : q = qs (θ, ω), t = ts (θ, ω) for all θ ∈ [θ, θ]}, where (qs , ts ) satisfies (11) and a contract for the manager S is from Theorem 1. The analysis for a single agent can be extended to multiple agents if a team production between them has no complementarity. There are N ∈ N agents and the set of agents is denoted by I ≡ {1, 2, ..., N }. Each agent i produces a nonnegative real-valued output qi with its unit quality ωi at cost θi qi . We assume that (θi , ωi ) is known to agent i, but it is known neither to the principal nor to any other agent j 6= i. The manager has the expertise to observe only the quality of each agent ωi for all i ∈ I. This difference in their information structures and the type distribution below are common knowledge to them. A type of agent i, (θi , ωi ), is drawn from a non-empty subset [θ, θ] × [ω, ω] of R2 , according to a differentiable cumulative distribution function Gi (θi , ωi ) with its density function gi (θi , ωi ) > 0 for all (θi , ωi ) ∈ [θ, θ] × [ω, ω]. We denote its marginal cumulative functions by Gθi (θi ), Gωi (ωi ), and their density functions by gθi (θi ), gωi (ωi ), respectively. The conditional cumulative distribution function of θi given ωi is denoted by Fi (θi |ωi ) with its density function fi (θi |ωi ). For each i ∈ I, we assume that the distributions Gi (θi , ωi ) and Fi (θi |ωi ) inherit the properties imposed in Section 3. We denote agent i’s “virtual cost” by Fi (θi |ωi ) . φi (θi , ωi ) ≡ θi + fi (θi |ωi ) We assume that (θi , ωi ) and (θj , ωj ) for i 6= j are independently drawn, and denote θ = (θ1 , ..., θN ) and ω = (ω1 , ..., ωN ). The cumulative distribution function of (θ, ω) is denoted  N by G, the product of distributions Gi , with its support Θ × Ω, where Θ ≡ θ, θ and Ω ≡ [ω, ω]N . The density function of G is denoted by g. P The principal obtains a value V (ω, q) = i∈I vi (ωi , qi ) if for i ∈ I, the agent i with quality ωi produces qi , where each vi (ωi , qi ) satisfies the properties of v with the single agent case. If the principal makes a monetary transfer ti to agent i for output qi for i ∈ I, his P payoff is V (ω, q) − i∈I ti , and agent i’s payoff is ti − θi qi . Given the team production P V (ω, q) = i∈I vi (ωi , qi ), agent i’s contract is based only on his own type. Hence, a contract for the manager is separable: X Z qi (ωi ,θi ) (25) S(ω, θ) = B + si (ωi , x)dx, i∈I



0



20



and, for each i ∈ I, the most costly type pi (ωi , qi ) can be found such that pi (ωi , qi ) ≡ max{θi ∈ [θ, θ] : qi (θi , ωi ) ≥ qi for qi ∈ Qi (ωi )}, where Qi (ωi ) ≡ [0, qi (θ, ωi )]. Then, the result of Theorem 1 applies. Corollary 2 Suppose the team production is given as V (ω, q) =



P



i∈I



vi (ωi , qi ). Then there



exists an incentive compatible and individually rational simultaneous contracting mechanism that implements the second-best payoff as a unique Bayesian equilibrium such that (i) agent i’s contract is based only on his own type such that qi (θi , ωi ) = qs (θi , ωi ) and ti (θi , ωi ) = ts (θi , ωi ) satisfying (11) for all i ∈ I, (ii) a contract for the manager is given as (25) such that for each i ∈ I, Z ω  ∂pi (x, qi )/∂ωi si (ωi , qi ) = si (ω, qi ) exp dx , ωi ∂vi (x, q)/∂qi − pi (x, qi ) and Eθ [S(ω, θ)|ω] = U . Finally, suppose a pre-investment stage where if the agent makes an investment, denoted by 1, ω can be generated from a stochastic dominant distribution. Then, the incentive to make the investment is "Z θ



Eω θ



qs (x, ω)dx 1



#



"Z − Eω θ



θ



qs (x, ω)dx 0



# > 0,



since qs (x, ω) is a strictly increasing function of ω. However, in the mechanism with a constant contract over quality, ω disappears, so regardless of making the investment or not, the agent obtains the same payoff, and thus the incentive to make the investment becomes zero. Hence, for a positive investment cost, the partial revelation mechanism lowers not only the payoffs of the principal and the agent but also the incentive to make the investment. This decreases the principal’s payoff further, compared with the second-best approach.
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Example



A firm’s owner divides the total working hours T > 0 of each worker i ∈ I ≡ {1, ..., N } between two tasks, a basic task and a complex one. The basic task requires no skill with zero cost, whereas the outcome of the complex task depends on each worker’s human capital 21



level ωi . In addition, if worker i spends qi ≥ 0 hours for the complex task, he incurs cost θi qi . Both marginal cost θi and human capital ωi are each worker’s private information, but the human capital is not contractible since it is not associated with any action. From Proposition 1, the owner alone cannot assign different hours to different levels of human capital. There is a manager who can observe each worker’s human capital. With him, the owner aims to achieve the second best payoff, when it is greater than the partial revelation case, as found in Proposition 2. By selling the whole project to him, the owner may not attain the goal due to the manager’s limited liability from Proposition 3. The owner instead can consider a simultaneous contracting mechanism including the manager’s truth-telling about each worker’s human capital. A simple mechanism is of course to pay him a constant wage, but it accepts multiple equilibria and, furthermore, fails to be incentive compatible if an information acquisition cost is included, as shown in the argument before Proposition 4. Finding a strictly incentive compatible contract for the manager can induce a unique implementation for a simultaneous contracting mechanism, and just for the example in this section, consider the following simple case. The conditional distribution of cost given human capital is identical for all workers such as F (θi |ωi ) = θiωi for θi ∈ [0, 1]. For each worker, the √ owner’s payoff from the complex task is ωi qi + 1 − ωi if worker i with human capital ωi invests qi hours in the complex task, and his payoff from the basic task is (T −qi ). The owner P √ obtains a total value V (ω, q) = i∈I v(ωi , qi ) where v(ωi , qi ) = ωi qi + 1 − ωi + (T − qi ). The distribution F and v satisfy the assumptions in Section 2, including the reverse √ hazard rate dominance, and the conditions for an interior output require 2 < ω < ω ≤ 2+ 6. In addition, by Corollary 2, the manager’s contracts for different workers are “separable” given no complementarity, so we may drop subscript i. Then, a worker’s virtual cost and second-best output are φ(θ, ω) = θ +



θ ω4 , and qs (θ, ω) = − 1. ω 4(θω + θ + ω)2



The most costly type p(ω, q) is the inverse function of qs (θ, ω), so ω2 ω √ p(ω, q) = − . 2(ω + 1) q + 1 ω + 1 Using p(ω, q), the manager’s expected payoff is derived as  ω Z qs (θ,ω0 ) ω02 ω0 0 0 √ Eθ [S(ω , θ)|ω] = B + N s(ω , q) − dq, 2(ω 0 + 1) q + 1 ω 0 + 1 0 22



where a condition like the single-crossing property between the manager’s report ω 0 and observation ω is created in his conditional expected payoff, based on Section 4. From the optimality condition in Theorem 1, the principal chooses s such that  Z ω √ x(x + 2) − 2 q + 1 √ s(ω, q) = s(ω, q) exp dx , ω (x + 1)(x − 2 q + 1) and the Theorem shows that the owner implements the second best as a unique Bayesian equilibrium with the manager’s strict incentive compatibility. For an information acquisition cost, Proposition 5 sheds light on the emergence of three mechanisms depending on the size of the cost.
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Concluding remarks



This paper studies different mechanism design problems in which a principal faces an agent who has two different types of information. By comparing the simultaneous contracting mechanism with the ex-ante contracting mechanism, we show that the simultaneous contracting with the manager weakly dominates the optimal ex-ante contracting mechanism. In particular, the simultaneous contracting implements the second best as a unique Bayesian equilibrium. The nature of incompleteness between the principal and the agent of this model suggests a foundation of incomplete contract, the agent’s information structure, and thus demands a different solution, an informational hierarchical structure with the manager. This result has new implications for the theory of the firm to explain the origin of a firm’s decentralized system, as opposed to what the standard mechanism theory offers. The focus of this paper is on how the principal can extract relevant information from a third party, the manager, so we restrict the analysis to a coalition-free environment, leaving characterization of collusion-proof mechanisms with two dimensions of information for future research.



Appendix: Proofs Proof of Proposition 1. If we fix ω ∈ Ω or fix θ ∈ Θ, it is immediate that the incentive compatibility with (4) implies the incentive compatibility with (5)-(6). On the other hand, by combining (5) with (6), the latter implies the former. In particular, (6) shows that for 23



any mechanism inducing the agent to report ω truthfully for a fixed θ, the agent should have an identical payoff. From the incentive compatibility (5)-(6), a direct mechanism (q, t) is incentive compatible if and only if (i) q is decreasing in θ; (ii) for each θ ∈ Θ, Z (26) t(θ, ω) = q(θ, ω)θ + (t(θ, ω) − q(θ, ω)θ) +



θ



q(x, ω)dx; θ



and (iii) for each ω 6= ω 0 ∈ Ω, t(θ, ω) − q(θ, ω)θ = t(θ, ω 0 ) − q(θ, ω 0 )θ. Consider (θ, ω), (θ, ω 0 ) ∈ Θ × Ω with ω 0 6= ω. Define D(θ) such that Z D(θ) ≡ t(θ, ω) − q(θ, ω)θ +



θ 0



0



Z



q(x, ω)dx − [t(θ, ω ) − q(θ, ω )θ + θ



θ



q(x, ω 0 )dx].



θ



Then, from (6) and (26), D(θ) = 0 for all θ ∈ Θ. By the mean value theorem and the fundamental theorem of calculus, D0 (θ) = 0 for almost all θ ∈ Θ. Hence, for each pair ω 6= ω 0 ∈ Ω, q(θ, ω) = q(θ, ω 0 ) and t(θ, ω) = t(θ, ω 0 ) for almost all θ ∈ Θ. Proof of Proposition 2.



Part 1 Find Vp . A direct mechanism (qp , tp ) is incentive



compatible if and only if (i) qp is decreasing, and (ii) for each θ ∈ Θ, θ



Z tp (θ) = qp (θ)θ + (tp (θ) − qp (θ)θ) +



qp (x)dx, θ



and (qp , tp ) is individually rational if and only if tp (θ) ≥ qp (θ)θ. The principal maximizing the expected payoff will choose tp (θ) such that tp (θ) = qp (θ)θ, which makes the above tp (θ) become Z (27) tp (θ) = qp (θ)θ +



θ



qp (x)dx. θ



Then, the direct mechanism yields the payoff such as " # Z Z θ v(ω, qp (θ)) − qp (θ)θ − qp (x)dx dG(θ, ω) Θ×Ω



Z "



θ



Z Eω [v(ω, qp (θ))] − qp (θ)θ −



= Θ



#



θ



qp (x)dx dGθ (θ), θ



where Eω [v(ω, qp (θ))] is the expected value that the principal obtains with respect to ω, and the principal chooses qp to maximize the term inside of the integral, which yields Vp . 24



Part 2 Find Vs . The incentive compatibility and individual rationality conditions, as above, yield ts (θ, ω) as Z ts (θ, ω) = qs (θ, ω)θ +



θ



qs (x, ω)dx. θ



Hence, the direct mechanism yields the payoff such as # Z Z " Z θ v(ω, qs (θ, ω)) − qs (θ, ω)θ − qs (x, ω)dx f (θ|ω)dθdGω (ω), Ω



Θ



θ



which, by changing the order of integration, is rewritten as Z Z (28) [v(ω, qs (θ, ω)) − qs (θ, ω)φ(θ, ω)] f (θ|ω)dθdGω (ω), Ω



Θ



where φ(θ, ω) = θ + F (θ|ω)/f (θ|ω). The principal chooses qs to maximize the term inside of the integral, and the solution yields Vs . Part 3 Compare them. Consider the payoff Vp . # Z " Z θ Vp = Eω [v(ω, qp (θ))] − qp (θ)θ − qp (x)dx dGθ (θ), Θ



θ



which, by changing the order of integration, can be rewritten as # " Z Z θ qp (x)dx dG(θ, ω) Eω [v(ω, qp (θ))] − qp (θ)θ − θ



Θ×Ω



Z Z [Eω [v(ω, qp (θ))] − qp (θ)φ(θ, ω)] f (θ|ω)dθdGω (ω).



= Ω



Θ



It is clear that for all (θ, ω), v(ω, qs (θ, ω)) − qs (θ, ω)φ(θ, ω) ≥ v(ω, qp (θ)) − qp (θ)φ(θ, ω). Furthermore, the optimal interior qs in (11) is strictly increasing in ω, whereas qp is a constant over ω, so we have Z Z Vs = [v(ω, qs (θ, ω)) − qs (θ, ω)φ(θ, ω)] f (θ|ω)dθdGω (ω) Ω Θ Z Z > [v(ω, qp (θ)) − qp (θ)φ(θ, ω)] f (θ|ω)dθdGω (ω) Ω Θ " # Z Z θ



v(ω, qp (θ)) − qp (θ)θ −



= Θ×Ω



Z



qp (x)dx dG(θ, ω) θ



"



Z



θ



Eω [v(ω, qp (θ))] − qp (θ)θ −



= Θ×Ω



# qp (x)dx dG(θ, ω) = Vp ,



θ



25



where the last equality follows since v is the only term that depends on ω inside of the integral. Proof of Proposition 3. By the envelope theorem, for qs (θ, ω) > 0, Vθ (θ, ω) = −qs (θ, ω)φθ (θ, ω) < 0; Vω (θ, ω) = vω (ω, qs (θ, ω)) − qs (θ, ω)φω (θ, ω) > 0, where the strict inequalities follow from our assumptions. Then, it is clear that Vs = E[V (θ, ω)] > min(θ,ω) V (θ, ω). Hence, the principal’s payoff from the optimal ex-ante mechanism satisfying the individual rationality including the limited liability is given as ( Vs − U if Vs − U ≤ min(θ,ω) V (θ, ω) − B, α= min(θ,ω) V (θ, ω) − B if Vs − U > min(θ,ω) V (θ, ω) − B. If Vp ≥ min(θ,ω) V (θ, ω) − B, we have min(θ,ω) V (θ, ω) − B < Vs − U for all U < Vs − Vp . If Vp < min(θ,ω) V (θ, ω) − B, we have min(θ,ω) V (θ, ω) − B < Vs − U for some U < Vs − Vp . Proof of Lemma 1.



A direct mechanism consists of measurable functions qb, b t and Sb



where qb : Θ × Ω2 → R+ , b t : Θ × Ω2 → R and Sb : Ω × Θ × Ω → R. If the agent reports (θ, ω), and the manager reports ω 0 , then the principal commits to paying b 0 , θ, ω) to the manager, and the agent produces qb(θ, ω, ω 0 ). b t(θ, ω, ω 0 ) to the agent and S(ω Case 1. Suppose the manager’s contract does not depend on θ. Let’s suppress θ in the b If a direct mechanism (b b is incentive compatible, then for each manger’s contract S. q, b t, S) truthful report of θ ∈ Θ, the following conditions are satisfied for every ω 6= ω 0 ∈ Ω: (i) for the manager, b ω) ≥ S(ω b 0 , ω), S(ω, and (ii) for the agent, b t(θ, ω, ω) − qb(θ, ω, ω)θ ≥ b t(θ, ω 0 , ω) − qb(θ, ω 0 , ω)θ. For any true ω, any report ω 0 can arise as an equilibrium, since the true ω does not appear in the payoff of both players. b Case 2. Suppose the manager’s contract depends on θ. If a direct mechanism (b q, b t, S) is incentive compatible, then for each truthful report of θ ∈ Θ, the following conditions are satisfied for every ω 6= ω 0 ∈ Ω: (i) for the manager, b θ, ω)|ω] ≥ Eθ [S(ω b 0 , θ, ω)|ω], (29) Eθ [S(ω, 26



and (ii) for the agent, it is identical to the one from Case 1. It is sufficient to show that eliciting the quality from both the manager and the agent leads to a continuum of non-truthful equilibria. The manager’s truthful report requires an additional incentive compatibility condition: for each ω ∈ Ω, there exists  > 0 such that for every ω 0 ∈ (ω − , ω + ), b 00 , θ, ω 0 )|ω] ≤ Eθ [S(ω b 0 , θ, ω 0 )|ω] for all ω 00 ∈ Ω and ω 00 6= ω 0 . Eθ [S(ω If not, there exists ω ∈ Ω such that for each  > 0, there exists ω 0 ∈ (ω − , ω + ) such that b 00 , θ, ω 0 )|ω] > Eθ [S(ω b 0 , θ, ω 0 )|ω] for some ω 00 ∈ Ω and ω 00 6= ω 0 . Eθ [S(ω This implies b 00 , θ, ω 0 )|ω 0 ] > Eθ [S(ω b 0 , θ, ω 0 )|ω 0 ] for some ω 00 ∈ Ω and ω 00 6= ω 0 , Eθ [S(ω which is a contradiction with the condition for the manager’s truth-telling of ω 0 from (29). Hence, by the non-relevance of ω in the agent’s payoff, for each ω ∈ Ω, there is a continuum of non-truthful equilibria, (ω 0 , ω 0 ) for ω 0 6= ω. Proof of Lemma 2. Let q > 0. (a) We first show that s(ω, q) is a strictly decreasing function of ω. Any incentive compatible s(ω, q) satisfies that for any ω 0 > ω, s(ω, q)F (p(ω, q)|ω) ≥ s(ω 0 , q)F (p(ω 0 , q)|ω). For q > 0, we have qs (p(ω, q), ω) = q, which guarantees that p(ω, q) is a strictly increasing function of ω.



Suppose that s(ω 0 , q) ≥ s(ω, q).



Then, s(ω, q)F (p(ω, q)|ω) 



s(ω 0 , q)F (p(ω 0 , q)|ω), and we have a contradiction. (b) s(ω, q) is a continuous function of ω. Consider an arbitrary ω and the incentive compatibility (IC) for s(ω, q) satisfies that for any ω 0 6= ω, ( s(ω 0 , q)F (p(ω 0 , q)|ω 0 ) ≥ s(ω, q)F (p(ω, q)|ω 0 ), (30) s(ω, q)F (p(ω, q)|ω) ≥ s(ω 0 , q)F (p(ω 0 , q)|ω). Note that for any ω < ω, s(ω, q) > 0 since s(ω, q) is strictly decreasing, so we may have s(ω, q) = 0 only for ω = ω. (i ) s(ω, q) is continuous at ω. For each ω > ω, the IC in (30) is satisfied. Suppose s(ω, q) is not continuous at ω, so we have s(ω, q) > limω→ ω + s(ω, q). Let ω → ω. In the limit, the first IC becomes lim s(ω, q)F (p(ω, q)|ω) ≥ s(ω, q)F (p(ω, q)|ω),



ω→ ω +
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which is a contradiction. (ii ) s(ω, q) is continuous at ω. For each ω < ω, the IC in (30) is satisfied. Suppose s(ω, q) is not continuous at ω, so we have limω→ ω − s(ω, q) > s(ω, q). We let ω → ω. If s(ω, q) = 0, in the limit, the second IC becomes 0 = s(ω, q)F (p(ω, q)|ω) ≥ lim s(ω, q)F (p(ω, q)|ω) > 0, ω→ ω−



and a contradiction. If s(ω, q) > 0, in the limit, the second IC becomes s(ω, q)F (p(ω, q)|ω) ≥ lim s(ω, q)F (p(ω, q)|ω) ⇔ s(ω, q) ≥ lim s(ω, q), ω→ ω−



ω→ ω−



and a contradiction. (iii ) s(ω, q) is continuous at ω ∈ (ω, ω). For each ω 6= ω 0 ∈ (ω, ω), the IC in (30) is satisfied. We let ω 0 → ω. Then, ( limω0 → ω s(ω 0 , q)F (p(ω, q)|ω) ≥ s(ω, q)F (p(ω, q)|ω), s(ω, q)F (p(ω, q)|ω) ≥ limω0 → ω s(ω 0 , q)F (p(ω, q)|ω) ⇔ lim s(ω 0 , q) ≥ s(ω, q) ≥ lim s(ω 0 , q), 0 0 ω →ω



ω →ω



(c) s(ω, q) is a differentiable function of ω. Consider the IC in (30). For any ω 0 6= ω, (



s(ω 0 , q)F (p(ω 0 , q)|ω 0 ) ≥ s(ω, q)F (p(ω, q)|ω 0 ), s(ω, q)F (p(ω, q)|ω) ≥ s(ω 0 , q)F (p(ω 0 , q)|ω).



( ⇔



s(ω 0 , q)F (p(ω 0 , q)|ω 0 ) − s(ω, q)F (p(ω 0 , q)|ω 0 ) ≥ s(ω, q)F (p(ω, q)|ω 0 ) − s(ω, q)F (p(ω 0 , q)|ω 0 ), s(ω, q)F (p(ω, q)|ω) − s(ω, q)F (p(ω 0 , q)|ω) ≥ s(ω 0 , q)F (p(ω 0 , q)|ω) − s(ω, q)F (p(ω 0 , q)|ω),



which becomes  F (p(ω, q)|ω 0 ) − F (p(ω 0 , q)|ω 0 ) s(ω 0 , q) − s(ω, q)  0 0  s(ω, q), F (p(ω , q)|ω ) ≥ − 0−ω 0 ω ω − ω ⇔ 0 0   − F (p(ω, q)|ω) − F (p(ω , q)|ω) s(ω, q) ≥ s(ω , q) − s(ω, q) F (p(ω 0 , q)|ω). ω − ω0 ω0 − ω In the limit, we have   s(ω 0 , q) − s(ω, q) lim F (p(ω, q)|ω) ≥ −s(ω, q)f (p(ω, q)|ω)pω (ω, q) ω0 → ω ω0 − ω   s(ω 0 , q) − s(ω, q) ≥ lim F (p(ω, q)|ω). ω0 → ω ω0 − ω
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For any ω 0 > ω, we have uω0 (ω 0 , ω 0 , q) = 0, and by the reverse



Proof of Theorem 1.



hazard dominance, φ(p(ω 0 , q), ω 0 ) < φ(p(ω 0 , q), ω). Then, from Lemma 2, 0 = uω0 (ω 0 , ω 0 , q) = −sω (ω 0 , q)f (p(ω 0 , q)|ω 0 ) [vq (ω 0 , q) − φ(p(ω 0 , q), ω 0 )] > −sω (ω 0 , q)f (p(ω 0 , q)|ω 0 ) [vq (ω 0 , q) − φ(p(ω 0 , q), ω)] , which implies that vq (ω 0 , q) − φ(p(ω 0 , q), ω) < 0. Hence, we have uω0 (ω 0 , ω, q) = −sω (ω 0 , q)f (p(ω 0 , q)|ω) [vq (ω 0 , q) − φ(p(ω 0 , q), ω)] < 0. Similarly, one can show that for any ω 0 < ω, uω0 (ω 0 , ω, q) > 0. From (23), we find s(ω, q) more explicitly such that (31)



sω (ω, q) pω (ω, q) ∂[ln s(ω, q)] pω (ω, q) = , or = . s(ω, q) p(ω, q) − vq (ω, q) ∂ω p(ω, q) − vq (ω, q)



Taking the integral of both sides results in Z ω Z ω ∂[ln s(x, q)] pω (x, q) dx = dx, ∂ω ω ω p(x, q) − vq (x, q) which can be rewritten as Z ln s(ω, q) = ln s(ω, q) − ω



ω



pω (x, q) dx. p(x, q) − vq (x, q)



From Z s(ω, q) = s(ω, q) exp ω



ω



 pω (x, q) dx , vq (x, q) − p(x, q)



we can choose s(ω, q) that satisfies Z ω  Z Z pω (x, q) s(ω, q) exp dx F (p(ω, q)|ω)dqdGω (ω) = U − B, Ω Q(ω) ω vq (x, q) − p(x, q) where U − B > 0. Proof of Corollary 2.



Consider selling the project. A direct mechanism consists of



measurable functions q and ti for all i ∈ I such that q(·, ω) : Θ → RN + and ti (·, ω) : Θ → R,
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and agent i’s production is denoted by qi (θ, ω). We denote by (θ−i , ω−i ) type profile of all agents but i, and G−i the the cumulative distribution function for (θ−i , ω−i ) with its support Θ−i × Ω−i ≡ [θ, θ]N −1 × [ω, ω]N −1 . We define Qi : [θ, θ] × [ω, ω] → R+ as Z Qi (θi , ωi ) = qi (θi , ωi , θ−i , ω−i )dG−i (θ−i , ω−i ), Θ−i ×Ω−i



and Ti : [θ, θ] × [ω, ω] → R as Z Ti (θi , ωi ) = ti (θi , ωi , θ−i , ω−i )dG−i (θ−i , ω−i ). Θ−i ×Ω−i



Hence, given agent i’s type (θi , ωi ), Qi (θi , ωi ) is agent i’s expected production, and Ti (θi , ωi ) is agent i’s expected transfer. Thus, agent i’s expected payoff is given as Ui (θi ) = Ti (θi ) − θi Qi (θi ). For each fixed ω, a direct mechanism (q, t1 , t2 , ..., tN ) is incentive compatible if and only if for each i ∈ I: (i) Qi is decreasing in θi , and (ii) for each θi ∈ [θ, θ], Z



θ



Ti (θi , ωi ) = θi Qi (θi , ωi ) + (Ti (θ, ωi ) − θQi (θ, ωi )) +



Qi (x, ωi )dx. θi



An incentive compatible direct mechanism is individually rational if and only if for every i ∈ I, Ti (θ, ωi ) ≥ θQi (θ, ωi ). For any mechanism maximizing the principal’s expected payoff, we have Ti (θ, ωi ) = θQi (θ, ωi ), so Z



θ



Ti (θi , ωi ) = θi Qi (θi , ωi ) +



Qi (x, ωi )dx. θi



Thus, the principal’s total expected payoff is XZ [vi (ωi , qi (θ, ω)) − Qi (θi , ωi )φi (θi , ωi )] dGi (θi , ωi ) i∈I



[θ,θ]×[ω,ω]



Z = Θ×Ω



"



# X V (ωi , q(θ, ω)) − qi (θ, ω)φi (θi , ωi ) dG(θ, ω). i∈I



The first order condition for interior solutions qi > 0 is given as ∂vi (ωi , qi (θ, ω)) = φi (θi , ωi ) for all i. ∂qi It follows that qi depends only on agent i’s own type (θi , ωi ). The remaining procedure is identical to the proof for Theorem 1.
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