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Abstract
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ably broader class of stochastic processes than can be handled by the “first—order, Myersonian,
approach,” which focuses on local incentive compatibility constraints and has become standard
in the literature. Among other things, we characterize the dynamics of optimal allocations when
the agent’s type evolves according to a stationary Markov processes, and show that, provided the
players are sufficiently patient, optimal allocations converge to the efficient ones in the long run.
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1 Introduction

The ideas and tools developed in the mechanism design literature have found applications in a variety
of contexts, including auctions, regulation, taxation, employment, political economy, matching, and
many others. While much of the literature focuses on environments where the agents learn informa-
tion only at a single point in time, and the mechanism makes one-time decisions, many environments
are inherently dynamic. One class of problems that has been of particular interest involves an agent,
or multiple agents, whose private information (as described by their “type”) changes over time and
is serially correlated. Since a sequence of decisions needs to be made, the mechanism must elicit
this information progressively over time.

Solving these dynamic mechanism design problems is often a complicated task, but a common
approach has become popular in the literature on profit-maximizing mechanisms, building on ideas
from static mechanism design (such as Myerson, 1981). This approach focuses on solving a “relaxed
program” which accounts only for certain necessary incentive compatibility conditions, which can
be derived from the requirement that agents do not have an incentive to misreport their types
locally (e.g., by claiming to have a type adjacent to their true type). Of course, the solution to
such a relaxed program need not correspond to an optimal mechanism in the problem of interest; in
particular, some of the ignored incentive compatibility constraints may be violated. Nonetheless, the
standard approach is to choose conditions on the environment (primitives that include, in particular,
the evolution of the agents’ types) that guarantee global incentive compatibility. Unfortunately,
the conditions imposed, typically, have little to do with the economic environment as it is naturally
conceived. One is then left to wonder to what extent qualitative properties of the optimal mechanism
are a consequence of the restrictions that guarantee the validity of the “relaxed approach.”

The present paper takes an alternative route to the characterization of the qualitative features of
optimal dynamic mechanisms. This route yields insights for settings well beyond those for which the
above approach based on the relaxed program applies. The property of optimal mechanisms that
has received perhaps the most attention in the existing literature on dynamic mechanism design is
the property of vanishing distortions; i.e., optimal mechanisms become progressively more efficient
and distortions from efficient allocations eventually vanish. Examples of such work include Besanko
(1985), Battaglini (2005), Pavan, Segal and Toikka (2014), and Bergemann and Strack (2015), among
others. We investigate whether this and other related properties continue to hold in a broad class
of environments for which the familiar “relaxed approach” need not apply.

Our approach is based on identifying “admissible perturbations” to any optimal mechanism.
For any optimal, and hence incentive-compatible and individually-rational, mechanism, we obtain
nearby mechanisms which continue to satisfy all the relevant incentive-compatibility and individual-
rationality constraints. Of course, for the original mechanism to be optimal, the perturbed mech-
anism must not increase the principal’s expected payoff, which yields necessary conditions for op-

timality. These necessary conditions can in turn be translated into the qualitative properties of



interest.

For concreteness, we focus on a canonical procurement model in which the principal (a procurer)
seeks to obtain an input in each period from an agent (the supplier). The (commonly-observed)
quantity of the input is controlled by the agent whose cost for different quantity levels (the agent’s
“type”) is his private information and evolves stochastically over time. An optimal mechanism must
ensure both participation in the mechanism at the initial date (individual rationality), as well as the
truthful revelation of the agent’s information on costs as it evolves (incentive compatibility). We
focus on settings in which the agent’s types are drawn from a finite set in each period, and then
comment (in Section 4) on ways in which the results can be extended to settings with a continuum
of types.

Our main results are along two distinct lines. Our first result pertains to the dynamics of the ex-
ante expectation of the “wedge” between the marginal benefit of additional quantity to the principal
and its marginal cost to the agent. First we show (Proposition 1) that when the process governing
the evolution of the agent’s private information satisfies the property of “Long-run Independence”,
the expected wedge vanishes in the long run. The property of “Long-run Independence” requires that
the agent’s type eventually becomes independent of its realization at the time of contracting, and is
satisfied in most cases of interest considered in the literature. Next, we show that, under additional
assumptions (namely, that types are stochastically ordered and follow a stationary Markov process),
convergence is monotone and from above, i.e., the expected wedges are positive, they decrease over
time and vanish in the long run (Proposition 2). These results hold across a broad range of processes
and preferences, and, in particular, for any discount factor for the players. They are obtained by
considering a particularly simple class of perturbations whereby quantity in a given period is either
increased or decreased by a uniform constant amount that does not depend on the history of the
agent’s types, and then adjusting the payments appropriately to maintain incentive compatibility
and individual rationality.

The above results may be seen as offering guidance on the long-run properties of optimal mech-
anisms when the agent’s initial type is uninformative about the types that will be realized far into
the relationship (mechanisms where expected wedges fail to vanish cannot be optimal). However,
because distortions may in principle be both upwards along some histories of types and downwards
along others, the results leave open the possibility that distortions away from the efficient surplus
persist in the long run (even though the expected wedge between the marginal benefit and marginal
cost of higher quantity vanishes). Our third result (Proposition 3) then provides a sufficient condi-
tion that guarantees distortions (i.e., discrepancies in the per-period surplus relative to the first best)
vanish in the long run, and that the supplied quantities converge in probability to their first-best
levels as the relationship progresses. The condition requires the process governing the evolution of
the agent’s type to be a stationary Markov processes, and the players to be sufficiently patient. We
provide a lower bound on the players’ discount factor, in terms of the other primitives of the model,

for which distortions vanish and quantities converge in probability to the first-best levels. The result



leverages on the fact that, in a discrete-type model, the agent’s loss from misreporting his type in
an efficient mechanism (be it static or dynamic) is bounded away from zero by a constant that does
not depend on the reported type. We also extend these results (Proposition 4) to settings with
an arbitrary discount factor but where the type process is not too persistent. Such stronger results
(about convergence of surplus to the efficient level, in probability) are established through more com-
plex perturbations whereby the putative optimal policies are replaced by a convex combination of
such policies with the efficient ones, with the weights on the efficient policies growing gradually over
time at a rate that guarantees the new policies satisfy all the incentive compatibility constraints.
Importantly, it is worth emphasizing that simpler perturbations that replace the original policies
with the efficient ones at distant dates need not guarantee incentive compatibility at earlier dates.
The proposed perturbations, instead, by introducing slack in incentive compatibility gradually over
time, permit one to eventually replace the original polices with the efficient ones while preserving
incentive compatibility not just in the continuation but also at all earlier dates. However, because
such perturbations increase the agents’ informational rents at earlier periods, the players need to
be sufficiently patient for the benefits of converging to efficiency in the long-run to compensate the
increased rents at earlier dates, which explains why such stronger results require the discount factor
to be above a certain bound (whose value, naturally, is strictly less than one).

The intuition for the above results is somewhat related to the one proposed in the existing
literature based on the “relaxed approach”. The benefit of distorting quantities (or allocations)
away from the efficient levels comes from the fact that such distortions permit the principal to reduce
the information rents that must be left to an agent whose initial cost of producing larger quantities is
low (while also ensuring the participation of those agents whose initial cost is high). In environments
where, at the time of contracting, the agent’s initial type carries little information about the costs of
supplying different quantities in the distant future, such distortions at later periods have less effect on
the rents expected at the time of contracting than distortions introduced earlier on. This simple logic
suggests allocations should converge to the efficient levels over time. The complication with this logic
relates to the fact that the allocations chosen at a given date not only affect the agent’s information
rents as anticipated at the time of contracting (i.e., at the beginning of the relationship) but also the
incentive compatibility of the mechanism at all intermediate dates. In principle, this might motivate
the principal to persist with large distortions in allocations along many realizations of the agent’s
type history (although possibly abandoning distortions in favor of efficiency along others). Explained
differently, there is potentially a role for distortions in the mechanism at dates far in the future in
order to guarantee the incentive compatibility of the mechanism at earlier dates, all the way back
to the beginning of the relationship. This complication is central to the difficulty of characterizing
optimal dynamic mechanisms without resorting to the “relaxed approach” described above, and it has
precluded results establishing vanishing distortions for optimal mechanisms in general environments
(in particular, in environments where the “relaxed approach” cannot be guaranteed to be valid).

In turn, such a difficulty relates to the need to arrive at properties of optimal mechanisms without



knowing which incentive-compatibility and individual-rationality constraints bind at the optimum.

While the focus in this paper is on the long-run properties of optimal mechanisms, our analysis
also yields implications for optimal mechanisms at fixed horizons. For instance, Corollary 1 provides
a bound on the expected distortions in each period in terms of model parameters that, for suffi-
ciently high discount factors, converges linearly to zero (i.e., the bound on distortions is a geometric
sequence). Thus our approach is applicable also to relationships that are not expected to last indef-
initely and our results also provide a conservative bound on the rate at which the allocations under
optimal mechanisms converge to the efficient levels, at arbitrary discount factors.

Understanding the dynamics of distortions under optimal mechanisms may be useful for a variety
of reasons. First, it helps guiding policy interventions in many markets where long-term contracting is
expected to play a major role. Second, such an understanding provides guidance for the actual design
of optimal long-term contracts. In this respect, our results may also be useful in settings where the
choice of the mechanism is restricted. For example, the principal may be required to restrict attention
to mechanisms in which the outcome at any date depends only on a limited number of past reports,
as is often assumed in the optimal taxation literature (see, for example, Farhi and Werning (2013),
Golosov et al (2016), and Makris and Pavan (2017), for a discussion of such restrictions). Provided
that the proposed perturbations to mechanisms within the restricted class preserve the properties
defining the class (e.g., respect the relevant measurability constraints), the approach developed in
the present paper can yield predictions also about the dynamics of distortions for such restricted

mechanisms.

Outline. The rest of the paper is organized as follows. Below we wrap up the Introduction with
a brief discussion of the most pertinent literature. Section 2 describes the model. Section 3 contains
the results about the long-run dynamics of distortions under optimal contracts. Section 4 discusses
the case with a continuum of types. Section 5 offers a few concluding remarks. All formal proofs are

in the Appendix at the end of the document.

1.1 Related Literature

The literature on dynamic contracts and mechanism design is too broad to be described concisely
here. We refer the reader to Bergemann and Pavan (2015), Pavan (2017), and Bergemann and
Valiméki (2017) for overviews. Here, we focus on the most closely related work.

As mentioned above, the approach followed in the dynamic mechanism design literature to arrive
at a characterization of properties of optimal contracts in environments with evolving private infor-
mation is the so-called “relaxed,” or “first-order” approach, whereby global incentive-compatibility

constraints are replaced by certain local incentive-compatibility constraints. In quasilinear environ-

'For example, when the relevant measurability constraints require the policies to depend only on current reports,
the perturbations considered in the present paper guarantee that the perturbed policies continue to satisfy the relevant

measurability constraints.



ments, this approach yields a convenient representation of the principal’s objective as “dynamic vir-
tual surplus”. The latter combines the true intertemporal total surplus with time-evolving handicaps
that capture the costs to the principal of leaving information rents to the agents. Such handicaps in
turn combine properties of the agents’ payoffs with properties of the process controlling the evolution
of the agents’ private information. Under the relaxed approach, optimal contracts are then identified
by first maximizing dynamic virtual surplus over all allocation rules, including those that need not be
incentive compatible, and then finding primitive conditions (on payoffs and type processes) guaran-
teeing that the policies that solve the relaxed program satisfy all the omitted incentive-compatibility
and participation constraints. Establishing the validity of the relaxed approach involves verifying
that the policies that solve the relaxed program are sufficiently monotone, in a sense that accounts
for the time-varying nature of the agents’ private information and the multi-dimensionality of the
decisions taken under the mechanism. FEarlier contributions using the relaxed approach include
Baron and Besanko (1984), Besanko (1985), and Riordan and Sappington (1987). For more recent
contributions, see, among others, Courty and Li (2000), Battaglini (2005), Es6 and Szentes (2007),
Board (2007), and Kakade et al. (2013). Pavan, Segal, and Toikka (2014) summarize most of these
contributions and extend them to a general dynamic contracting setting with a continuum of types,
multiple agents, and arbitrary time horizon.

The cornerstone of the “relaxed approach” is a dynamic envelope formula that describes the
response of each agent’s equilibrium payoff to the arrival of new private information. The formula
combines the familiar direct effect of the agent’s type on the agent’s utility with novel effects that
originate from the fact that the marginal information the agent receives in each period is also in-
formative of the information the agent expects to receive in the future. Such novel effects can be
summarized in impulse response functions describing how a change in the current type propagates
throughout the entire type process. In Markov environments, the aforementioned dynamic envelope
formula, when paired with appropriate monotonicity conditions on the allocation rule, provides a
complete characterization of incentive compatibility (see Section 4 for a brief overview of these con-
ditions in settings where the process governing the agents’ type can be described by a collection of
continuous conditional distributions).

Two recent papers that go beyond the “relaxed approach” are Garrett and Pavan (2015) and
Battaglini and Lamba (2017). The first paper uses variational arguments to identify certain prop-
erties of optimal contracts in a two-period managerial compensation model. That paper focuses on
the interaction between risk aversion and the persistence of the agent’s private information for the
dynamics of wedges under profit-maximizing contracts. Relative to that paper, the contribution of
the present work is the identification of key properties that are responsible for the long-run dynamics
of allocations under profit-maximizing contracts. Apart from permitting longer horizons, we study

here a much broader class of stochastic processes for types.? More importantly, none of the results

2The earlier paper considers a two-period setting with continuous types, where the second-period type is determined

by a linear function of the initial type and a random “shock” that is independent of the initial type.



in the present paper about the convergence of allocations (either in expectation or in probability)
to the first-best levels has any counterpart in Garrett and Pavan (2015). The key methodological
advance that permits these convergence results is the identification of a novel class of perturbations
to proposed optimal allocations that preserve incentive compatibility. As mentioned above, such
perturbations involve linear combinations of the putative optimal and efficient policies, with the
weight on the efficient policies increasing gradually over time from the beginning of the relationship
at a rate that guarantees incentive compatibility.

In a model with finitely many types, Battaglini and Lamba (2017) show that, with more than
two types, the “relaxed” or “first-order” approach typically yields policies that fail to satisfy the
intertemporal monotonicity conditions necessary for global incentive compatibility. In particular,
one of the key insights of that paper is in showing that monotonicity is violated when the process
governing the evolution of the agents’ private information is highly persistent. They consider a
setting where the agent’s private information is drawn from a continuous-time but finite Markov
process, and where the principal and the agent meet at discrete intervals. For generic transitions, as
the length of the intervals vanishes, the policies that solve the relaxed program violate at least one
of the ignored incentive-compatibility constraints. In a fully-solved two-period-three-type example,
they show that the optimal dynamic mechanism can exhibit bunching.

Battaglini and Lamba (2017) also seek results on convergence to efficiency. They focus on mecha-
nisms whose allocations are restricted to be “strongly monotone.” By this, it is meant that an agent
who experiences a history of higher types receives a (weakly) larger allocation in each period (in their
monopolistic screening model, higher types have a higher preference for additional quantities). They
show that optimal “strongly monotone mechanisms” involve allocations that are always (weakly)
downward distorted and converge in probability to the efficient ones with time. The key observation
is that, when allocations are restricted to be strongly monotone, the optimal such allocations must
be efficient at and after any date at which the agent’s type assumes its highest value. The result then
follows because the probability that the agent’s type has not yet assumed its highest value vanishes
(under their full-support assumption) with time. Unfortunately, optimal dynamic allocations need
not be strongly monotone. One possible justification for considering strongly monotone mechanisms,
as offered by Battaglini and Lamba (2017), is that strongly monotone mechanisms approximate the
discounted average payoffs under optimal mechanisms as the players become infinitely patient. Note,
however, that this does not imply distortions vanish with time under fully optimal mechanisms. The
distortions in the distant future may remain large and serve the purpose of guaranteeing incentive
compatibility at earlier dates, despite having a negligible (but not zero) effect on the expected welfare
in the relationship. Understanding how allocations (not only payoffs) behave under fully optimal
mechanisms can be important for an empiricist interested in testing the implications of dynamic
contracting from a long time series.

Our results thus differ from those in Battaglini and Lamba (2017) in various important dimen-

sions. First, we focus on the dynamics of distortions under fully optimal contracts, as opposed to



restricted ones. Second, our results are provided for fized discount factors, and do not require con-
sidering the limit of infinite patience. Third, some implications of our analysis do not depend on
the discount factor. In particular, our predictions in Section 3.2 for the dynamics of the expected
“wedges” do not depend on the discount factor. Likewise, the bounds on distortions we identify in
Section 3.3 (Corollary 1) hold for all discount factors and our results in Proposition 4 about vanishing

distortions in the long run are valid for all discount factors.

2 The Model

Consider the following procurement problem. The principal is a procurer of an input (say a manu-
facturer), while the agent is a supplier. Their relationship lasts for 7' € NU {400} periods. Time is
discrete and indexed by t =1,2,...,T.

The principal needs to procure a strictly positive quantity of the input in every period. Failure to
do so results in the worst possible payoff for the principal (for instance, one may assume the principal’s
payoff from this event is equal to —oo). This assumption, along with other Inada conditions described
above, guarantees the solution to the principal’s problem is interior at all histories, thus avoiding
complications stemming from corner solutions.

At each period, the agent can produce the good in variable quantity ¢; € (0,q), with ¢ € Ry .
The principal’s payoff is quasi-linear in transfers. Her gross per-period benefit from procuring ¢; units
of the good is given by B(q;), where the function B : (0,7) — R is twice continuously differentiable,
strictly increasing, strictly concave, and satisfies the Inada condition lim,_ B (¢) = —oc.

The agent’s per-period payoff is also quasi-linear in transfers, with the per-period cost of produc-
ing the input in quantity ¢; given by the function C (g, ht), where h; is the agent’s period-t “type”,
and where

C(qt, ht) = heqr + c(qt), (1)

with ¢(-) twice continuously differentiable, strictly increasing, strictly convex, and satisfying the
Inada condition limy—,5 ¢ (¢) = +00. That the agent’s cost is linear in types facilitates the exposition.
In particular, it guarantees that the optimal mechanism is deterministic. In Proposition 5, however,
we extend the results about vanishing distortions to more general cost functions.

The agent’s types h; are drawn from a finite set © = {61,...,0x}, with0 < 0 < --- < Oy < 400,
N > 2, and Af = 6y — 01 (in Section 4, we discuss the case where the agent’s types are drawn from
absolutely continuous distributions with compact support © = [Q, ﬂ, with 6 > 0).

Both the principal and the agent have expected-utility preferences over lotteries over streams
of quantities and payments and their Bernoulli utility functions take the familiar time-additively-

separable form

UP = Zét_l(B(qt) —p) and UA= Z5t—1(pt = C(qt, he)),
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where p; is the total payment from the principal to the agent in period ¢, and § € (0, 1] is the common
discount factor (with § < 1 in case T' = +00).

The process governing the evolution of the agent’s type is described by the collection of ker-
nels (aka conditional probabilities) F' = (F}). Let ht = (hs,...,hy), ht = (hy,...,ht) and hl | =
(h1,...,hs—1,hst1,...,ht). The function F; denotes the cumulative distribution function from which
hy is drawn while, for all ¢t > 2, Fy(- | htfl) denotes the cumulative distribution function from which

hs is drawn, given h*~!. In particular, for each n € {1,..., N}, each h!~! € @'~}
=> fi(0;) and F(6,|n"") th (6;|h*1)
i=1

where, fori € {1,..., N}, fi (6;) denotes the probability the agent’s initial type is 6;, while f; (6;|h'~1)
denotes the probability his period-t type is 6;, following history h'~!. We assume the process cor-
responding to the kernels F' has full support, meaning that, for all i, ¢, and h'=!, f; (6;) > 0 and
It (91-|ht_1) > 0.

The sequence of events is the following:
e At t =0, the agent privately learns h;.

e At t = 1, the principal offers a mechanism ¢ = (M, @), where M = (M,)L; is a collection of
message spaces, one for each period, and ¢ = (¢(-))._; is a collection of mappings from such

spaces to payments and output levels. In particular, for each ¢, the mapping

dr: My X x My — Rx(0,q),

specifies a payment-quantity pair for each possible profile of messages m! = (mq,...,m;) €

My x -+ x My sent by the agent up to period ¢ included. A mechanism is thus equivalent
to a menu of long-term contracts. If the agent refuses to participate in ¢, the game ends.
As explained above, this is taken to be the worst possible outcome for the principal. In this
case, the agent earns a payoff equal to zero. If, instead, the agent accepts to participate in
©, he is then committed to produce a strictly positive quantity in every period, the level of
which depends on the agent’s reports. In particular, in period one, the choice of the message

my € M translates into the obligation to supply a quantity ¢;(m1) in exchange of a payment

p1(m1) .

e At the beginning of each period t > 2, the agent privately learns his period-t type, h;. Provided
the agent accepted to participate at ¢ = 1, he then sends a new message m; € My, is asked to

supply a quantity q;(m!), receives a payment p;(m!), and the game moves to period ¢ + 1.

e At t =T +1 (in case T is finite), the game ends.



Remark. As standard in the literature on dynamic mechanism design, the game described above
assumes the principal perfectly commits to the mechanism . It also assumes that, at any period
t > 2, the agent is constrained to stay in the relationship if he signed the contract in period one.
When the agent has deep pockets, there are simple ways to distribute the payments over time that
guarantee that it is in the agent’s interest to remain in the relationship at all periods, irrespective of
what he did in the past.

The principal’s problem consists in designing a mechanism that maximizes her ex-ante expected
payoff. Because the principal can commit, the Revelation Principle applies.® Without loss of opti-
mality, one can restrict attention to direct mechanisms in which M; = © for all ¢ and that induce
the agent to report truthfully at all periods, conditional on having reported truthfully in the past.
Because the message space is fixed across all such mechanisms, hereafter we economize on notation
and identify a direct mechanism with the associated policies ¥ = (q,p), where q = (qt(‘));f:l and
p= (pt(-))le, with ¢, : ©' — (0,7) and p; : ©8 - R, t > 1.

Let o denote an arbitrary reporting strategy for the agent in 1) and q? and p? the quantity and
transfer policy induced by the strategy o in 1.

For any 1, let

pr(ht;ﬁt_l) =E

éas—t (ps (/%t—l, B;f) _C (qs (if—l, Bg) h)) yht]

denote the agent’s expected continuation payoff from date ¢ onwards, when the realized sequence of
types up to period ¢ is A, the agent reported the sequence of types ht=1in previous periods, and the
agent reports truthfully from date ¢ onwards. Then let Vtw(ht) = V;w(ht; ht=1) denote the agent’s
continuation payoff at a generic truthful history, i.e., when past reports coincide with the true types
(throughout, hatted variables represent reports, while random variables are denoted with tildes.)
The principal selects the mechanism 1 from the set ¥ of individually-rational and incentive-
compatible mechanisms. Formally, a mechanism belongs in W if and only if it satisfies the individual-

rationality constraints (in short, IR)
V¥ (hy) >0 forall hy €O, (2)
and the incentive-compatibility constraints (in short, I1C)

(Vi) = |3 (o7 (1) =0 (af () ) | 3)

t>1

for all possible reporting strategies o. Condition (2) requires that the agent prefers to participate

in period one and report truthfully in each period, rather than not participating and receiving the

3See, among others, Myerson (1981).



payoff associated with his outside option (zero). Condition (3) requires that the agent prefers to
follow a truthful reporting strategy rather than any other reporting strategy o.*

The principal’s problem thus consists of maximizing

> (5 a (1)) - (1)) @

by choice of ¢ € U. We refer to a mechanism v that maximizes (4) over ¥ as an optimal mechanism.

E

3 Robust predictions

3.1 Preliminary properties of optimal mechanisms

We start by establishing a few preliminary properties of optimal mechanisms, starting with the
optimality of deterministic policies. As usual, quasi-linearity of payoffs in transfers implies that
deterministic payments are without loss of optimality. Perhaps less obvious is the property that
optimal mechanisms involve a deterministic provision of quantity at all histories. Note that, because
the optimal mechanism need not coincide with the solution to the relaxed program (i.e., the various
dynamic monotonicity constraints on the output schedules may bind at the optimum), the optimality
of deterministic mechanisms does not follow from the arguments in Strausz (2006). To see that
deterministic policies are optimal, note that, in this environment, a stochastic output policy would
stipulate, for any sequence of reports h' € O, and past quantity realizations ¢*~! € (O,Q)t_l,
a probability distribution g (ht,qt_l) on the interval of quantities (0,q), with (ht,qt_l) (q) =
Pr (¢ < q) denoting the probability that the realized quantity is in (0, q). After receiving the agent’s
period-t report, the mechanism would draw a quantity according to the probability distribution
Lo (ht, qtfl), which the agent would then be compelled to produce. Note that the linearity of the
cost function in the agent’s type implies that, for any probability distribution g (ht, qt_l), any 7 and
Js
B, (ht qt-1) [C (G, 0:) — C(q,05)] = C (Bpy, nt -1y ) 05) — C (Bt qt-1y 1], 05) -

Hence, if the proposed stochastic mechanism is IR and IC and calls for a non-degenerate distribution
over quantities p¢ (h',q"~') at history h’, the mechanism that coincides with the proposed mechanism
at all histories other than (ht, qtfl) and that, at history (ht, qtfl), calls for a deterministic quantity
E,, (nt,g-1) [d] and pays the agent

pe(h,q" ™) = {E i g1 € (D] = € (Epy e g1y (@) }
is also IR and IC and gives the agent the same expected payoff (at all histories) as the original

mechanism. Because of the concavity of B (-), the principal’s expected payoff is higher under the

new mechanism, thus establishing the optimality of deterministic mechanisms.

4The condition in (3) is an ex-ante (i.e., period-0) incentive-compatibility condition. However, because of the
assumption of full support, (3) holds if and only if incentive compatibility holds at all period-¢ truthful histories (that
is, at all histories (h!, h*™') such that A'~! = A*~1), all ¢ > 0.
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The second property pertains to the distribution of payments over time. Because both the
principal’s and the agent’s payoffs are linear in transfers (and because the players are equally patient),
continuation payoffs at any date ¢ depend on the sum of discounted future payments, but not on the

precise timing of these payments. This observation leads to the following result:

Lemma 1. For any mechanism 1 € W, there ewists a mechanism ' € U yielding the principal a
payoff at least as large as ¥ and such that, for allt > 2 , all K~ € 1,

E v (0) 1] =o. (5)
Furthermore, in any mechanism satisfying Condition (5), for all t > 2, all h* € O,

o1 (1) = © (g0 (W) )| < 225 (6)

Finally, any optimal mechanism satisfying Condition (5), allt > 2, all ht € ©1, is such that Condition
(6) holds also fort = 1.

The first part of the result states that there is no loss for the principal in restricting attention to
mechanisms in which, when the agent follows a truthful reporting strategy, his expected continuation
payoff in the subsequent period is always equal to zero. This property follows directly from the
possibility of shifting the payments over time in a way that preserves the agent’s incentives.

The second part of the result can then be read as a bound on the agent’s flow payoff at any history
ht. This follows from combining the first part of the lemma with the agent’s incentive compatibility
constraints. Note that the right-hand side of (6) is the maximal difference in the expected net
present value of the costs of producing any stream of quantities across any two types. Hence, when
continuation payoffs satisfy Condition (5), flow payoffs must satisfy Condition (6) (otherwise, there is
some date t and type hj such that an agent with period-t type equal to h} has a profitable deviation
of claiming to be of type h; at period ¢, and then continuing making reports at later dates that
mimick the distribution of type h;’s reports under truthful reporting).

Below, we use these properties to establish several results, including the existence of an optimal

mechanism as stated in the next lemma.

Lemma 2. An optimal mechanism * = (q*, p*) exists. Furthermore, any optimal mechanism has

the same allocation rule q*.

Given that payoffs are quasi-linear in transfers, the indeterminacy of the optimal payment rules p*
is to be expected. That, instead, the optimal allocation rule q* is unique follows from the convexity
of the agent’s cost function C (-, h) for each type h € ©, along with the concavity of the principal’s
gross payoff B (-).
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3.2 Convergence of wedges in expectation

We are now ready to state our first main result.

Condition 1. [Long-run Independence| Suppose 7' = +oo. The dependence of the date-t

distribution on the date-1 types vanishes in the long run, in the following sense:

lim max ‘Pr (fzt < ht|h1) —Pr (Et < ht\h’l)) =0.
t—00 hy,h],ht€©

The property in Condition “Long-run Independence” thus captures the idea that, eventually, the
agent’s initial type becomes uninformative about the agent’s later types. Note that this condition
trivially holds when the agent’s type evolves according to an irreducible aperiodic Markov chain, as
typically assumed in the literature.

The next result identifies robust predictions for the dynamics of the ex-ante expected distortions.
To understand the result, note that efficiency requires that, at any history h* € ©!, output be equal
to the level ¢% (hy) given by the unique solution to

B’ (q" (hs)) = Cq (4" (hs) s he) , (7)

where Cj (g¢, ht) denotes the partial derivative of the agent’s total cost with respect to period-t output
when his period-t¢ type is h¢, and is equal to Cy (g¢, ht) = hy + ¢ (¢:) when the agent’s cost takes the

linear form in (1).
Proposition 1. Suppose T' = +o0o and Condition “Long-run Independence” holds.

1. The optimal mechanism satisfies
E [B’ (qf (fbt» - Cy <q£‘ (iLt) ,Bt)} — 0ast— oo. (8)

2. If distortions are always downwards (i.e., B’ (q;‘ (ht)) - Cy (qz‘ (ht) ,ht) > 0 for all t, all ht),

or if distortions are always upwards (i.e., the above inequality is reversed at all t, all ht), then

i (1) -0 a (v) )] 2[5 (0 (1)) - (0 (3).5] e+, 1

and hence g} (ht) converges in probability to q¥ (h). That is, for any n > 0,
i () = o (i) | > n) =0

Part 1 of the proposition states that the ex-ante expected “wedge” between the marginal benefit to

lim Pr (
t—o00

the principal and the marginal cost to the agent of higher output (to borrow a term from the dynamic
public finance literature) vanishes as the relationship progresses. As explained in the Introduction,
the result is established by considering a certain class of perturbations to any putative optimal

mechanism ¥* in which the ex-ante expected wedge fails to vanish. In particular, the perturbations
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consist in increasing (alternatively, decreasing) by a fixed amount the quantity supplied at dates ¢
long after the relationship has commenced and at which the ex-ante expected wedge remains away
from zero. Because the perturbation in quantity is by a uniform constant (that is, it is uniform
over all reported histories h'), appropriate adjustments to the agent’s payments can be found that
ensure that the new mechanism is in ¥ (i.e., it is individually rational and incentive compatible).
Ensuring participation, i.e. the satisfaction of the constraints in (2), may require leaving the agent
with additional expected rents. However, Condition “Long-run Independence” guarantees that
such additional rents are small if the period ¢ at which the perturbation takes place is far in the
future, since the agent has little relevant private information about his period-t type at the time
of contracting. Thus, when ¢ is sufficiently large, irrespective of the discount factor, the proposed
perturbations increase ex-ante expected surplus more than they increase the agent’s expected rents,
and thus increase the principal’s payoff. This would contradict the optimality of the proposed
mechanism implying that, under optimal mechanisms, ex-ante expected wedges must vanish in the
long run.

Importantly, note that the convergence of ex-ante expected wedges to zero, by itself, need not
imply that the surplus from the relationship converges to the efficient level over time. In particular,
a pattern of allocations such that quantities are upward distorted along some histories but downward
distorted along others is not inconsistent with Part 1 of Proposition 1. While downward distortions
have been shown to be a fairly robust feature of policies solving the “relaxed approach,” they need
not be a robust feature of optimal mechanisms in general settings where the validity of the relaxed
approach cannot be taken for granted. The main difficulty in establishing whether distortions are
always downwards lies in the difficulty of discerning which incentive-compatibility and individual-
rationality constraints bind (see, for example, the discussion in Section 6 of Battaglini and Lamba
(2017) of the challenges in establishing which incentive-compatibility constraints bind in a simple
two-period setting with three possible types®). Part 2 of the proposition then establishes that, if
the direction of distortions was known to always be either upwards or downwards (this knowledge
may be a consequence of additional structure assumed in the model), then one could conclude that
necessarily distortions would vanish in the long-run, not just in expectations, but in probability.
This is because, when distortions are always of the same sign, failure of total surplus to converge to
the efficient level cannot be consistent with convergence of the expected wedges, thus implying the
result.

The result in the proposition does not require any assumption on the process governing the
evolution of the agent’s type other than “Long-run Independence.” In environments where there is
additional structure on the evolution of the agent’s private information, sharper predictions on the

dynamics of expected wedges are possible, as we show next.

SThat paper assumes that types are dynamically ordered by FOSD, in which case the individual-rationality con-

straints always bind at the extreme of the type support.
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Condition 2. [FOSD] Kernels are stochastically ordered by previous realizations: For any ¢, any
W1 Rl e @1 such that A1 > A1, any hy € O, F, (htmt—l) < Fy (hyAt1).

Condition “FOSD” requires that the history of the agent’s types up to any date t stochastically
orders the period-t distributions. Such assumption is commonly made in the literature and implies
that a type’s static comparative advantage vis-a-vis another type also brings a dynamic advantage.

Another assumption often encountered in the literature is the following:

Condition 3. [Markov]| The process F is a time-homogeneous first-order Markov chain: In par-
ticular for any s,t > 2, any h' and h® such that (hy_1, hs) = (hs_1, hs), F} (ht|ht*1) = F, (hs|h5*1).

Under the full support assumption (a transition to each of the IV states has strictly positive prob-
ability after all histories), Condition “Markov” implies that the process is aperiodic and irreducible
and hence has a unique steady state (or “ergodic”) distribution. One can then associate the Markov
transitions with an N x N matrix A, whose generic element A;; denotes the probability of moving
from type i to type j in one period. A further possible restriction on the process is then that the

initial distribution coincides with the ergodic:

Condition 4. [Stationary Markov| The process F' is a first-order Markov process whose initial
distribution F} coincides with the ergodic distribution for the time-homogeneous Markov transitions

associated with F'.

The next result identifies additional robust predictions that are implications of the above as-

sumptions.

Proposition 2. 1. Suppose Condition “FOSD” holds. Then, irrespective of whether T is finite

or infinite, the expected wedge

=[5 (o (4)) o 1) ) o
is non-negative for any t > 1.

2. 1If, in addition to Condition “FOSD”, Condition “Stationary Markov” also holds, the expected
wedge (10) is decreasing in t.

3. Hence, if T = 400 and Conditions “FOSD” and “Stationary Markov” hold, the convergence

of the expected wedges to zero is from above and monotone in time.

For processes satisfying Condition “FOSD”, it is fairly straightforward to see that the participa-
tion constraint in (2) binds uniquely at the least efficient period-1 type, 0y, (a similar observation
has been made in other works, although typically by envelope-type arguments, as, e.g., in Pavan,
Segal and Toikka (2014)). To appreciate the result in part 1 in the proposition, note that if the

expected wedge (10) were strictly negative at some date ¢, one could reduce the quantity at date
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t by a uniform constant, while adjusting payments to ensure incentive compatibility and that the
participation constraint (2) continues to bind at fy. The perturbation would increase ex-ante ex-
pected surplus. Furthermore, because the initial type 0y expects the greatest cost reduction from
the change in the quantity schedule and the new mechanism leaves the initial type 6 with the same
expected rent (zero) as the original mechanism, under the new mechanism, the expected rent for any
initial type below 6y is lower than under the original mechanism. Hence, profits are unambiguously
higher under the new mechanism, which would contradict the optimality of the proposed policies.

Next, consider part 2 in the proposition. That, for stationary Markov processes, the expected
wedge (10) decreases monotonically with time follows from the fact that, for such processes, the initial
types become progressively less informative about the distribution of the later types. Increases in
quantity at later dates thus have progressively smaller effect on the agent’s expected rents. When
coupled with the result that expected wedges are positive at all histories, this latter property implies
that expected output must increase, on average, with time under optimal mechanisms, for, otherwise,
the principal could transfer output from earlier to later dates in a way that preserves surplus while
reducing the agent’s rents, thus contradicting the optimality of the putative policies.

The result in part 3 then follows directly from the above properties along with the result in

Proposition 1.

3.3 Convergence of policies in probability

The results above establish that distortions (or, more precisely, “wedges”) vanish in expectation for a
large class of processes (those satisfying Condition “Long-run Independence”). As discussed above,
these results, however, draw no conclusions regarding the long-run efficiency of the relationship,
except when coupled with additional (exogenous) information on the direction of the distortions.
Below, we identify primitive conditions that guarantee convergence (in probability) of the allocations
under optimal contracts to their efficient counterparts. Throughout, we assume Condition “Markov”
holds, although we expect that arguments similar to the ones below can be used to establish that
the same results extend to non-Markov finite-state processes provided that such processes are not
too persistent, in the sense of Proposition 4. Notice that while Condition “Long-run Independence”
is implied by Condition “Markov,” the results below do not impose either Condition “FOSD,” or
Condition “Stationary Markov.” Rather, the important economic restriction is that the players are
sufficiently patient.

Let A denote the transition matrix associated with the time-autonomous Markov process and
define

a= min A
i,5€{1,....,N}

Since each A;; is strictly positive, @ > 0. Note that the value of « is related to the persistence of

the process: for larger values of «, the process cannot be too persistent, since the probability of
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transiting from any state ¢ to any other state j is bounded from below by «. In addition, let

N
b= 291
i=1
and
K= min {B (qE (91)) -C (qE (6:) ’92') - (B (qE (ej)) -C (qE (93') ’ei))} :

i,je{l,....N}s.t.i#j

(11)

Note that x > 0 is the smallest loss in total surplus due to some type 0; supplying the efficient
quantity for some other type 6;, j # i. Next, let

2Gb—k+2Kka
0 otherwise

6=

{ 2=k p e < 9gh 12)

Note that § is decreasing in x and « and increasing in b and G (a brief explanation is provided below).

Proposition 3. Suppose T' = 400 and the process F' satisfies Condition “Markov.” Then, for all
5 e (5,1),

i () - (1)) 2[5 (¢ () - (¢ () &) oot . 19

Hence, the quantity supplied at date t under an optimal mechanism, qf (ht), converges in probability

to the efficient quantity q¥ (hy).

The proof of Proposition 3 in the Appendix shows that if a mechanism (q*, p*) in ¥ violates
the convergence property in Condition (13), then one can identify a “perturbation” of (g*, p*) that
yields the principal a strictly higher payoff. A naive attempt at such a construction might involve
a switch at some date long after the relationship has commenced to a fully efficient policy (with
allocation ¢% (-) as given in (7)). Intuitively, one may conjecture that such a mechanism increases
the expected surplus from the relationship at a negligible cost in terms of additional rents to the
agent at the time of contracting (i.e., at date 1); after all, if the perturbation occurs far in the future,
the agent is poorly informed about his types at the time of the perturbation implying that the effect
of such perturbation on his informational rent should be negligible.

The problem with such a naive approach is that it does not account for the effect of the pertur-
bation on the agent’s incentive constraints prior to the switch to the efficient policy. In particular,
it does not account for the fact that the original mechanism (q*, p*) might have induced truthful
reporting at early dates precisely because of distortions away from the efficient allocation in the

distant future.
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As anticipated in the Introduction, the proof in the Appendix overcomes such difficulty by con-
sidering a more complex class of perturbations whereby the efficient allocations are approached
gradually over time. We show that, provided the rate of convergence is chosen appropriately, such
perturbations can be constructed to guarantee that the perturbed mechanism continues to reside in
U (that is, is IR and IC).

A first observation is that, in a setting with time-additively separable payoffs and Markov pro-
cesses, the sub-optimality of one-stage deviations from truth-telling at all histories implies incentive
compatibility. A second observation is that a static mechanism that prescribes an efficient allocation
q” (hy) along with a payment

p" (he) = B (¢" (ht)) (14)
guarantees that the agent’s incentive-compatibility constraints are satisfied as strict inequalities, with
slack that is bounded away from zero by the amount x defined in (11). In turn, such observation
implies that, if the original mechanism (q*, p*) is IC, then there exists a mechanism (g, p) in which

the output policy is given by
¢ (h*) = 7a" (he) + (1L =) g7 (n)

for all ¢, all A!, in which the agent’s incentive-compatibility constraints hold strictly at all histories,
and where the agent’s loss from deviating from truth-telling is at least ~yk.

The above observations also imply existence of incentive-compatible mechanisms that place in-
creasing weight on the efficient policy, i.e. such that ¢ (ht) = vq? (he) + (1 —v) ¢ (ht) for all ¢, all
ht, for some increasing sequence of scalars (y;);o,. Furthermore, the sequence (y;);2; can be chosen
so that the perturbed mechanism becomes fully efficient, i.e. v = 1, after any period ¢ where the
allocation in (q*, p*) is distorted. Note, however, that, for the perturbed mechanism to be incentive
compatible, it is essential that the allocations be perturbed also in earlier periods, i.e., at s < t. In
particular, it may be necessary to start the adjustments directly in period one by setting vy; > 0.
Since, from the perspective of the time of contracting, the agent is relatively well informed about
his type early in the relationship, such adjustments may necessitate leaving the agent with addi-
tional rents to guarantee participation, and these additional rents are larger, the larger are ~, for
small ¢. Whether the gains in surplus can be guaranteed to exceed the increase in additional rents
then depends on the primitives of the problem, the dates and size of the distortions in the original
mechanism (q*, p*), and the weights assigned by the perturbed mechanism to the efficient output
policy early in the relationship. The key difficulty in establishing the proposition comes precisely
from the need to relate the lower bounds on the weights -5 to the efficient policies at periods s < t
that guarantee incentive compatibility of the perturbed mechanism to the upper bounds on the same
weights that guarantee the profitability of the proposed perturbation.

When the players are sufficiently patient, namely when & > §, with & as given in (12), the size
of distortions in (q*, p*) that are necessary for one to be able to find a perturbation along the lines

indicated above that improves upon (q*, p*) shrink with the date at which such distortions occur,
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which is precisely what allows us to establish the convergence result in Proposition 3. Intuitively,
because the perturbations may involve an increase in the agent’s rents from the very early periods
and an increase in total surplus only in the distant feature, players need to be sufficiently patient
for such perturbations to be profitable. We will come back to the dependence of the threshold ¢ on
the primitive parameters momentarily. Before we do so, we highlight that the same arguments that
establish Proposition 3 above also imply that distortions under optimal contracts must be bounded
at any date, for else perturbations along the lines indicated above exist yielding a strictly higher
payoff to the principal. Furthermore, such bounds can be established for any degree of patience.
The following Corollary summarizes the above observations and is a direct implication of the proof

of Proposition 3 in the Appendix:

Corollary 1. Suppose the process F satisfies Condition “Markov.” (The horizon length T may be

finite or infinite.) Let A = #I’_m). Then, for any date t, and any 6 € [0,1] :

8 (0" () - (o (i) )] - [ st (1)) - (o (#) 1)) < 525

When § € (5, 1), 0+ 55 > 1, and hence the above bounds decrease monotonically with t and vanish

in the long run.

Note that, in certain environments, the bounds in the above corollary need not be sharp. However,
when coupled with the assumption that players are sufficiently patient (namely, that § € (5, 1)), the
above bounds imply that convergence of the output policies to the efficient level cannot occur too
slowly: distortions must decline with ¢ at least at a geometric rate, whose value (5 + %)til can be
easily related to the various parameters of the model.

Next, consider the dependence of the patience threshold ¢ on the primitive parameters. First,
note that the threshold § can be reduced if the sequence (7¢)p2; can be taken to increase more quickly
(while still rendering an incentive-compatible and individually-rational perturbed mechanism). We
can then observe that, as k increases, the amount of slack in the incentive constraints of an (ap-
propriately chosen) efficient mechanism increases, which permits (y);; to increase more quickly
(that is, less weight 4, must be placed on the efficient mechanism at early periods). In turn, this
reduces the rents granted to the agent to ensure participation and hence the critical level of patience
§ guaranteeing the profitability of the above perturbations. The same is true as a increases, or as b
or ¢ are reduced.

Related to the dependence of § on the persistence parameter «, one might naturally expect the
convergence in (13) to occur for any fized discount factor § when the persistence of the process is

sufficiently small. We formalize this idea in the following result.

Proposition 4. Suppose T = +oo and F satisfies Condition “Markov”.  For any 6 € (0,1),
there exists € (0) > 0 such that the following is true. If, for all t > 2, all (ht,l,hg_l,ht) € 03,
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| fe (helhi—1) = fe (he|Ri_y)| < €(6), then
00 (59)) -0 i 5)-) ~2[86° ()~ (¢ () )] o

The proof of Proposition 4 is similar to that of Proposition 3 and involves many of the same steps.
The key difference is that the lack of persistence of the agent’s types (i.e., the condition that, for all
(he—1,h_1, he) € O3 | fi (Melhe—1) — fe (helhj_)| < € (8) where € () is small) is used to guarantee the

existence of a perturbation of (q*, p*) that is incentive compatible and that prescribes the efficient

allocation early in the relationship, while prescribing outcomes close to those prescribed by the
original mechanism (i.e., (¢7 (h1),p} (h1))) at the very first period. The condition in the proposition
then implies that, because the persistence of types is limited, the additional rents expected by the
agent under the perturbed mechanism are small relative to the increase in the discounted surplus,

thus making such perturbations profitable to the principal.

Finally, note that the result in Proposition 3 can be extended to more general cost functions
C(-) :(0,9) x ©® - Ry (subject to weak restrictions to be introduced momentarily) provided
we allow for stochastic mechanisms. In particular, we now consider mechanisms (u, p) with the
mechanism specifying distributions over quantities according to p = (yu (-))thl, and with payments
given (as before) by p = (p: (-))._,. As noted above, deterministic payment rules are without loss
of optimality in light of the quasi-linearity of payoffs in transfers. Given that payoffs are separable
across time, the fact that payments and the distribution of quantities at each date are independent

=1 is also without loss of optimality.

of past quantity realizations ¢

There are two important reasons for considering stochastic mechanisms. First, for reasons
similar to those explained in Strausz (2006) for static environments, a restriction to deterministic
mechanisms can in general imply a reduction in the principal’s payoff (as explained above, this is
not the case when C (¢,h) = hq + c¢(q)). Strausz (2006) shows that, in static environments, the
optimality of deterministic mechanisms is implied when the “relaxed approach” that focuses on local
(in particular, upwards in the present setting) incentive-compatibility constraints succeeds, but also
suggests that this conclusion need not hold more generally. While Strausz’s result for the optimality
of deterministic mechanisms applies also to dynamic environments where the “relaxed approach”
succeeds, the main objective of our work is precisely the identification of robust predictions that also
apply to environments where this approach is not guaranteed to be valid.

The second reason relates to our approach of extending Proposition 3 to more general cost
functions. Our approach relies on perturbations to the proposed mechanisms that fail to satisfy
the property of interest, i.e., the convergence of the expected surplus to the efficient levels. The
perturbed mechanisms we construct involve randomizations between the policies of the mechanism of
interest and the policies of efficient mechanisms. That is, the perturbed mechanisms are stochastic.

Motivated by the aforementioned considerations, hereafter we thus extend the analysis to stochas-

tic mechanisms. We start by explaining how the incentive compatibility and the participation con-
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straints must be adapted to accommodate for stochastic mechanisms (i, p). Hereafter, we confine
attention to processes F' that satisfy Condition “Markov.” In this case, the agent’s expected (contin-
uation) payoff from reporting truthfully in a mechanism (i, p), given past reports h'~! and period-t
type hy, is given by

o0

S5t (s (170 0) — [ € (0) do (11.57) |ht] .

s=t

V;<H»P> (ht) =F

The participation constraints then amount to the requirement that
V“P (hy) >0 for all hy € ©, (15)

while the incentive-compatibility constraints amount to the requirement that, for all reporting strate-
gies o,
B[V ()] 2B |36 (p? (i)~ [ e (ah)du (ﬁt)) , (16)
t>1
where (,ut")?:l and (pf )thl are, respectively, the probability measures over the quantities supplied and

the payments induced by the reporting strategy 0.5 Let U denote the set of (possibly stochastic)

mechanisms satisfying these above constraints. The principal’s problem thus consists in maximizing

(up) =E [ 6" (/B(d) dpsy (Et) —pi (ﬁt)> :
t>1
over the set U5,

Our result below establishes convergence of the output policies to the efficient ones when the
players are sufficiently patient, with the degree of patience given by a value §° in terms of the model
parameters. We restrict attention to continuously differentiable and non-negative cost functions
C (g, h) such that the following condition holds.

Condition 5. [Cost restriction]| The following two properties are satisfied:

1. There exists a unique function ¢¥ : © — [0, q] such that, for each h; € ©, ¢¥ (h;) maximizes

B (q) — C (g, ht); moreover ¢¥ (-) is one-to-one.
2. There exists v € Ry such that, for all ¢ € (0,7) and h,h' € ©, |C (q,h) — C (q,h)| < u.

Recall that o = min; jeqq,. Ny Aij, and let £ be given as before by (11). Note that x > 0 by
the first requirement in Condition “Cost restriction.” The result below on long-run efficiency then

applies to any environment in which § > 6°, with §° given by

2Nu—k+2Kka ) (17)

55 = gk if ) < 2Nu
N 0 otherwise

5Note that the strategy o is allowed to condition the reports on past output realizations.
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Note that, for this more general environment, we lack an argument guaranteeing existence of an
optimal mechanism. The result in the next proposition is thus stated in a way that permits us to

deliver interesting properties even in the event an optimal mechanism does not exist.

Proposition 5. Suppose T' = 400 and F' satisfies Condition “Markov”. Suppose, in addition, that
the cost function C (-,-) satisfies Condition “Cost restriction”. If the mechanism (u*,p*) is optimal,
then, for all § € (55, 1),

o[ (5@ (ai)) i ()] 8 [5(o# (1)) - € (o8 (1) )] st e 9
More generally, take any § € (55, 1) and consider any sequence of stochastic mechanisms ((,uk, pk>)

with limg_, o 11 (Mk, pk) = sup(, pyews 11 (1, p). For any e > 0, there exists a t € N and a sequence
(sk), sk — 00, such that, for all t <t <t+ s,

B [5 (¢ (1)) -0 (¢ (i) )| - | [ (B@ - (a0) ) aut ()| <= o)

The first part of Proposition 5 confirms that, when an optimal mechanism exists, the convergence
of expected surplus under the optimal mechanism to the efficient level occurs also for the more
general cost functions covered by Condition “Cost restriction”. In environments where existence of
an optimal mechanism cannot be guaranteed, the second part of the result provides a weaker sense
in which distortions vanish that applies to mechanisms for which the principal earns a payoff close

to the supremum.

4 Continuum of types

We now turn to the case where the agent’s types are drawn from continuous distributions with
compact support © = [Q,tﬂ. As for most of the analysis above, we return to the case where the
agent’s cost function takes the form C'(q, h) = hq + ¢(q), and where mechanisms are deterministic.

The main economic trade-offs involved in the design of optimal dynamic mechanisms are closely
related to those in the discrete-type case. However, there are a few differences from a methodological
perspective. Most notably, the expected net present value of the payments to the agent is uniquely
pinned down by the quantity schedule, up to a scalar that depends on the surplus expected by the
least productive period-1 type. Such a property, which is referred to in the literature as “payoff
equivalence” (see, e.g., Pavan, Segal, and Toikka, 2014) implies a tighter relationship between the
quantity schedule in any incentive-compatible mechanism and the agent’s expected rents (and hence
the principal’s expected profits). As we show below, such a property in turn may permit a direct
calculation of the expected “wedge” between the marginal benefit of higher output to the principal
and its marginal cost to the agent under any optimal mechanism. Below, we first revisit the steps

that permit one to leverage on the above “payoff equivalence” result to express the principal’s payoff
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as “dynamic virtual surplus” (i.e., as total surplus, net of handicaps that depend entirely on the
quantity schedule and of the surplus expected by the least efficient period-1 type). We then show
how variational arguments similar to those in the previous section permit us to identify robust
predictions for the dynamics of wedges under optimal mechanisms akin to those in the discrete case.

Consider an environment identical to that in Section 2 except for the stochastic process F' = (F})
governing the evolution of the agent’s types, which, in addition to Conditions “Markov” and “FOSD,”
is assumed to satisfy the following properties. For any ¢t > 2, any h,—; € ©, F (-|hs—1) is absolutely
continuous over the entire real line with density f (-|h;—1) strictly positive over © (full support). The
same absolute continuity property applies to the period-1 distribution F; (with density f;). Given
the process F', we say that Z is a state representation of F, if, for any s > 1, any t > s, hy can
be written as hy = Z4) ¢(hs, €), where € = (¢;) € £ C R is a random vector drawn independently
from F, and where Z(y) () are functions satisfying the following properties.” Let ||-|| denote the

discounted L1 norm on R, defined by ||y|| = >"52 6|yl

Condition 6. [Regularity] The process F'is “regular” if it admits a state representation Z satisfying

the following conditions:

1. There exist functions K, : &€ — R*, s > 1, with E[||K(,) (£)[|]] < B for some constant B
independent of s, such that for all t > s, hy € O, and € € &, Z(S),t(hs,a) is a differentiable
function of hg with ‘OZ(SM(hS, €)/0hs| < K(5)1—s (€).°

2. For each s, log [aZ(s)i(hs, 5)/8h5] is continuous in A, uniformly over ¢t > s and (hg,€) € O4 % E.

Given the above notation, for any ¢ > s, any hf, then let
82 t(h ,E)
Iisy(hY) = (S)OTS
s s:ZfS)(hS,z-:):hg
denote the impulse response of h; to hs. The impulse response of h; to hs captures the effects of a
marginal variation in hs on hy across all histories of shocks that, starting from hg lead to h%. When
s = 1, we simplify the notation by dropping (s) from the subscripts and define such functions by
I;(h'). Finally, we let I(5) s(hs) =1, all s > 1, all h, € ©.7

"For example, the following is a state representation of F. For any ¢ > 2, any & € (0,1), any hy—1 € O, let
F~(et|he—1) = inf{hs : F(ht|he—1) > &:}. Let each ¢; be drawn from a Uniform distribution over (0,1), independently
across t. For any s > 1, then let Z(,) ;(hs,€) = hs, while for any ¢t > s, let Z(,) 4 (hs,€) = Ft_l(at\Z(s),t_l(hs,s)). The
above representation is referred to as the canonical representation of F in Pavan, Segal and Toikka (2014).

SFor any ¢, the term K () ,—s(¢) is the (¢t — s)-component of the sequence Ks)(e).

9As an example, note that, when h; follows an AR(1) process, then I;(h') = 4*~'. More generally, such impulse
response functions are themselves stochastic processes. Also note that, when the process is Markov, as assumed
here, and the kernels F'(h¢|hi—1) are continuously differentiable in (h¢, ht—1) — a property not assumed here, for
inconsequential to the results — the canonical representation introduced above yields the following expression for the

impulse responses:
t

¢ 0F hT h-,—, 8]17—,
o) = T (-5 )
T=s+1
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Next, for any ¢, any h!~t € ©~1, any hy, hy € Oy, let

Dy(h' ) = =B | > 6" gy o (15)gs (B2, 1) | 1Y
s>t
Under Conditions “Markov”, “FOSD”, and “Regularity”, a mechanism ¢ = (q,p) is individually
rational and incentive compatible if and only if the following conditions jointly hold for all ¢t > 1,
all h'=1, all hy,hy € © (see Pavan, Segal and Toikka (2014)): (a) V1<q’p>(§) >0, (b) V;<q’p>(ht) is

equi-Lipschitz continuous in h; with

8‘/t<q7p> (ht) s—t 7s 7s t
= ~E ;5 Iy,s(hi)as(h®) | h'| ae. hy €O, (20)
and (c)
he .
/ [Dy((R*Y, 2); 2) — Dy((h™1, x); hy))da > 0. (21)
h

Condition (20) is the dynamic analog of the usual envelope formula for static environments. In
a Markov environment, such condition, when paired with the integral monotonicity condition (21),
yields a complete characterization of incentive compatibility.'?, !

That V1<q’p>(h1) must satisfy Condition (20) for almost all 4 € O in turn implies that the
principal’s payoff in any mechanism ¢ = (q, p) that is individually rational and incentive compatible

is equal to “Dynamic Virtual Surplus”, defined as'?

a5t (o (1) - fu () 2) - U sion (1)) v

7 fi (ih) t

10The role played by the Markov assumption is that it implies that an agent’s incentives in any period depend only

on his current true type and his past reports, but not on his past true types. In turn this implies that, when a single
departure from truthful reporting is suboptimal, then truthful reporting (at all histories) yields a higher payoff than

any other strategy.
"The integral monotonicity condition (21) generalizes the more familiar monotonicity condition for static settings

requiring the allocation rule to be nondecreasing. As the above condition reveals, what is required by incentive
compatibility in dynamic settings is that the derivative of the agent’s payoff with respect to his true type be sufficiently
monotone in the reported type. In particular, note that (21) holds in the dynamic environment under examination

here if the NPV of expected future output, discounted by impulse responses,

E | 6% Tya(he)gs (B¢, hu) | B!

s>t

is nonincreasing in the current report he. Output need not be monotone in each period. It suffices it is sufficiently

monotone, on average, where the average is both over states and time.
'2The expression in (22) can be obtained from (20) integrating by parts.
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The terms Fj (ﬁl) It(ilt)Qt (flt) /h (iu) in (22) are handicaps that control for the cost to the prin-
cipal of asking for higher output at various histories. The assumption that the process satisfies
Condition “FOSD” implies that impulse responses are non-negative. Condition (20) then implies
that the agent’s period-1 expected payoff, V1<q’p> (-), reaches its minimum at h; = #. Hence, under
any optimal mechanism, the participation constraint (2) binds for the least efficient period-1 type,
ie., V1<q’p> (6) = 0, whereas all other participation constraints are slack. The principal’s problem thus
reduces to the maximization of (22) over all quantity schedules q satisfying the integral monotonicity
conditions in (21).

As discussed above, solving such a problem is tedious. The approach typically followed in the
literature is to solve a relaxed program where the integral monotonicity conditions are dropped and
verified ex-post. In the contest of the model under consideration here, given the concavity of B (-)
and the convexity of C' () in output, the policies that solve such relaxed program are those identified

by the following first-order conditions

B (a0 (1)) = Cy (g (1) 1) + S0

() It(ht)

for all t > 1, all At € OF.

In general, however, there is no guarantee that the allocation rule that solves the relaxed program
satisfies all the “integral monotonicity” conditions in (21), unless additional conditions are imposed.
As explained above, such conditions are typically identified through “reverse engineering,” i.e., by
using monotone comparative statics results to guarantee that the quantity schedule that solves the
above first-order conditions is sufficiently monotone. Unfortunately, such conditions can be stringent
and may lack compelling economic foundations.

Consistently with the analysis in the previous section, the approach followed here is therefore
different. We look for perturbations to the putative optimal quantity rule q* that preserve the
integral monotonicity conditions in (21). Note that, given any such perturbed rule, there always
exists a payment rule that (i) yields an individually rational and incentive compatible mechanism
and (ii) gives the least efficient period-1 type a payoff V1<q’p> (6) = 0. One such rule that satisfies the
additional property of Lemma 1 that, for all ¢t > 2, all A1 € ©'~1 E [1/;<q*’p*> (izt> \ht_l} =0, is
the following: .

0

pi <h1>=c(q1<hl),h1>+/h E

1

> 5 (R0 gs(RY) | x] dr, (23)

s=1

for all hy € ©, while, for all ¢ > 2, all h?,
pu (') = C (k). h) + [ B |5 ny 00y (g (R | (W), 2)] o
. _ S ~ (24)
_E{ ((htt“lz 11)) 2520 0" iy 5 (i)as(h) | Bf 1]

Clearly, for the putative mechanism (q*, p*) to be optimal it must be that no perturbation to the

quantity schedule ¢* preserving the integral monotonicity conditions in (21) increases the principal’s
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expected payoff, as given by (22). In particular, suppose that q* is such that the period-t schedule
g (+) is bounded away from the boundaries of the set of feasible quantity levels; namely, suppose
that there exist 1,7 € Ry, with 0 < 1, <1y < @, such that, for all ht, ¢} (ht) € (44,2¢). Then adding
a constant v € R to the schedule ¢f () yields a new policy that continues to satisfy the integral
monotonicity conditions in (21) (the arguments are similar to those yielding to Proposition 1). The

variation in the principal’s expected payoff relative to her payoff under (g*, p*) is then equal to

o0z [ a (1) ) - i () ) - (2 00| (0 (1) 40)]

0N
~§E | B (q;; (Et>) -C (qif (m ,ﬁt) - Fl(f“)[t(ﬁt) % (’*)

Dividing the expression in (25) by v and taking the limit for v going to zero yields the following

expression for the derivative of the principal’s expected payoff with respect to v evaluated at v = 0:

. N - F (iH) .
SR || B (qZ‘ (ht)) -, (q; (ht) ,ht> | ——Lrnm@
fi (h1>
A necessary condition for the optimality of (q*, p*) is that such derivative vanishes. We then have

the following result:

Definition 1. The mechanism (q, p) is “eventually interior” if there exists T and sequences of scalars

(1) and (&), with 0 < ¢, <7y < g, all ¢, such that, for any ¢ > T, any hf, g; (k") € |1, &)

Proposition 6. Assume the process F satisfies Conditions “Markov,” “FOSD,” and “Regularity”.

If (q*, p*) is “eventually interior,” then, for all t large enough,
E|B (a5 (1)) =y (a () o) | = E Fl(f“)ft(if) . (26)

That the quantity schedule under the optimal mechanism is eventually interior appears dif-
ficult to guarantee in general. Naturally, given the Inada conditions (limggc(q) = 400 and
lim,,0 B (¢) = —o0), such interiority can be guaranteed if one imposes continuity restrictions on
the optimal schedules, such as requiring allocations to be Lipschitz continuous with a fixed Lipschitz
constant. Under such a restriction, the perturbations to the optimal policies described above are
then feasible, which in turn guarantees that the expected wedge under the optimal mechanism is
given by the right hand side of (26).

Note that the result in Proposition 6 is related to the result in the literature that focuses on
environments for which the relaxed approach is valid, but with important differences. When the

optimal policies are those that solve the relaxed approach, and such policies are interior, the wedge,
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at any history h’, is given by the marginal handicap Fy(h1)I;(ht)/f1(h1). This need not be true more
generally, i.e., for environment where the relaxed approach is not guaranteed to be valid. What
remains true, though, is that the expected wedge is equal to the expected marginal handicap. By
studying the dynamics of the expected marginal handicaps, one can then identify useful properties
for the dynamics of the expected wedges, as we show below. Let B(©) be the Borel sigma algebra
associated with the set ©. For any A € B(0©), h € ©, and ¢t > 1, then let

Pt(h, A) = Pr (}}t e Al = h) .

Condition 7. [Ergodicity]| The process F' is ergodic if there exists a unique (invariant) probability

measure 7 on B(0©) whose support has a nonempty interior such that, for all h € ©,

sup |P'(h,A) — m(A)| = 0 as t — occ. (27)
AeB(0)

Under the additional Condition “Ergodicity,” we are able to establish a result analogous to the

one in (8) for discrete types.

Proposition 7. Assume F' satisfies Conditions “Regularity” and “Ergodicity.” Then

Fi(6) o
E [fl(el)jt(e )] — 0 ast — oo.

If, in addition, F satisfies Condition “FOSD,” then convergence is from above, i.c., E [1;11((311)) It(Ht)] >

0 for all t. Furthermore, if, in addition to the above conditions, the period-1 distribution is the

stationary (ergodic) distribution of F', then convergence is monotone in time, i.e., E [?11((311)) It(Ht)} s

decreasing in t.

Together, Propositions 6 and 7 thus provide implications for the dynamics of expected wedges

analogous to those in the discrete case. We summarize such implications in the following Corollary:

Corollary 2. Suppose F satisfies Conditions “Markov,” “Regularity,” “FOSD,” and “Ergodicity,”
and that the optimal policies are “eventually interior.” Then the expected wedges are eventually
positive and vanish in the long run. If, in addition, the period-1 distribution of F' coincides with the

ergodic distribution, then, eventually, convergence becomes monotone in time.

As in the discrete case, the result in Corollary 2 does not imply convergence of of the quantity
schedules to the efficient ones in probability. Nonetheless, we expect that the same restrictions on the
quantity schedules that guarantee the eventual interiority of the policies, such as the requirement that
q:(+) be Lipschitz with known Lipschitz constants, also rule out pathological behavior, permitting
arguments analogous to those in the discrete case to establish convergence of the allocations to the

efficient levels (in probability) when players are sufficiently patient.
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5 Conclusions

We develop a novel variational approach that permits us to study the long-run dynamics of allocations
under fully optimal contracts. The approach permits us to bypass many of the technical restrictions
required to validate the “relaxed” approach typically followed in the literature. In particular, the
analysis identifies primitive conditions guaranteeing convergence of the allocations under fully optimal
contracts to the first-best levels.

In future work, it would be desirable to extend the analysis to a richer class of dynamic con-
tracting problems, for example by accommodating for endogenous private information and for the
competition between multiple privately informed agents. It would also be interesting to apply a
similar methodology to study the dynamics of allocations under restricted contracts, where the re-
strictions could originate in a quest for “simplicity” such as the requirement that allocations be
invariant in past reported types, as in the new dynamic public finance literature (e.g., Farhi and
Werning (2013), Golosov et al. (2016), and Makris and Pavan (2017)), or the quest for “robustness
to model mis-specification,” as in the recent literature on robustly optimal contracts (e.g., Carroll
(2015)). In particular, the variational approach developed in the present paper could also be useful
to identify certain properties of optimal contracts in settings in which the principal lacks detailed

information about the process governing the evolution of the agents’ private information.
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Appendix: Proofs

Proof of Lemma 1. Consider any mechanism ¢ = (q,p). Let ¢’ be the mechanism constructed

from ¢ as follows. The payment rule p’ = (pj(-)),>, is such that, for t =1,
Py (k) = p1 (h1) +0E [V;p (712) yhl}
for all hy € ©, whereas for ¢ > 1,
ph (0) = pr () =B [V (B) I07] + 0F [V, (REF) ]

all Y € ©'. The allocation rule q' = (¢j(-)),~; is the same as in 9, i.e., ¢ = q. The mechanism
' = (d,p’) satisfies (5) for all t > 2, all ht € o, Moreover, if 1) € ¥, then ¢/ € ¥. Clearly, v and
1)’ yield the principal the same expected payoff. This establishes the first claim.
Next, notice that, in any mechanism 1) = (q, p) satisfying (5), for all t > 2, all h! € ©F, necessarily
V(') < {A_%
To see this, suppose that, instead, Vtw (ht) > % for some h'. That the mechanism 1) satisfies
the property in the first part of the lemma implies that there exists a type h; € © such that
V;w (htfl, hg) < 0. An agent whose history of private types is (htfl, h;), who reported truthfully up
to period t — 1, could then replicate the distribution of reports from period ¢ onwards of an agent
whose period-t history of private types is (htfl, ht). By misreporting in this way, the former agent
(the one with history of private types (h'™!,h})) earns an expected payoff (from ¢ onwards) at least
equal to B
v (') - fi_%
This is because, in each period, the additional costs of the former type (relative to the one being
mimicked) is bounded by gA#. That V;w (ht) > % thus implies that the former agent has a
profitable deviation. Since (ht_l, h;) has positive probability by the full-support assumption, there
exists a reporting strategy o that induces a strictly higher expected payoff for the agent than the
truthful one, thus violating Condition (3).

A similar argument implies that Vtw (ht) > —% for all ¢, all h*. Again, suppose this is
not the case. That the mechanism satisfies the property in the first part of the lemma implies
that there exists a hj such that V;w (htfl,hg) > 0. An agent whose period-t continuation payoff
satisfies Vf/) (ht) < —% could then replicate the distribution of reports of an agent whose period-t
type is h; (who truthfully reported h!~! in the past) and secure herself a payoff at least equal to
V;’b (ht_l, hg) — % which is larger than Vf’b (ht). The former agent would thus have a profitable
deviation, contradicting that ¢ € .

That in any mechanism satisfying (5), all ¢t > 2, all h* € ©, necessarily
AN

e (B) = C (g (W) )| < T
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then follows from the above properties along with the fact that, in any such mechanism,
V() = pi (') = C (e (1) ).

all t > 2, all ht.

Finally, to see that, in any optimal mechanism satisfying (5), all t > 2, all h* € O, Condition
(6) holds also for ¢ = 1, note that, in any such mechanism, the date-1 participation constraint (2)
necessarily binds for some type, for otherwise the principal could reduce the payments of all types
uniformly by € > 0 increasing her payoff. That the mechanism satisfies (5), all t > 2, all k! € O,
then implies that condition (6) holds also for ¢ = 1. The arguments are the same as for the case
t > 2 discussed above. Q.E.D.

Proof of Lemma 2. It is easy to see that there exist sequences of scalars (b,) and (l_)t), with 0 <
b, < by < g, such that the following is true: For any mechanism ¢ = (q,p) € ¥ with ¢; (k") ¢ [b;, bi]
for some ¢ and A, there exists another mechanism ¢’ = (q, p) with ¢/ € ¥ and g (k') € [b;, ;] for
all t and all h!, that yields the principal a higher payoff. The existence of such bounds follows from
the combination of the Inada conditions with the discreteness of the process. Let ¥ denote those
mechanisms in ¥ that satisfy the above bounds on allocations in each period as well as both (5) and
(6) for all t > 2, all !~! with the latter also holding at t = 1. When T is finite, the design problem
amounts to maximizing the principal’s continuous objective on the compact set ¥, so existence of a
solution follows from standard results.

Next, consider the case where T' = 4+00. Let (wk) = (<qk, pk>) denote a sequence of mechanisms
in ¥ such that

cup {230 (5 o () o0 (1))} [ S0 (o (ot () =0t ()] < 0
(28)

We can then construct an optimal policy as follows. Let ((q’f (), pk ())) denote the sequence
of period-1 policies defined by the above sequence of mechanisms. From the Bolzano-Weierstrass
Theorem, there exists a subsequence of ((¢f (-),p§ (-))) converging to some (¢f (-),p} (-)). Letting
(k;) index this subsequence, there exists a further subsequence, indexed by (k:l(m)), of the same

k k
original sequence of mechanisms such that ((q;(m) (-), o™ ()>> converges to some (g5 (-),p5 (+)).

Clearly, this also implies that, along the subsequence indexed by (kl(m)), ((qlfl(m) (+) ,plfl(m) ()))
converges to (¢7 (+),p; (+)). Proceeding this way, we obtain a mechanism ¢* = (q*, p*).

We now show that 1* is incentive compatible. To do so, we make use of the fact that each "
satisfies Condition (6) (since ¢* € W) and that the maximal difference across types is Af. This
implies that the (absolute value of the) agent’s per-period payoff in a mechanism 9* is bounded by
a constant M > 0, uniformly over k, dates ¢t > 2, histories h! € ©! and strategies . Furthermore,

by construction of ¢*, the same property (and the same bound M) applies to ¥*.
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Now, suppose that 1* is not incentive compatible. Then, there exists a reporting strategy o such
that the agent’s ex-ante expected payoff under o is higher than under the truthful reporting strategy
by some amount n > 0. Let ¢ = n/3. The above property (i.e., the boundedness of the agent’s
per-period payoff) implies that there exists k& such that the agent’s ex-ante payoffs in ¢*, under o
and the truthful reporting strategy, respectively, are within an e-ball of the respective payoffs in ¥*.
Abusing notation, let 1/*° and ¥ denote the outcomes induced under o in the mechanisms ¥* and

¥, respectively. Then,

o[ ()] -5 ()] = =i ()] -2 ()] <

< 0,

where the equality follows from the assumption that E [Vf’b* <El>} —E {Vl v <51>} =1 = 3e. This
implies that the mechanism ¥ is not incentive compatible, a contradiction. A similar logic implies
that ¥* is individually rational, and hence ¥* € V.

We now show that ¥* is optimal in ¥ . Using the fact that the agent’s per-period payoffs in ¢*
are bounded in absolute value by M > 0 uniformly over histories h!, t > 2, it is easy to see that 1)*

satisfies (5) for all £ > 2 (a property which is inherited from the mechanisms 1*). It follows that, for

_ 815 (i (V) —0i (1)) = elp (o () - (a () )]

(where the expectations are ex-ante). Moreover,

uniformly over ¢ and h!. Hence,

=[5 (06 () - 1) =3[ s () i (0]
\E g 5 (B (ar (1)) — € (ai () 1) )]
= 5[B(a () -2 ()]

e > (i 1)) < (s (1) 2) | o

The first equality uses the fact that, by construction of ¥*, E [B (qi" (iu)) -] (ﬁlﬂ is finite. The
second equality, and the existence of the limit in the last line of (29), follow because per-period
surplus is uniformly bounded from above by S. Hence, expected profits under 1)* are well defined

and equal to some value 7" € RU{—o0}.
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Now, let 7" = sup,,c g {E [Ztoil o1 (B (qt (ﬁt)> — Dy (ﬁt)ﬂ } € R. Suppose then that ¢* is
not optimal. This means that there exists a (finite) > 0 such that 7°"P — 7* > 7. Because the
series in the last line of (29) is convergent, we have that, for any € > 0, there exists T%(¢), such
that, for any 7' > T™*(e),

i (o () 1 ()] + 350 B o 1)) s ) ) < =

5T**(5)—1

Now fix € > 0 and let 7**(¢) be the smallest positive integer such that “——5— <. Then let

T(e) = max {T*(g),T**()}. Considering mechanisms ¢* in the original sequence, for any k > 1

and any T > T'(¢), we have

B30 (5 o (1) =2t ()] = o0 [ () ot 1)
- e [ (¢ (1)) -t (1)

The inequality follows from the fact that (a) the original sequence was constructed so that

o0

>t [ ot (1)) ot (1)] =2 | oo (5 uf (1)) ot (”))]
> P — %
and (b) N _ .
5 el ()t ()] < S rs

t=T+1

which in turn follows because, for all £ and all ¢ > 2,

i (o (1) ot (1) = 5[5 (o ()~ o ()5 <5

Now, take ¢ = /6, where 7 is the constant defined above. We then have, for any T' > T'(¢),
T T

o [ (a () o ()] - S0 0 (1) 0 ()] > w2

Then fix T > T(¢). By construction of ¥*, for any v > 0, we can find a k& > 1/e such that
lg; () —qf (B) |, |p; (BY) —pf (h') | < vforallt =1,...,T, all hf € ©F. Taking v sufficiently small,
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and using the fact that B (¢) — p is continuous in (g,p), we can then find a k > 1/e such that (30)
fails, a contradiction. This proves that the principal’s expected payoff under * is equal to 75"P and
hence that 9* is optimal.

Finally, to see that the allocation rule in any optimal mechanism is unique, suppose, on the
contrary, that ¥4 = <qA,pA> and P = <qB . p? > are optimal mechanisms with q? # qf. Let
v € (0,1) and consider the mechanism ¢ = (q”, p?) defined by

g7 (h") = g (h") + (1 = 7)a/ (1)
and
i (B') = (h') + (1 = 2)pP (h') + e(g] (h")) = ye (g (")) = (1 = )e (a (BY))
all t, all h. For each initial type hi, the mechanism 17 so constructed yields the agent an expected

payoff
A
Vi () =V (h) + (1 =) V7 ()

under a truthful reporting strategy, and hence it is individually rational, since 1), ¢ € ¥. Similarly,
the agent’s payoff in the mechanism 7 under any reporting strategy o is a convex combination (with
weights 7 and 1 — ) of the agent’s payoffs under the same strategy o in ¥4 and ¢¥P. Hence, ¢ is
incentive compatible; i.e. 17 € W. The result then follows from the fact that the principal’s payoff
under any mechanism is equal to expected total surplus net of the agent’s expected rent, along with
the fact that the strict concavity of B(q) — C(gq, h) in ¢, for all h, implies that, for all ¢,

B 5 (@ (i) ¢ (a (i) )| =02 B (o (i) - € (a* (i) 1)
B[ o 1) - o (7))
with the inequality strict whenever ¢i* (ht) # ¢ (h!) for some ht. Q.E.D.

Proof of Proposition 1. [Part 1]. Suppose the result is not true and let (q*, p*) denote an
optimal mechanism (recall that the quantity schedule q* is unique across all optimal mechanisms).

Then there exists x > 0 and a strictly increasing sequence of dates (¢;) such that either

31 s () - (1. ()] >+
a1 s, () - (1 ()] <

for all k. Consider the first case. Then, for any k, consider the mechanism ¢’ = <q/,p/> whose

for all k, or

allocation rule is given by ¢; (-) = ¢/ (-) for all t # tz, and by q;, () = ¢, () + vy for t = tg,
for some constant v, € (O,(j— maxpty, cgtk {q (htk) }) As for the payments, the new mechanism is
defined by p (-) = pi (-) + 8% Ly maxy, co {E [ﬁtk\hl} }, P, (1) =pf () for all t > 2, t # tx, and by
i, (h'*¥) = pi, (h') +c(qf, (b)) —c(qf, (h'*)) for all h'* € ©'. Note that the new mechanism 1’
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is incentive compatible. This follows from the fact that the original mechanism (q*, p*) is incentive

compatible, along with the fact that, for any reporting strategy o, any hq,'?
/ O'>

V1<q’7p’>(h1) _ V1<Q”"7p’ (h1) = V1<q*’p*>(h1) _ V1<q**"7p*"’>(h1).

Moreover, the adjustment in payments ensures that 1)’ is individually rational, and hence v’ € ¥.
For v, sufficiently small, the increase in total surplus exceeds §% 1y k, while the expected rent

of the agent conditional on his initial type being h; increases by

o (s (2 ]} -2 ] )

Since maxp, co {E Vtt\hl]} —-E [ﬁt\hl] vanishes with ¢ by Condition “Long-run independence,” it
follows that the increase in the principal’s payoff (i.e., in total surplus, net of the agent’s rents) is pos-
itive for k sufficiently large. The new mechanism thus improves over the original one, contradicting
the optimality of the latter.

Next, consider the second case. The proof is analogous to the one above, except that the mech-
anism ¢’ used to establish the improvement over * is such that vy € (— mingt, cgtx {th (htk)} ,O),
and p} (-) = pi(-) + 0" vy ming, co {IE [fztk\hl} } Now expected surplus increases by at least

—0% 1y k, while the rent expected by an agent whose initial type is k1 increases by

o tw (i {2 [ ]} - B [ ] ).

Again, the quantity in brackets vanishes as k — oo, by virtue of Condition “Long-run independence,”
thus establishing the result.
[Part 2]. Suppose that distortions are always downwards, but that the convergence in (9) does

not occur. Note that, because total surplus is concave in output, for any history A,

B (g (h)) = C (g (he) ;) = (B (g7 (1)) = C (a7 (B') . 1))
< (B'(qf () = Cq (a7 (n') . 1e)) (ai” (he) = a7 ("))

Hence, if the convergence in (9) fails, there exists ¢ > 0 and a sequence of dates (tx), such that, for

(5 (. (1) o o (1) ) (o8 ) . ()] 2=

This implies that
=i o () - i () )] 2 -

13The equality follows because the quantity adjustments used to obtain the new mechanism (d’, p’) are uniform over

any tg,

histories of types h'*, and hence the effect of the adjustment on the linear part of the agent’s cost is the same under
truthtelling and o. Furthermore, any effect on the convex part of the cost is undone by the adjustment in the payment
(i.e., by the adjustment c (q{k (htk)) —c (qg‘k (htk)), for each h'*).
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But this contradicts the convergence of the wedges established in Part 1. The argument for upward
distortions is analogous.
Finally, to see that convergence in expected surplus implies convergence in probability of the

allocation rule, suppose this is not the case. Then there exists a sequence of dates (tx), together with

Pr (Ja (") = a* (h.)

along the sequence (t;). It is then easy to check, given the strict concavity of B (-) and the convexity

of C (-, h), that . - -
[ () - (s ). 5

B 15 (ah () =0 (o (Auc) )

by a constant uniform along the sequence (), contradicting (9). Q.E.D.

a constant n > 0, such that

>n>>n

remains strictly below

Proof of Proposition 2 [Part 1]. When Condition “FOSD” holds, the agent’s period-1 rent
pr*(-) is strictly decreasing in type, under any optimal mechanism ¢* = (q*, p*). To see this, we
introduce the following “canonical” representation of the evolution of the agent’s types, in which
the agent is viewed as receiving independently distributed “shocks” to his cost in each period. In
particular, for any ¢t > 2, let £, be drawn from a uniform distribution over [0, 1], independently of hi
and of any £, s # t. The evolution of the agent’s types can then be thought of as determined by the
initial draw of hy (according to F7) and by the subsequent “shocks” e; (drawn independently from

a uniform distribution over [0, 1]) via the equation
he = F,(erlha, Fy Healm), Fy Heslhn, Fy Healha)), -0),

where, for any ¢ > 2, any & € [0,1], any h'~! € ©1, Fy 1 (gy|ht1) = inf{hy : F(he|ht') > &/}. By
the Integral Transform Probability Theorem, the above representation is “equivalent” to the original
representation, in the sense that, for any ¢ > 2, any ht~! € ©t~1, the distribution of h; given ht™1,

as given by the kernel Fy(-|h!~!), is the same as the distribution of
Fy ' (Elhy, By (e2lha), By (eslha, By (e2]ha)), o)
for any vector of shocks (eg, ...,£,-1) such that F{l(sg\hl) = ho, F§1(63\h1,FQ_1(52\h1)) = hs,...,
F (eealha, By Healha), Fy Heslha, Fy Healhn)), o) = i

Now, consider a period-1 type 6; who reports #;,1 in period 1, and then goes on to report in
subsequent periods in such a way that the process for reports is indistinguishable from that for an
agent whose true initial type is #;11 and who reports truthfully in each period. In particular, in an

arbitrary period ¢ > 2 in which the agent has already reported h'~! and his true type history is h!™1,
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with h; = 6;, the agent draws & from the uniform distribution on [F; (6;_1|h'™1), Fy (6;/h'71)] if

7 > 1, and from the uniform distribution over [0, F; (91|ht_1)] otherwise, and then reports
iLt = Ft_l(&“t’iltil).

Then note that, given F' satisfies Condition “FOSD”, for each ¢ > 1, we must have h; < hy (with a
strict inequality occurring with positive probability in at least one period, in particular, for ¢ = 1).
Hence, given that output is strictly positive at each period, by following the above reporting strategy
the agent with initial type #; must expect the same payoff Vlw* (0i+1) as the type 6;4+; mimicked
in period 1, augmented by the strictly positive cost savings that occur due to having a lower true
cost than the reported one in each period (with the cost saving strictly positive at least in period
one). This implies that, if the mechanism ¢* is incentive compatible, then Vlw() must be strictly
decreasing, as claimed.

Now, suppose, towards a contradiction, that (10) is strictly negative for some date ¢’ under the
putative optimal mechanism v*.  Consider decreasing ¢ (-) uniformly by an arbitrary constant
S (0,minht/ cot {q;“, (ht/) }) Formally, consider a new mechanism whose allocation rule q’ is
such that ¢; (-) = ¢f () for t # t/, while, for t = t, ¢}, () = ¢}, (-) — v, and whose payment rule
p’ is such that p} (-) = pj () for all ¢ # ¢, while, for t = ¢/, p}, (ht,) = py (ht/> +c (qg/ (ht’» -
c (qt*, (ht'>) —vE [fzﬂ@N} for all h* € ©f. Note that the incentive constraints (3) are unaffected
by these changes, i.e., the mechanism (q', p’) so constructed is incentive compatible. Furthermore,
the payoff expected by the least efficient period-1 type 6y under the new mechanism (q’, p’) is the
same as under the original mechanism (q*, p*). That the participation constraints of all other types
in the new mechanism are also satisfied follows from the fact that the new mechanism is incentive
compatible and that, under “FOSD”, the participation of type 6 implies the participation of any
other type (this property follows from the the arguments above). Hence the new mechanism is in
v,

Next observe that, under the new mechanism, for each period-1 type h} # 6y, the expected

payoff under the new mechanism is equal to
VP 0) = v 0) ="t (B [Avlow] ~E [felii]) <11 e

Furthermore, because (10) is strictly negative at ¢, provided v is small, the reduction in output
at t increases expected total surplus. The new mechanism, by reducing rents and increasing total

surplus, thus increases the principal’s profits, contradicting the optimality of *.

[Part 2]. Suppose, towards a contradiction, that the result is not true. Then there are adjacent
periods s and s’ = s + 1 such that the expected wedge in (10) is larger at ¢t = s’ than at ¢ = s under
the optimal mechanism 1*. Let x; € RY represent the period-t marginal probability distribution
over © (each element z;; denotes the probability of type 7). That the process satisfies “Stationary
Markov” implies that x¢ = x for all ¢, where x is the unique ergodic distribution for the Markov

process with transition matrix A.
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Now let ey = (0, ...,0,1) represent the vector whose elements are all 0, except the N th element
which is equal to 1. The distribution of types at date ¢, conditional on the initial type being 0y is
then ey A'~!. Clearly, ey first-order stochastically dominates ey A. Furthermore, the assumption
that F satisfies “FOSD” implies that A is a “stochastically monotone matrix” in the sense of Daley
(1968). Give that ey A% ~! = (ey A) A*~1, Corollary 1a of Daley implies that ey A*~! stochastically

dominates ey A% ~!. This implies that
E [ﬁs,\e)N} <E [138|9N] . (31)

Now, consider the mechanism ¢ = (q’, p’) defined as follows. Let

ve (o, min {hﬁfg%‘s (g (%)}, (q - {q (h) }) }) .

The allocation rule q’ is such that

whereas, for all t ¢ {s,s'}, ¢; (-) = ¢/ (-). In turn, the payment rule p’ is such that p} (-) = p; (-) for
t ¢ {s,s'}, whereas, for t € {s,s'},

pi (W) = pi (W) + (g (1)) — e (g7 (n'))

all ht.

Because the stochastic process F' satisfies Condition “Stationary Markov,” the marginal distribu-
tion of types is the same at each date. Hence, the ex-ante expected (discounted) payoff of the agent
is the same under the original and the new mechanisms.

That the expected wedge under the original mechanism is larger at ¢ = s’ than at ¢t = s also
implies that, when v is sufficiently small, the new mechanism improves over the original one in terms
of ex-ante expected (discounted) surplus. Because the new mechanism improves over the original
one both in terms of rents and expected surplus, it yields the principal a higher ex-ante expected
payoff.

That the new mechanism is incentive compatible follows for the same reason as in the proof of

Proposition 1; i.e., because, for any reporting strategy o, any hq,
@.p”) gy a7 gy e gy e g
Vi (h1) =V (h1) =V~ " () =V (ha).

Finally, to see that the new mechanism is also individually rational, consider type 6y. By (31),
under wl = (q¢/,p’), the reduction in the linear part of the expected costs at period s is larger (in
present value terms) than the increase in the linear part of the expected costs at s’. Furthermore, by

the way the payments p’ are constructed, the variation in the convex part of the agent’s costs both
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at t = s and at t = s’ is neutralized by the adjustment in the payments at these two dates. As a
result, type Ox’s period-1 expected payoff under ¢’ is higher than under ¥*. That the participation
of all other types is also guaranteed in ¥ follows from the fact that pr,(Q ~) > 0, along with the fact
that the mechanism 1’ is incentive compatible and F satisfies Condition “FOSD.”

We conclude that the new mechanism 1’ is in ¥ and achieves strictly higher ex-ante profits than
¥*, contradicting the optimality of the latter. Q.E.D.

Proof of Proposition 3. When the process satisfies Condition “Markov”, the agent’s continua-
tion payoff at any date t depends on past reports, ﬁtfl, and current true period-¢ type h;, but not on
past true types A1, As a result, for any mechanism (q, p), hereafter we abuse notation by denoting

the agent’s expected continuation payoff at any period-t history (h?, iLtfl) by qu’p)(flt*l, ht).

The idea of the proof is the following. Let (q*,p*) be a putative optimal mechanism. From
Lemmas 1 and 2, without loss of generality, we can assume that (q*, p*) € ¥, where W is the class of
mechanisms defined in the proof of Lemma 2 (recall that mechanisms in this class satisfy Conditions
(5) and (6) for all ¢+ > 2, all h*~!, with (6) holding also at t = 1, and that the quantity schedules
¢/ (-) are bounded by time-varying constants, uniformly across histories). Now suppose that the
mechanism (q*, p*) fails to satisfy the convergence property in the first part of the proposition. We
then show that there exists another individually-rational and incentive-compatible mechanism that
yields the principal a strictly higher expected payoff. The new mechanism is obtained by taking linear
convex combinations of the policies of the original mechanism (q*, p*) with the policies of a certain
efficient mechanism that also belongs in ¥. Importantly the weights that the new mechanism assigns
to the efficient policies increase gradually over time at a rate that preserves incentive compatibility
while also guaranteeing the profitability of the proposed perturbation.

The proof unfolds through several lemmas. The first one illustrates the incentive properties of

the specific efficient mechanism we use below to construct the perturbation.

Lemma 3. Let qF denote the efficient quantity rule, as defined in (7). Let ¥ denote the payment
scheme defined, for all t, all ht, by ﬁtE (ht) =B (qE (ht)). Then let ¥ be the payment rule obtained
from p¥ using the transformation in the proof of Lemma 1 to guarantee that the mechanism <qE, f)E>
satisfies Equation (5) for all t > 2, all K=Y € ©~L.  Finally, let pZ be the payment rule obtained
from D by adding a (possibly negative) constant M to the period-1 payment rule pi” (independent
across the period-1 reports hi) so as to guarantee that the agent’s participation constraints (2) are
satisfied in <qE7 pE> for all types, i.e., V1<qE’pE>(h1) >0 for all hy € O, with the inequality holding
as equality for at least one value of hi. The mechanism <qE,pE> so constructed is individually
rational, incentive compatible, and implements the efficient allocation rule. Since, for t > 1, the
bounds b, and b; on the quantity schedules defining the set U can be taken to be arbitrarily close to

zero and G, respectively, the set W can be chosen to include the mechanism <qE,pE>. Furthermore,
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the mechanism <qE, pE> so constructed is such that, for any t, any (htfl, ht) € 0!, and any b}, € O,
with h} # hy,

(a”p") (1 B (pt—1 17\ _ E (17 (@®p®) (111 .1 7
Vi (h) = pf (W71 hy) = C (¢7 (hf) s he) + OB |V, R0 h hag ) [he | + 5, (32)
where K is the constant defined in (11) in the main text.

Proof of Lemma 3. That the mechanism <qE . p¥ > is individually rational, incentive compat-
ible, and implements the efficient allocation rule is immediate, given the way the payment rule is
constructed (note that the mechanism <qE . p? > gives the agent the entire surplus, net of a con-
stant that guarantees participation; incentive compatibility then trivially holds). Moreover, using
the same arguments as in Lemma 1, the construction of <qE . p? > in the lemma guarantees that
<qE . p? > belongs to ¥ (with the bounds on output (b,) and (b;) specified appropriately, as explained
in the lemma).

Thus consider the final claim of the lemma, i.e., the property that continuation payoffs in <qE . p¥ >
satisfy Condition (7). Because F is Markov, it is readily verified that, for any ¢, any h‘~!, the
difference in discounted expected payoffs between truthful reporting from ¢ onwards and reporting

h} # hy in period ¢t and then reporting truthfully thereafter is equal to

Vt<qE7pE> (n') = (Pf (A= k) = C (q® (hy) S he) +5E[ re ht ! hiaht+1> |ht]> (33)
=B (¢" (M) = C (¢" (), 1u) = (B (" (k) = C (a" (), ht))

Note that, if ¢ = 1, the equality in (33) follows by noting that, given the way the payments in
<qE . p? > are constructed, an agent with initial type h; who reports truthfully at all periods expects
a payoff equal to

VAP () =00 1 B (¢ () — € (¢° () 1)

> (14 (1)) - € (4 () ) -

t=2

+E

On the other hand, an agent whose initial type is h;, who reports hi at t = 1 and then reports

truthfully from ¢t = 2 onwards, expects a payoff equal to
M+ B (qE (il,l)) -C <qE (fn) ,hl)
30 (5 (1)) - (4 (1) o)) .
t=2

If, instead, t > 2, the equality in (33) follows from the observation that an agent who truthfully
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reports from period t onwards expects a payoff equal to

o =[S (o 1)) 0 0 (1) )|

s=t

> (5 s (1)) - (4 (1) 1))

+E

whereas an agent who lies in period ¢ by reporting hj and then reports truthfully from ¢+ 1 onwards

expects a payoff equal to

<3 (50 (1)) - 0 4 () ) |
+B(q" () = O (¢" (7))
vm| 30 (5o () -0 (o (1) 1))

That the equality in (33) holds for all histories then follows from the fact that, by the definition of
K, for any hy, hy, € © with hy # hj,

B (¢” (h) = C(¢" (ha) 1) = [B(¢" (h7)) = C (a7 (1) , )] >

Q.E.D.

The result in Lemma 3 implies that, under the mechanism <qE . pF >, incentive constraints do not
bind at any history and the difference in continuation payoffs between telling the truth from period
t onwards and lying in period ¢ and then reverting to truthtelling from ¢ + 1 onwards is bounded by
a constant x, uniformly over histories.

Equipped with the result in Lemma 3, we now specify the proposed perturbation to the putative
optimal mechanism. Let v = (v¢);o, be any collection of constants with ~, € [0,1] all ¢. Let
(q7,p7) = <(q;’ )zl , (p?):i1> be the mechanism constructed from taking a liner convex combination
of the putative optimal mechanism the efficient (q*,p*) and the efficient mechanism <qE .pF > of

Lemma 3 as follows. For each ¢, each h!,
g7 (W) = map (') + (1 = v)g; (h") (34)
and
pf (h') = yepf (h') + (1 = 7)pi (BY) + e(g (b)) = e (g (h1)) — (1 = y)e (gF (W) -

Note that the mechanism (q”,p”) so constructed ensures that, for all ¢+ > 1, all hf,
E B * ok
Vt<q"7p7> (ht) :,th;(q ) (ht) +(1— ’Yt)Vt<q P*) (ht)

£ (e ) E |V (i) = vl (i) e e

s=t+1

VP (1) 4 (1= ) VP (Y (35)
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The first equality follows from the definition of the mechanism (q”, p”) along with the law of iterated
expectations, while the second equality follows from the fact that (q*,p*) and <qE . p? > satisfy
Condition (5).

We now establish that, if the sequence « is appropriately chosen, the mechanism (q7,p7) is
individually rational and incentive compatible (that the mechanism (q”,p”) belongs in ¥ then
follows directly from (35)).

To see that the mechanism (q7Y, p”) is individual rational note that the payoff that each period-1
type expects in (@7, p”) under truthful reporting is a linear convex combination of the payoffs that
the same type expects in <qE, pE> and (q*,p*) (with linear weight equal to ~1; see Equation (35)).
The individual rationality of (qY, p”) then follows directly from the individual rationality of <qE . pF >
and (q*, p*).

Next, consider incentive compatibility. Note that, for arbitrary sequences of weights =, the
mechanism (q?,p?) is not guaranteed to be incentive compatible; that is, incentive compatibility
of (q7,p?Y) need not be inherited from the incentive compatibility of <qE ,p? > and (q*,p*). In
particular, the mechanism (q”,p?) may fail to be incentive compatible if the weights (v¢);~; grow
too fast, e.g., if, for some t > 1, s =0 for all s € {1,...,t}, whileys =1foralls € {t+1,..., 400},
in which case incentive compatibility may fail at date ¢t. This may happen because, in (q*, p*),
truthtelling from period ¢ onwards may be optimal for the agent only because of the dependence of
the allocations (q;‘ (ﬂs> , D (ﬁ5)> at dates s >t on the period-t report hy.

Building on the above observations, below we show how, despite the problems discussed above,
the incentive compatibility of (q7,p?) can be guaranteed by appropriate choice of the sequence of
weights -y, whereby the weights to the efficient policy increase gradually over time at an appropriate
rate. The results rely on two preliminary observations. The first makes use of the assumption that
every element of the transition matrix A is positive to provide a sense in which, after enough time,
an agent’s expected type becomes independent of the initial conditions, in a sense made precise in

the following lemma:

Lemma 4. For all j € {1,...,N}, and all s > 1,
<ml?X Ajj — mkin AZj) < (1-2a)".
Furthermore, for anyt > 2, any s > 0,
H]lcal,X ‘E [iLt—i—s’i’/t = Hk} —E |:ilt+5’ilt = 9[} ‘ < b (1 — 2@)5 . (36)

Proof of Lemma 4. The first result is a well-known property of positive transition matrices;

see Lemma 4.3.2 of Gallager (2013). For the second claim, it is enough to note that

E [ﬁt+syﬁt - ek} _E [ﬁt+syht - el} < (1-2a)° ie
=1
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Q.E.D.

The second observation is that the agent’s continuation payoff in any mechanism (q,p) € W
satisfying the participation constraints in (2) as an equality for at least one type h; € O is bounded
uniformly across histories. The result is presented in the next lemma (Note that the value of the
bound in Lemma 5 is an alternative to the one in Condition (6), which is a defining feature of the
set U).

Lemma 5. Consider any mechanism (q,p) € ¥ satisfying the participation constraints in (2) as an
equality for at least one type hy € ©. Then for anyt > 1, any ht € ©°
’Vt<q7p> (ht)’ < qb —\
1-0(1-2a)

Proof of Lemma 5. The proof follows from arguments similar to those establishing Lemma
1. Suppose the inequality fails to hold at some history A, and assume qu’p) (ht) > #b—m)'
The assumption that the participation constraint in (2) holds as an equality for at least one type
hy € ©, along with the assumption that (q,p) € ¥ (which implies that Condition (5) holds for
all ¢ > 2) jointly imply that, irrespective of whether ¢ = 1 or ¢t > 1, there exists a type §; for
whom Vt<q’p> (htfl,ej) < 0 (with A= = () if t = 1). Suppose such a type uses the “canonical”
representation of the process F' described in the proof of Proposition 2 to mimic the distribution
of reports of type h; in the continuation starting with period ¢ (see the proof of Proposition 2 for
the details). Lemma 4, along with the fact that output in each period is bounded from above by ¢
implies that, in any period ¢ + s, for s > 0, the difference in expected per-period payoffs across the
two types (i.e., type 6; using the canonical representation to mimic type h; and type h; reporting
truthfully) is no more than

ab(1—2a)®.

This implies that, by mimicking type h; from period ¢ onwards, an agent whose true period-t type
is 0; can guarantee himself a continuation payoff at least equal to
ab

(@p) (1t\
Vi (%) 1-0(1—2a)

Hence, if Vt<q’p> (ht) > ﬁb_m)’ the mechanism is not incentive compatible. A similar argument
implies that a necessary condition for incentive compatibility is that Vt<q’p> (ht) > —#ZQQ) all ¢,
all ht. Combining the two properties leads to the result in the lemma. Q.E.D.

We now use the properties in the previous two lemmas to specify a sequence « € [0, 1]* for which

the mechanism (q”,p”) is incentive compatible and hence belongs to V.
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Lemma 6. Let v € [0,1]* be any non-decreasing sequence of scalars such that v1 € (0,1] and, for
allt > 2,

t—1
Yt = min {’71 (1 + %) R 1} , (37)

where \ is the constant defined in Lemma 5. The mechanism {(q”,p?) is in V.

Proof of Lemma 6. First, observe that (q?, p?) satisfies Condition (5) for all t > 2, all A*~1,
and Condition (6) for all ¢+ > 1, all h'. These properties follow directly from the fact that (q”,p”)
satisfies Condition (35) along with the fact that the mechanisms (q*, p*) and <qE . p¥ > satisfy the
same properties.

Second, observe that, because (q*, p*) and <qE . p”? > belong in U, there exist sequences of scalars
(b;) and (Bt), as specified in the definition of W, with 0 < b, < b; < ¢, such that ¢} (ht) qF (ht) €
[b;, by], all t and all h'. That the output schedule g7 satisfies the same property (i.e., that ¢} (ht) €
[b;, b] for all ¢, all k') then follows directly from (34).

Third, observe that, in (q”, p7), each period-1 type expects a non-negative payoff under truthtelling.
This follows again from the fact that (q7,p”) satisfies Condition (35) along with the fact that the
mechanisms (g*, p*) and (q”,p¥) are individually rational. Hence, (q?,p?) is also individually
rational.

It remains to show that (q”,p”) is incentive compatible. That (q”,p”) satisfies Condition (6)
for all ¢ implies that the agent’s flow payoffs under (q7,p?) are bounded for all ¢, all (ht,ﬁt).
This means that payoffs under (q7,p?Y) are continuous at infinity, for any reporting strategy o,
implying that the one-shot-deviation principle holds. Together with Condition “Markov” and the
fact that every element of A is strictly positive, this implies that, if, in (g7, p7), no one-shot deviation
from truthtelling is profitable at any truthful history (that is, at any history (', ht™1) such that
ht=1 = pt=1), then no deviation from truthtelling is profitable at any history and hence (q7,p?) is
incentive compatible.

To establish incentive compatibility of the mechanism (q7,p?) it thus suffices to show that, for
all ¢, all b € O, all b} € O,

VIR () 2 pf (W 10) = € (af (W) ) + 08 [V (W B s ) e (39)
To see that (q7,p7) satisfies Condition (38) note that, for all ¢, all k! € !, all b} € ©,
VI (1) = 3o () 4 (1) P ()
o (0 (00) = € (0" (1) ) 0 |V (1 ) (39)
(- ) (p;; (1, 10) = C (g7 (h1, 1)), hy) + OE [mf{“p*> (ht—l, K, Bm) ]htD
+ k.

The equality is (39) simply follows from the fact that (q7,p?) satisfies Condition (35), whereas
the inequality follows from the fact that the efficient mechanism <qE . p? > satisfies Condition (32),
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together with the fact that the mechanism (q*, p*) is incentive compatible. Next note that, by virtue
of (37),
Yk = 2A6 (Ve — W) -

Hence, using the fact that the mechanisms (q*, p*) and <qE . pF > both satisfy the condition in Lemma
5 and the triangle inequality, we have that

E E ~
E [V;is—ql ) (htfl,hg,htH) |t

Yek > 0 (Ver1 — Ye) (5% ~
B[V (W o) [

Combining the last inequality with (39), we then have that

VP (h) > 4, <ptE (R hy) = C (a7 (h3)  he) + 6E [Wiqf’p% (ht_l’h;’ i““) ‘htD

+ (1= 0) (s (B 00) = € (af (0 R0) S he) + OB (VISP (0 b s ) (o] )
E FE ~
E |:V;f§-ql P > (htila h%a ht-l-l) ’h’t
+ 0 (Ver1 — ) (@ p*) .
—E [V P (W4 s ) [

(40)

Now note that the right-hand-side of (40) is equal to the right-hand side of (38). To see this it suffices
to note that, for (h'™1, hj, hy1q) € O
* _ EpE _ Y Y _
(1 —%+1)Vt<fl ) (R~ bty hega) +7t+1‘/;5§_ql »?) (h*=1 By heg) = V}S?l ol (h*=1 By hiega)
The last equality holds by Condition (35) (note that, while this was established for truthful histories,
Condition “Markov” ensures the same property holds also for date ¢ misreports hj, provided the

agent reports truthfully after date ¢). The inequality in (40) thus implies that (g7, p?) is incentive
compatible. We conclude that (q”,p?) € ¥, as claimed. Q.E.D.

When the sequence ~ satisfies Condition (37), the mechanism (q7, p”) thus places progressively
more weight on the outcomes of the efficient mechanism of Lemma 3 as time passes. Eventually, i.e.
as soon as vy = 1, the mechanism is fully efficient. The less weight is initially placed on the efficient
mechanism, i.e. the smaller 7, the longer it takes for the mechanism (q7, p?) to induce an efficient
output.

Building on the above results, the final lemma in the proof (Lemma 7 below) shows that, when
players are sufficiently patient, i.e., when § > §, with & as defined in (12), if expected surplus under
(q*, p*) fails to converge to the efficient level, then there exists a mechanism (q”,p?”), obtained by
taking ~; sufficiently close to zero, which is not only individually rational and incentive compatible,

but generates an expected payoff for the principal strictly higher than (q*, p*).
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Lemma 7. Suppose § > 0, with § as defined in (12). Then any optimal mechanism must satisfy the

convergence results in the proposition.

Proof of Lemma 7. Consider first convergence of expected surplus. Suppose (q*, p*) is an
optimal mechanism and, under (q*, p*), convergence of expected surplus to the efficient level fails.
Recall that this means that exists € > 0 and a strictly increasing sequence of dates (tx) such that,
for all k,

[ (u (1) - (o i) )] =[5 5. ()~ (s (1) )] >«

v (k) = (1 + %) o .

Then consider the mechanism (q7, p”) whose weights are given by Condition (37), with v; = 71 (k).
Note that, when v; = v1(k), v, = 1. Now suppose the principal replaces the original mechanism
(q*,p*) with the mechanism (q”,p”). Clearly, the increase in ex-ante expected surplus is more
than 6% !¢ (this follows from (a) the fact that the new mechanism (q”,p?) delivers at least ¢ more
than the original mechanism in expected surplus in period t; along with (b) the fact that the new
mechanism implements the efficient output policies at all ¢ > ¢; and (c) the fact that, by strict
concavity of the total surplus function B(q) — C(q, h), the new mechanism, by implementing policies
that are a convex combination of those in (q*, p*) with the efficient ones at all ¢ < t, yields more
expected surplus than the original mechanism also in all periods t < ).

Then use Condition (35) to observe that the increase in the agent’s ex-ante expected rent is equal

(14 5) ™ (B[ (1)] - [ (1)] )

Combining the two effects, we have that the total change in the principal’s ex-ante expected payoff
is such that

E [Ej ot (B (a7 (1)) =07 ()| - E [i o (B (ai (7)) ~ i (ht»]
2t (1) ™ ([ () e [ ()
—t e () 0 )] e )

to
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Next observe that, when § > 6,

Ko k(1 —=0(1-2a))
5-1—5—54- 24

k(1 —2a) K
S o A St 24 A
5< 24b >+2<ﬂ>

- _2q_b—/-£ 1_/{(1j2a) 4B
2gb — Kk + 2k« 2qb
:“%(1_*@(1—2@~>>+ﬁ

1_% 2qb

=1.

Hence, by taking k large enough, the right-hand side of the inequality (41) is strictly positive. This
means that the mechanism (q7, p?) is more profitable than (q*, p*), contradicting the optimality of
the latter.

Given that expected surplus under (q*,p*) converges to expected surplus under the efficient
policy, we then have that ¢} (ht) must converge, in probability, to ¢” (h¢). The arguments are the
same as those establishing Part 2 of Proposition 1. Q.E.D.

This completes the proof of the proposition. Q.E.D.

Proof of Corollary 1. The result follows from essentially the same arguments that establish the
convergence results in Proposition 3. Suppose the mechanism (q*, p*) fails to satisfy the property in
the corollary for some t. Then let (q7, p?Y) be the mechanism constructed in the proof of Proposition
3 with the weights 7 satisfying Condition (37) in Lemma 6 and with v, = (1 + ﬁ)l_t. Recall
that such a mechanism is individually rational and incentive compatible and implements the efficient
policies from period ¢ onwards. Furthermore, from the same arguments that lead to Condition (41)
in the proof of Lemma 7, we have that the differential in the principal’s ex-ante expected payoff

under (q7,p?) and (q*, p*), respectively, is such that

E rzoo ot (B (a7 (1)) =07 ()| - E [io o (B (a (7)) — i (ht))]

> gt [A (5 ) (E [vl(qE’pE> (ﬁl)] —E [y (;al)m L @)
8= [5 (o (i) - o# (i) )] -5 (0 (1)) - (s (7))

is the loss in period-t expected surplus under the mechanism (q*, p*) . Now use the result in Lemma

E [‘G(qE,pE) (131)] & [vf‘f‘vp” (Bl)} <o

where

5 to observe that
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Irrespective of whether the horizon is finite or infinite, we thus have that, whenever A > 2\ (5 + ﬁ) l_t,
the mechanism (q7, p?) strictly improves upon (q*, p*). We conclude that, under any optimal mech-
anism, the loss in period-t expected surplus relative to the efficient level must be bounded from above
by 2X (6 + %)7(2571) , as claimed. Q.E.D.

Proof of Proposition 4. The proof follows from arguments similar to those establishing Propo-
sition 3. Without loss of generality, assume (q*, p*) € ¥ and suppose (q*, p*) violates the property
in the proposition. Then let <qE . p¥ > be the efficient mechanism defined in Lemma 3 (again, choose
the sequence of bounds on output defining the set ¥ so that ¥ includes <qE . pP >) Now let (q7,p7)
be a mechanism derived from (q*,p*) and <qE . p¥ > using the same construction as in the proof of
Proposition 3, for some sequence of weights v = ()50, with 4 € [0, 1] for all ¢.

The point of departure from the proof of Proposition 3 is in establishing the incentive compati-
bility of the mechanism (q?Y, p7), for an appropriate choice of the sequence y. We proceed as follows.

In any mechanism (q,p) € ¥, for any t > 1, k=1 € O~ h;, b} € O,
o 1 (1]

= )E [V}Tim (ht_l, h;71~1t+1) |ht} -E [thim <ht_1, h;,ﬁtﬂ) W:”
qAf
< ——Ne(9). 43
< 29 Ne ) (43)
Note that the equality in (43) follows from the fact that (q,p) satisfies Condition (5), while the
inequality follows from the fact that ’V;fim (htH) is bounded by % uniformly over ¢ > 1 and
httl € O asestablished in Lemma 1, together with the fact that | fi 1 (hey1|he) — fie1 (hera|hh)| <
£ (0) for any (he, by, hit1).
Now, let v = (14);2; € [0,1]°° be any sequence of scalars satisfying v1 € (0,1) and, for all ¢t > 2,

_ (1 —6) K+ 26GgAONe (6)\ !
e {’“ ( 20GAONe (3) > ’ 1} ' (44)

From the same arguments as in the proof of Lemma 6, the mechanism (q7, p”) is incentive compatible
if and only if it satisfies Condition (38) for all ¢, h' € ©f, and h} € ©.

Now observe that (44) implies that the sequence (y;);~; described above satisfies
qAd
1-6

Yk > 20 (Ver1 — ) Ne ()

for all ¢ > 1. Furthermore, because <qE, pE> ,(q*,p*) € ¥, Condition (43) above (together with the
triangle inequality) implies that, for all ¢ > 1, all R*~!, h; and h},

qu = [V;SflE’pE> (ht_l’ h:tv iLt-‘rl) |ht
20 (Vey1 — ) =——=Ne (6) > 6 (4441 — ) . .
b B VP (b e ) e
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The above two inequalities, combined with the fact that the mechanism (q7, p”) satisfies Condition
(39) for all ¢, all h', all h}, then imply that the mechanism (q7,p?) satisfies all the inequalities in
(40). As explained in the proof of Proposition 3, these inequalities coincide with those in (38). This
means that the mechanism (q7, p”7) is incentive compatible.

Arguments similar to those establishing Lemma 7 in the proof of Proposition 3 then imply that,
if, under (q*, p*), convergence in expected surplus fails, then, provided

(1 —9) K+ 20GAONe (0)
o < 25GA0N< (5) ) L

(45)

one can construct an incentive compatible and individually rational mechanism (q”,p?), with an
appropriate choice of v; and (vy¢);-, satisfying (44), that yields the principal a higher expected payoff
than (q*,p*). The result in the proposition then follows from the fact that the inequality in (45) is
satisfied for € (0) sufficiently small. Q.E.D.

Proof of Proposition 5. The proof follows from arguments similar to those in the proof of
Proposition 3, with the key difference being that the perturbations now involve randomizations over
the schedules in the putative optimal mechanism (u*,p*) and in an efficient mechanism <,uE . p? >,
with the agent’s expected production cost thus linear in the probabilities the perturbation assigns
the two mechanisms (u*, p*) and (u®, p¥), (the details are explained below).

Arguments similar to those establishing Lemma 1 imply that we can restrict attention to mech-
anisms (i, p) € U9 such that (a) for all ¢ > 2 and h*~! € 1,

E [Vt“"” (hH, Bt) |ht_1} —0, (46)

and (b) the participation constraint (15) is satisfied with equality for at least one type hy. Arguments
analogous to those establishing Lemma 5 then imply that such mechanisms satisfy

‘Vtm,m (ht)‘ < — 5Nu

TTra o) by (47)

for all ¢t and all h* € ©!, where u is the Lipschitz constant in Property 2 of Condition “Cost
restriction”.

Next, for any t > 1, any h', let puf (k') be the degenerate distribution assigning probability
mass one on the efficient quality ¢” (h;). Then observe that arguments similar to those establishing
Lemma 3 imply the existence of a (deterministic) efficient mechanism <,uE . p? > satisfying the above
conditions and such that, for all ¢+ > 1, all h?, and all h} # hy,

E E E E B
VP ) 2 (0 00) = € (0B (1)) 0 [V (1 ) | a9

where x > 0 is the constant defined in (11).
We now show how one can construct a mechanism (17, p?) € ¥ whose policies are obtained

by taking convex combinations of the policies in (u*, p*) and <qE . pF > with time-varying weights ~y;
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that grow over time at an appropriate rate that guarantees incentive compatibility of the mechanism
(1Y, pY). The arguments here parallel those establishing Lemma 6. Let v = (vs) € [0,1]* be any

non-decreasing sequence of positive scalars satisfying 1 € (0,1) and

. K t—1
~¢ = min {’yl (1 + ﬁ) ; 1} (49)
for all t > 2. Then let (17, p”) be the mechanism whose policies are given, for each t > 1 and each
ht, by
i (BY) = end” () + (1= ye) i () (50)
and
pf (h') =vpy (B') + (1 =) (B). (51)
Note that, unless p* happens to coincide with the efficient policy, the mechanism (u”, p?) involves
randomizations over quantities (with probability v placed on the efficient quantity and 1 — 4 on a
draw from the distribution 4 (h')).
For any ¢, ht and h} # hy,
Vt<;ﬂ,p"> (ht)
E E * ok
:’YtVt<M ") (ht) (1= ) V;W p*) (ht)
E (pt—1 2/\ _ ~ E (1t—1 1/ (WZpP) (i1 50 7
ZPYt Pt (h ) ht) C (Qa ht) d:ut (h ) ht) + K V;t-s—l h ) ht7 ht+1 |ht
#=0) (51 00 = [ € (71,08) + 08 [V (00 b ) ]
+ Nk
E E ~
o (o (00— [ € @b dulf (020 4 08 [V (50 ) ] )
+(1 =) <p; (W1, hy) — /C (@, he) dug (W 17) + OF [ VP (R0 R s ) |ht]>

E _FE ~
E [V;S:Ll > (ht_l»hfwhtH) |he

+ 0 (ver1 — 1) (o) B
B[V (W b B ) [he

—p7 (W1 1}) — / C (@, he) dp (R 1) + 08 [V (R 0 Ry ) (] - (52)

The first equality follows by the fact that both <,uE, p? > and (u*, p*) satisfy (46), implying that, at
any truthful history, the agent’s continuation payoff under (17, p”) satisfies the same decomposition
as in (35) with <uE . p¥ > and (u*, p*) replacing <qE ,p¥ > and (q*,p*). The first inequality follows
from the incentive compatibility of the mechanism (u*, p*) along with Condition “Markov” and the
fact that < u? p¥ > satisfies (48). The second inequality follows by the choice of the sequence v = (7s)
and the fact that the agent’s continuation payoffs under both < u? pf > and (u*, p*) satisfy the bound
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in (47) (the arguments are the same as in the proof of Lemma 6). The final equality follows from the
same equality as in (35). The last inequality in (52) implies that one-shot deviations from truthful
reporting are unprofitable for the agent. This property, along with the fact that the process satisfies
Condition “Markov” and that payoffs are continuous at infinity then implies incentive compatibility
of (17, p7) (the details of the arguments are omitted because they are essentially the same as in
the proof of Proposition 3). Individual rationality of (xY,p?) in turn follows from the individual
rationality of <,uE ,p? > and (u*,p*) along with the fact that the agent’s payoffs in (uY,p?) satisfy
the same decomposition as in (35). We thus conclude that (uY,p?) € 5.

The first claim in the proposition then follows from arguments similar to those in the proof of
Lemma 7. In particular, suppose that the assumed optimal mechanism (u*, p*) fails to satisfy the
property of convergence of expected surplus to the efficient level specified in the proposition. This

means that there exists € > 0 and a strictly increasing sequence (t;) such that, for all k,

i (o 1)) € 0 () )] -2 [ (500 (85, ()] =

Now, for any k € N, let (17, p”) be the mechanism defined above with weights v given by 71 = 75 (k)
with

= (14 55)

and, for any ¢ > 2, v, satisfying (49). Note that the v; = 7; (k) guarantees that, in such a mechanism,
v, = 1. The increase in ex-ante expected surplus from switching from (u*, p*) to (17, p7) is at least
§'*~le (the arguments are similar to those in the proof of Proposition 3). Furthermore, because the
agent’s period-1 rents satisfy the decomposition property in (35), the increase in the agent’s ex-ante

expected rents is equal to

ity {i [0 ()] - e ()]

It follows that the change in the principal’s ex-ante expected payoff associated with the switch from

(1", p") to (57, p7) is equal to
> < / B (@ dy7 () -7 (Et)) —E [z 5t ( / B (@) dp; (W) - i (fzt))]

> ot (14 o) (B [0 ()| - B [0 (1))

<o (o) )] s ()])

Provided ¢ + % > 1, the expression above is strictly positive for ¢; sufficiently large. This is

guaranteed for § > 0%, with 6% as given in (17), thus establishing the claim in the first part of the

E

proposition.
Next, consider the second claim in the proposition. Let (<,uk, pk>) denote a sequence of mech-

anisms in U, with limy_,oo I (uk, pk) = sup(, pyews H (11, p), and satisfying the same properties as

20



the mechanism (u*, p*) considered above for the case where an optimal mechanism exists. Suppose,
towards a contraddiction, that there is € > 0 for which there is no value ¢ € N and corresponding
sequence (sg), with sy — oo, for which (19) is satisfied for all # <t < ¢+ sg. Then, for any ¢, there
is 5(t) such that, for any k € N, there exists ¢ (t;k) € {t,t +1,...,t + 5(f)} with

E [B (qE <}~Lt(t_;k:) ) -C (qE <}~lt(t_;k:)) aﬁt(t_;lc))}
—E [f (B (@) —C (4, Bt(f;k))) dﬂf({;k) (Bt(ﬂk))] > E.

Now, consider mechanisms <,uk77, pk77> whose policies are given, for each ¢ > 1 and each h?, by
k7
e (h) = yend (h) + (1 =) g (B)

and

Py (hY) = pE (hY) + (1 — ) pf (hY),
)1—t(f;k)

t—1
with 7, = min {71 (1 + ﬁ) , 1} and y; = (1 + 55x . Arguments analogous to those used

above to establish the first clam in the proposition imply that the mechanism <,uk’“’, pk"7> increases

the principal’s expected profits by at least

51 (6 B (5+ 2,})H(t;k) (E |:V1<qE,pE> (711)} & [Vl<u’“,p’“> (,;OD) :

which, provided ¢ is taken sufficiently large, exceeds zero by at least some amount that is independent
of k. For k large enough, this implies the principal obtains expected profits that are strictly higher
than sup, pyews I (1, P), a contradiction. Q.E.D.

Proof of Proposition 6. The result follows from the arguments in the main text. Q.E.D.

Proof of Proposition 7. Observe that, when the process satisfies Condition “Regularity,”
E[I;(h')h1] = g=E[hy|h1]. Thus,

. _ _ B _ 6 5
E|8Gu 7| = E | REDELR) | by :/e Fi(00)E[T (1) | 61)d6:

= Fy(61)E[hy| 61]

01=0 g .
+ [ fi60EG 6rlas,
01=0 ]
= B[ | 0] — E[h).
When, in addition, F satisfies Condition “Ergodicity,” then E[ﬁt | 6] —E[ﬁt] — 0, as t — oo, implying

that E [%It(ﬁt)} — 0, as t — oo, as claimed.

If, in addition to Condition “Ergodicity,” F' satisfies Condition “FOSD,” then
Efh | 0] — E[h] >0

o1



so that the convergence is from above.
Finally, if, in addition to the conditions above, F' is stationary, then

Fl(ill) 7ty Fi(h1) Is\| _ wr%. 0l IR )
E [fl(ill)jt(h )] E {fl(ill)js(h )} = Elhe | 6] —E[s [ 6] <0

for any ¢ > s, which implies that convergence is monotone in time. Q.E.D.
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