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Abstract

We study infant industry protection using a dynamic model in which the
industry’s cost is initially higher than that of foreign competitors. The industry
can stochastically lower its cost via learning by doing. Whether the industry
has transitioned to low cost is private information. We use a mechanism-design
approach to induce the industry to reveal its true cost. We show that (i) the
optimal protection, measured by infant industry output, declines over time and
is less than that under public information, (ii) the optimal protection policy is
time consistent under public information but not under private information, (iii)
the optimal protection policy can be implemented with minimal information
requirements, and (iv) a government with a limited budget can use a simple

approach to choose which industries to protect.
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1 Introduction

Protection of infant industries is perhaps the longest-lived exception to free trade.
Examples of protection range from those in the 19th century in the U.S. for steel rail
(Head, 1994) and tinplate (Irwin, 2000) to more recent ones, such as the chemical in-
dustry in South Korea (Choi and Levchenko, 2021). The rationale for infant industry
protection is that a newer, smaller domestic industry cannot survive against mature
foreign competitors who have a superior technology. Protection provides the infant
industry the time to develop so it can compete in the world market.

In developing economies, there are of course many infant industries, so a question
then is what are the prerequisites for protecting an industry. The answer is that the
protection policy must pass the Mill and Bastable tests: “The Mill test requires that
the protected sector can eventually survive international competition without protec-
tion, whereas the Bastable test requires that the discounted future benefits compen-
sate the present costs of protection,” see Harrison and Rodriguez-Clare (2010).? In
reality, assessing the costs and benefits is fraught with private information problems,
especially in a developing economy. The infant industry’s cost of production at any
point in time is known to the industry, but not the government.?

Our focus is on the private information problem in infant industry protection.
The infant industry knows when it has reduced its cost and is ready to compete with
foreign firms. When the cost is private information, the industry has an incentive to
say it has not reduced its cost so that it can continue to receive protection. We use
a dynamic mechanism-design approach to design an efficient protection policy that
results in the infant industry truthfully reporting its cost.

We develop a model where foreign firms have zero marginal cost of production

!Government support for domestic producers to compete against foreign competitors was advo-
cated by Yarranton (1677). The infant industry argument dates back to Hamilton (1791) and then
to Rae (1834), List (1841), and Mill (1848). For an intellectual history of the argument see Irwin
(1996).

2The answer has been refined over many years, from Mill (1848) and Bastable (1887, 1921) to
Meade (1955), Kemp (1960), and Succar (1987).

3For instance, items for personal entertainment, such as big screen TVs, can be recorded as
production equipment thereby giving the illusion of high cost, so government would not know the
true cost of the industry. Even in developed countries, Breyer (1982, p. 109-110) observed that in
setting tire standards, the National Highway Traffic Safety Administration needs to know the cost
of developing practical tests for tire qualities, such as blow-out resistance and stopping distance.
When firms provide the estimates, “it was easy for a firm...to produce a high cost estimate...”



and where a domestic industry initially has a positive marginal cost ¢ for producing
the same good. There is a downward sloping domestic demand curve for the good.
Without protection the foreign firms will serve the entire domestic market. We assume
that there is an externality associated with free trade; we capture this via a social
cost that is increasing in imports. The domestic industry’s cost may stochastically
transition from ¢ to zero at a Poisson arrival rate that is increasing in domestic
output. This stochastic process has the feature that the expected marginal cost of
the industry declines over time as long as it continues to produce; i.e., the process
embodies stochastic learning by doing. After the transition the industry’s cost is zero
forever. The government knows the initial cost ¢, but after the initial period the
government does not know the industry’s true cost. The time at which the industry
transitions from ¢ to zero is private information and random.

We restrict the demand, learning by doing, and social cost such that the Bastable
test is satisfied. The question in our paper is how to protect the infant industry
optimally when the industry has private information. Our mechanism has access
to all instruments—tariffs, domestic production/import quotas, rewards, taxes, and
subsidies—in order to maximize social welfare. In our dynamic setting, truth telling
is achieved by conditioning future payoffs on the history of reports. That is, our
optimal mechanism offers a higher reward for reporting an early transition to zero
cost than for reporting a late transition.

Our results are as follows: The optimal protection policy is a precommitted se-
quence, from time 0 to the infinite future, of (i) domestic output and import quotas
before the report of transition to zero cost, (ii) a per-unit subsidy ¢, financed by a
tax on consumers, to cover the gap between domestic and foreign costs of production
before the report of transition to zero cost, and (iii) a reward at the time when the
industry reports a transition to zero cost. After the transition to zero cost, the policy
is straightforward: The domestic industry receives no subsidies and serves the entire
domestic market. Under private information, the optimal domestic output declines
(or, the optimal import quota increases) over time, before the transition to zero cost.
Facing declining subsidies, the domestic industry is incentivized via a reward to never
postpone its report of transition to zero cost. In contrast, under public information

where the government can observe the transition to zero cost, the optimal protection



policy before the transition is a constant level of domestic output with a per-unit sub-
sidy ¢; there is no reward at the time of transition. Furthermore, the protection under
public information is more generous: The optimal import quota is lower than that
under private information at every point in time. This is because protection is more
costly under private information since the government has to reward the domestic
industry to induce truth telling.

We show that the optimal allocation under private information can be achieved
with a simple implementation. The government provides a fund upfront to the infant
industry and requires the industry to choose a production level from an interval that
is bounded below by the optimal domestic output. Based on the industry’s choice
of production (which is observable), the government determines the consumption tax
and import quota, which pin down the price. The information requirement on our
implementation is minimal: The industry receives no subsidy or reward other than
the initial fund and is not required to report its transition to zero cost.

Is it possible that the policy fails in the sense that it never produces a viable
domestic industry that can compete internationally? In other words, does the policy
pass the Mill test? Our model is stochastic, so passing the Mill test is a probabilistic
event. Under public information, with constant output each period and stochastic
learning by doing, the domestic industry will eventually be able to compete inter-
nationally with probability 1. Under private information, this is not the case. The
optimal policy is a declining path of domestic output, and the probability of eventual
transition to zero cost, although positive, is below 1. So, the protection policy cannot
guarantee that the domestic industry will be able to compete internationally.

The optimal protection policy under private information is not time consistent.
In our model, time inconsistency arises from incentive compatibility constraints.
Promised subsidies after ¢ have negative effects on incentives before ¢, which have
to be taken into account by the time-0 government, but not by the time-t govern-
ment. As a result, the time-0 government is less willing to protect after ¢ than the
time-t government. A future government would embark on a new path as if it were
starting at time 0. This gap between time-0 and future governments does not arise un-

der public information since the transition is observable and incentive constraints are



not an issue. Hence, the optimal policy under public information is time consistent.*

By restricting the mechanism to choose only from stationary policies, as in the
public-information game of Matsuyama (1990), we deliver a time-consistent policy
under private information. The time-consistent domestic output is constant over time
as long as the domestic industry’s reported cost is high. With constant output in each
period, stochastic learning by doing implies that the domestic industry will eventually
transition to zero cost and be able to compete internationally with probability 1.
The time-consistent policy is suboptimal since it is in the feasible set of policies for
the unrestricted mechanism. That is, even though the time-consistent policy passes
the Mill test with probability 1, it results in lower welfare. Furthermore, the time-
consistent policy offers less protection than the public-information policy since the
industry has to be incentivized under private information to report the transition
truthfully, which increases the cost of protection.

How would a government with a limited budget choose between industries asking
for protection? An industry in our model is defined by four items: its initial cost
relative to the foreign competitor, the parameters of its stochastic learning-by-doing
function, the social cost of imports, and the demand for its product. Given the
budget and the set of industries asking for protection, we show that the shadow
value of government’s resources helps determine which industries should be protected.
Furthermore, our one-industry mechanism delivers the optimal protection policy for
each protected industry when each industry’s cost is magnified by the shadow value
of the government’s resources. We show that an industry with a higher initial cost
of production, all else equal, is protected less, i.e., lower domestic output and higher
import quota. This is because the production subsidy increases with c. In contrast,
Costinot, Donaldson, Vogel, and Werning (2015) and Bartelme, Costinot, Donaldson,
and Rodriguez-Clare (2021) show that tariffs are uniform among importing industries
despite different levels of comparative disadvantage. In their model, imports have no
social costs and specialization is complete, so all importing industries have zero output

and receive zero subsidies.

4In both cases the protection is contingent on the industry’s “effort” (domestic output) in cost
reduction, which is observable by the government. Tornell (1991) notes that contingent policy
resolves the time inconsistency issue under public information. With private information, a policy
contingent on observables does not resolve the time inconsistency.



Finally, our paper also contributes to the methodology for solving persistent-
private-information models. The standard method in this literature (e.g., Fernandes
and Phelan, 2000) is to formulate the principal’s problem recursively and use a vector
of agent’s continuation utilities as the state variable. The first-order approach (e.g.,
Williams, 2011; Farhi and Werning, 2013) reduces the state vector to a pair: contin-
uation utilities of only the truth teller and his nearest neighbor in the type space. In
contrast, our state variable is not continuation utilities, but the domestic industry’s
cumulative probability of transition to zero cost. We can identify all of the binding
incentive constraints and substitute them into the principal’s objective function.

A few remarks are in order here. First, our model is about how, not why, to protect
the infant industry. The structural parameters are restricted to satisfy the Bastable
condition so that the industry is worth protecting. The mechanism-design approach
delivers how to protect the infant industry optimally. Second, our mechanism does
not restrict the set of available instruments. In contrast, Bardhan (1971) and Melitz
(2005) study infant industry protection under public information by comparing the

effectiveness of specific policy instruments.

2 Model

There is a unit measure of buyers with the inverse demand function p(Q), where @
is the total quantity of the good. This could be a derived demand for an intermediate
good or final demand by consumers. A domestic industry can produce the good at
cost cq, where ¢ > 0 is the quantity produced by the domestic industry and ¢ > 0
is the cost per unit. Foreign firms can produce the same good at zero cost. In a
laissez-faire equilibrium the foreign firms would drive out the domestic firms.

We assume that imports ¢/ imply a social cost I'(¢/) > 0, so there is a reason to

protect the domestic industry. We impose the following assumption on I':
AssuMPTION 1 T'(q/) is increasing and strictly convez in q', T'(0) = 0, and I"(0) = 0.

Learning by doing The domestic industry’s cost may stochastically transition
from ¢ to zero (absorbing state) at arrival rate m(q) that satisfies:

ASSUMPTION 2 7(q) is increasing and strictly concave in q, w(0) = 0, and 7' (0) < oo.
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Let €, denote the event that the domestic industry’s cost remains high at ¢; i.e.,
no transition has occurred until t. Conditional on €2;, the probability of a transition
during time interval (¢,t + dt] is m(q;)dt, where dt > 0 is small. Denote the uncondi-
tional (i.e., as of time 0) probability of §2; as Pr(£2;); Pr(€2y) = 1. The unconditional
probability decreases at the rate 7(q;), so Pr(€Q;) = e ™ where I, = f(f 7(qs)ds is
the cumulative transition up to ¢t. The domestic industry’s marginal cost at time t,

II

ct, equals 0 with unconditional probability 1 — e, Tts mean E[c;] = ce™™* is mono-

tonically decreasing over time. Thus, our specification is one of stochastic learning by

dE[e]/dt
Elct

further if the domestic industry stops production.

doing. The growth rate of E[c] is = —m(q), so the cost cannot be reduced

Our environment before the transition is time invariant. That is, conditional on
event (), the environment at ¢ is identical to that at time 0. In particular, the
transition rate at t, m(¢;), depends only on ¢; the cumulative production before ¢
does not affect the conditional probability of transition in the interval (t,t + dt],
which resembles the memoryless property of stationary Markov processes. Note that
the time-invariant nature of the physical environment does not necessarily imply that
the optimal policy is time invariant.

Two remarks are in order here. First, the externality in our model is the social
cost of imports, instead of social benefit of domestic production. Although the latter

is common in the literature, our modeling choice is in the spirit of Mill (1848):

...it is essential that the protection should be confined to cases in which
there is ground of assurance that the industry which it fosters will after a
time be able to dispense with it; nor should the domestic producers ever
be allowed to expect that it will be continued to them beyond the time for

a fair trial of what they are capable of accomplishing.®

Had we modeled the externality as social benefits of domestic production, the optimal
policy would prescribe a subsidy to the domestic industry forever. Put differently,
in a dynamic model, the subsidies would continue even after the domestic industry
is ready to compete internationally and there would be no such thing as temporary

protection in Mill’s sense, by construction.

°The statement in its entirety is reprinted in Irwin (1996). Juhasz (2018) examines a case of
“natural” protection for the cotton industry in France during the Napoleonic Wars and documents
a reduction in French firms’ marginal cost.



Second, there is no contradiction between the memoryless property and learning
by doing. The independence between the past and future, conditional on the current
state, is a property of models with a state variable and a Markovian structure. For
example, consider a stochastic version of the learning-by-doing model in Arrow (1962):
A firm’s productivity depends on the stock of aggregate capital, which is the sum of
past investments and random shocks. The capital stock is a state variable in this
model because future dynamics depend on the history through the current stock of
capital. Since a history with large investments but bad shocks can result in the
same capital stock as another history with small investments but good shocks, the
two histories imply the same productivity in the future despite different cumulative
investments. Similarly, in our model, the state at time ¢ is the infant industry’s
cost. Conditional on cost ¢ at ¢, the probability of transition to zero cost after t is
independent of cumulative output until ¢. In contrast, the unconditional probability
of the transition, 1 — e depends on the history and increases over time due to

learning by doing.

2.1 Protection under public information

As a benchmark, consider the environment with public information. The govern-
ment knows when the domestic industry transitions to zero cost and precommits to a
protection policy at time 0 through a direct mechanism by choosing paths of several

variables. The government
1. provides a subsidy 7; to the domestic industry and asks it to produce ¢;
2. provides a subsidy th to the foreign firm and asks it to produce q{ ; and
3. sets a price p; per unit to be paid by each consumer and collects a tax 7; + th )

While the subsidy 7; in each period helps the domestic industry to compete with
foreign firms, th can be negative, in which case a natural interpretation is tariff.
Note that the mechanism is not restricted to choosing one instrument at a time. It
can simultaneously use tariffs, import quotas, taxes, and production subsidies. The

constraints on the direct mechanism are, for all ¢

1. nonnegative profits for the domestic industry—r; + p;q; > ¢;q—and



2. nonnegative profits for foreign ﬁrms—th + ptq{ > 0.

The government’s utility flow is the consumer surplus minus social cost:

Qt-‘rqtf
/0 §Q)AQ — pular + af) — (e + 1) — T(a]).

(In Appendix B, we extend the government’s objective function to also include the
domestic industry’s payoff and show that our results are still valid.) Given that
the government has access to taxes and subsidies in our mechanism, the price p; is
redundant. We can define an alternative tax/subsidy 7, = 7, + p;q; and %tf = th + ptqf
and set the price to zero; the alternative would yield the same sequence of import

quota and domestic output.

REMARK 1 Without loss of generality we can set p, = 0 with 7, and th adjusted
accordingly for all t > 0.

REMARK 2 With p, = 0, nonnegative profits for foreign firms imply th > 0,Vt.
Recall that positive 71 implies a subsidy to the foreign firms while negative 77 implies
a tariff. It is easy to see that it is suboptimal to subsidize the foreign firms with a tax
on domestic consumers; hence, th = 0. In general, th = —ptq{ < 0 whenever p; > 0

so that the foreign firms’ rents are completely extracted.

REMARK 3 With p; = 0 and th = 0, nonnegative profits for the domestic industry
imply 7 > cq; before the transition to zero cost. It is suboptimal to provide rents to
the domestic industry—r; — cq; > 0—financed by a tax 7, on consumers. The direct
mechanism can internalize the learning benefits and social costs through the sequence

of domestic output q; and imports q{ . Thus, 7, = cq; before the transition.

The above three remarks imply that even though the mechanism has access to all
instruments, a subset of instruments—domestic production/import quota and subsidy
to the infant industry financed by a tax on consumers—is sufficient to describe the
optimal protection policy. Other instruments are redundant. For the rest of this
section, we set p; = 0 and th = 0 V¢, and 7, = cq; before the transition.

It is useful to divide the government’s problem into two parts: (i) after the do-
mestic industry has transitioned to zero cost and (ii) before the domestic industry

has transitioned.



After the transition, the domestic industry and the foreign firms are equally effi-
cient: The marginal cost is 0 for both. The government’s problem is a sequence of

static problems, each of which is to

a+q’
max/o : p(Q)dQ — 7 —T(¢’) st. 7>0.

q,97,7

Since the domestic firm need not be subsidized after the transition, it is optimal to
set 7 = 0. Furthermore, since imports impose a social cost, it is optimal to set the
import quota to zero and ¢ = p~!(0): The domestic output is such that the marginal
utility of consumption equals the marginal cost, which is 0. Denote the optimal value

in the above problem as
p~1(0)
s= [ @i
0

Note that S is the flow of consumer surplus in each period after the transition and it
is also the flow of social surplus.

Before the transition to zero cost, the government’s infinite-horizon problem is

/OT vt (/OWJ p(Q)dQ — cq, — F(qf)) dt + /TOO e—”Sdt] . (D)

7
where T is the random transition time, and fothrqt p(Q)dQ — cq — F(qtf ) and S are

the government’s payoff flows at t < T" and ¢t > T, respectively. Note that q{ affects

max FE

%»qtf

only the payoff flow at t, while ¢; affects not only the payoff flow but also the random
variable T'. Consequently, the optimal q,f before the transition is a solution to a static
optimization problem, while the optimal ¢; requires a dynamic analysis and is the

focus of this paper.

Import quota For any given ¢;, the optimal import quota is a solution to

f

qt+q;
max ‘/ p(Q)AQ — T(q).
0

al

10



The first-order condition for the optimal qtf s

I (gl") = pla: + a "), (2)

which implicitly defines qtf * as a stationary function of ¢;. We denote this function as

a* = ¢’ (q).

LEMMA 1 (Import quota) ¢/(q) is decreasing in q but total quantity q + q’(q) is

MNCreasing in .

The total ¢ + ¢/ (q) varies with q. The substitution between ¢ and ¢/ is imperfect
in the optimal protection policy even though consumers view the domestic output
and imports as perfect substitutes. When ¢ is decreased, ¢/ is increased, but this

increase is less than one-for-one because the marginal social cost I increases with ¢/.

Static protection When the government cares about only the current payoff

a+q (q
0

stat

flow, )p(Q)dQ — cq, the optimal domestic output ¢¥'* is a solution to

pla+d (q) =c (3)

The government internalizes the social cost of imports, but not the stochastic learning-

by-doing benefits.

Dynamic protection Let

Note that U(q) is just a generalization of S and describes the consumers’ utility flow

in each period before the transition to zero cost.

11



After changing the order of integration, we can rewrite the objective in (1) as

/OO o [PT(T > 1) (Ug) = T(¢/ (@) — cq) + (1 = Pr(T > 1))S] dt
; e " Pr(T > 1) (U(Qt) -5- F(Qf(%)) - CCIt) dt
S

/ = (S~ U(gy) + T(¢! (4r)) + ear) dt. (4)

where Pr(T > t) = e~ is the probability that the transition has not arrived until ¢,
and S — U(¢) is the deviation of consumers’ utility flow prior to transition relative to
the flow post transition. We note two features of (4). First, the optimal ¢; involves a
dynamic tradeoff due to learning by doing: ¢; affects not only the current payoff, but
also future payoffs through probabilities e s, ¥s > t. Second, because I'(¢/(¢;)) and
cq; in (4) are, respectively, the deviations of social cost of imports and production
subsidy from their post-transition counterparts, 0 and 0, the objective before tran-

2 minus three losses: 1) deviation of

sition is written as the post-transition value,
consumers’ utility, 2) social cost of imports, and 3) production subsidy.

The first two losses always show up together in our analysis. Denote their sum by
L(g) = S = U(q) + (¢’ (q)) > 0.

It is easy to show that L(q) is convex and decreasing in ¢: The Envelope theorem
implies that L'(¢) = —p(q + ¢/(q)) = —T"(¢’(¢)) < 0, where —I" is increasing in
q because Lemma 1 shows ¢/(g)) is decreasing in ¢q. Higher ¢ increases consumers’
utility by p(¢ + ¢’ (q)); equivalently, higher ¢ decreases the social cost by I''(¢/(q)).
Furthermore, L(p~'(0)) = 0; i.e., when the domestic output is p~(0), which occurs
after the transition to zero cost, there is no loss and the flow of social surplus is S.
Before characterizing the dynamic protection policy, it is useful to know whether
the domestic industry is worth protecting, i.e., whether the benefit from protection

exceeds the cost. This amounts to checking whether the industry satisfies the

L(0)

Bastable condition: ¢ < &= —L'(0) + 7'(0)
,

(5)

To understand the condition, consider a temporary variation around the scenario

12



where the domestic industry produces zero output forever: Increase ¢y from 0 to
e > 0 but fix ¢ = 0 for all £ > 0. A marginal increase in ¢y costs the government ¢
to protect. The benefits are: (i) an immediate marginal social gain of —L/(0) since
imports at ¢ = 0 are decreased and (ii) an increase in the probability of transition
resulting in a gain forever yielding the second term =’ (O)@.6

Recall from Assumption 2 that 7'(0) < oco. If 7/(0) = oo, then ¢ = oo and the
Bastable condition will be satisfied by the industry no matter how high its cost is.
For the rest of this section, we will assume that (5) is satisfied: ¢ < ¢ < oc.

Theorem 1 below characterizes the optimal policy under public information. Since
s

2 is a constant, we will minimize the sum of the three losses in (4).
THEOREM 1 (Permanent protection under public information) Assume ¢ < ¢.

1. Before the transition to zero cost, the optimal domestic output is time invariant:

¢ = ¢*** > 0, where

L(g) +cq _ S—Ulq) +T(¢’(q)) + cq
r+7(q) r+7(q) ‘

pub

€ arg min

q

(6)

2. qpub > qstat'

Theorem 1 has four implications. First, the optimal protection policy is time
invariant because if the domestic industry has not transitioned to zero cost until ¢,
the continuation problem faced by the government at ¢ is identical to that at time
0. Hence, whatever is optimal at time 0 will continue to be optimal at time t,
conditional on high cost at ¢. Thus, the protection policy under public information
is time consistent. However, as we show in the next section, if the domestic industry
privately observes the transition to low cost, this is no longer the case.

Second, since the domestic industry’s cost is public information, optimality com-
bined with the stationary nature of the environment requires that the protection
continues so long as the industry has not transitioned to zero cost. The perpetuity of

protection (conditional on high cost) implies that the transition will occur eventually

6The definition of ¢ includes the function L(-), which has import quota ¢/ that depends (endoge-
nously) on domestic output. However, the import quota at zero domestic output is easy to compute
from the primitives of the model using equation (2): I'(¢/) = p(q¥).

13



with probability 1. In other words, the protection policy would pass the Mill test
eventually and the domestic industry would be able to compete internationally. (As
noted earlier, passing the Mill test is a probabilistic event in our model since learning
by doing is stochastic.)

Third, the domestic industry is offered protection (i.e., ¢?** > 0) if and only if
¢ < ¢. That is, if the domestic industry is “too inefficient” relative to the foreign
firms, then it is optimal to let the imports serve the entire domestic demand forever.

In the minimization problem (6), higher ¢ raises the cost of protection and reduces

L(g)+cq 7
r+m(q)

Fourth, ¢?" is higher than ¢*!* because of learning by doing. Static and dynamic

qP"*. If ¢ > ¢, then the loss in (6) is weakly increasing at ¢ = 0, so 0 € arg min

optimization under public information have the same cost of protection: Higher do-
mestic output means higher subsidy to the industry. However, there is only one
benefit of higher ¢ in the static case: reduction in social cost by I"(¢’(¢)). In the
dynamic case, higher ¢ also leads to faster learning by doing (higher 7(q)) and de-
creases the present value of the social loss. This additional benefit raises the optimal

protection level gP** above ¢t

3 Dynamic protection under private information

Our model setup is identical to that in Section 2 except for the presence of private
information. We incorporate private information as follows: The government knows
the domestic industry’s initial cost ¢ but does not observe when the transition to zero
cost occurs. The transition is private information to the domestic industry. Note

that zero-cost is an absorbing state, so the private information is persistent. The

"The Bastable condition can also be seen by considering a permanent variation around a station-
L(g)+cq

ary policy: Increase domestic output from 0 Vt to € > 0 Vt. Since the loss is 7 ()

in a stationary
policy, the impact of the increase in domestic output is:

L(q)+cq

i@ ¢ (@ (L(g) + ca)'(q)

dq ‘q:O - T+7T(q)|q:0 (T+7T(q)|q_0+ (’I"+’/T(q))2 |q—0> )
¢ (—L’(O) L(O)ﬂ'/(O)>
= - - + .

The three terms correspond to the cost and two benefits in the temporary variation noted above,
but with an amplification factor % due to the permanent increase in domestic output. The Bastable
condition is not affected by this factor.

14



government observes the domestic output and imports.
The government precommits to a protection policy at time 0 through a direct

mechanism by choosing paths of several variables. The government
1. provides a subsidy 7; to the domestic industry and asks it to produce ¢;
2. provides a subsidy th to the foreign firm and asks it to produce qtf ;
3. sets a price p; for consumers and collects a tax 7, + th ; and

4. provides a one-time reward M, to the domestic industry, financed by a lump-sum

tax, if the domestic industry reports a transition to zero cost at t.8

Under the revelation principle, we can focus on direct mechanisms that are incentive
compatible, i.e., protection polices that induce the domestic industry to report its

transition time truthfully. The constraints on the mechanism are
1. nonnegative profits for the domestic industry—r; + p:q: > ciqy;
2. nonnegative profits for foreign ﬁrms—th + ptq{ > 0; and
3. incentive compatibility.

Several observations from Section 2 carry over to the private-information setup.
As in Remarks 1-3, we can set p; = 0 and th = 0 for all t, and 7, = cq; before the
transition to zero cost. Again, it is useful to consider the government’s problem before
and after the transition. After the transition, there are no incentive problems and
the domestic industry is as efficient as the foreign firms (¢f = 0), there is no need to
subsidize the domestic industry (7 = 0), and ¢ = p~1(0); if the transition occurs at

T, the government’s continuation value is é — My

8The reward can be either a one-time payment at time ¢ or, equivalently, a sequence of constant
payments after ¢t with its present value being M;.

9Technically, we have to make sure these simplifications of policy instruments do not violate any
incentive constraints. The formal analysis requires messy notation, but it is easy to see (i) setting
pr = 0 and th = 0 for all ¢ does not affect the domestic industry’s payoff whether it cheats or
not, (ii) setting 7y = cq; before the transition reduces the domestic industry’s payoff from cheating,
thus relaxing the incentive constraint, and (iii) setting post-transition subsidy 7 = 0 is innocuous
since the subsidies, if any, can be subsumed into the one-time reward M, so the domestic industry’s
continuation payoff upon transition does not change.
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Import quota Asin Section 2, q[ affects only the flow payoff at ¢, so the optimal
import quota is a stationary function of domestic output. Equation (2) and Lemma
1 continue to hold in the private-information case. The function ¢/(q) is identical to
the one in the public-information case since, conditional on ¢, there are no dynamic
or incentive problems associated with choosing ¢/.

Thus, the government’s objective at time 0 is

T qr+q7 (qr) )
E / / QO — cqr — (g (@) ) dt + / e St — e My | |
0 0

T

where the first term in parentheses is the flow payoff before the transition and T is
the random transition time. Using E [e ™" Mr| = [° e " Mm(q,) Mydt and (4), we

can rewrite the objective as

i /ooo e " (L(q) + cqu + (q) My) dt. (7)

r

So the government’s problem is to maximize (7) subject to incentive compatibility.
As in Section 2, we will exclude ”;q from our analysis and minimize the losses in (7).

REMARK 4 Recall that our direct mechanism has a nonnegative-profits constraint in
each period for the domestic industry rather than one participation constraint at time
0. The private-information problem becomes trivial under the latter: The optimal
domestic output is the public-information solution ¢ = ¢"**,Vt. To see this, note
that [ e "M (q,) Mydt in (7) is the total discounted cost of rewarding the domestic
industry. The government can collect this money upfront, in which case the net cost
of reward is zero.'® After removing this cost, the objective in (7) is the same as that
in (4). Upfront payment is feasible under the time-0 participation constraint because
the domestic industry’s discounted value at t = 0 is 0. Under the period-by-period
constraint, however, upfront payment is no longer feasible and the private-information

problem becomes nontrivial.

10Net cost of reward is also zero in Dinopoulos, Lewis, and Sappington (1995). In their two-period
model of strategic trade policy, the incentive constraints do not bind and the optimal allocation under
private information is the same as that under public information.
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Incentive compatibility If the industry transitions at time ¢ but decides to
postpone the report of the transition until ¢ > ¢, then it continues to receive subsidies
from ¢ to t. The payoff from cheating is ﬁie_”(s_t)cqsds + e =DM Incentive
compatibility requires that

t
M, > / e " eg ds + e””(t’t)M,g, Yt > 0,Vt > t. (8)
¢
In particular, when ¢ = oo the above constraint becomes
M, 2/ e " egds, Wt > 0. 9)
t

There is no incentive to cheat in the other direction, i.e, report a transition to zero
cost without an actual transition. We demonstrate this in Lemma 7 in Appendix A.

In the following analysis, we consider a “relaxed” problem, in which we minimize
the losses in (7) subject to (9). That is, we replace incentive constraints (8) by (9), a
strict subset of those in (8). The following lemma shows that (9) binds for all ¢ > 0
in the relaxed problem, which implies (8) holds for all ¢ <  in the original problem.

LEMMA 2 (Relaxed problem) Minimizing the losses in (7) subject to (9), the optimal

solution has
M, :/ e " equds, Wt > 0. (10)
t

Thus, (8) holds as an equality, and the solution to the relaxed problem solves the

original problem.

Lemma 2 allows us to simplify the losses in (7) as

/OO e "N (Lqy) + cq + (q) My) di

d
- / (g )dt+/ m(q)e "t (/ e~ cqsds> dt
0 0 t
= / —rite( )+cqt)dt+/ <e_7"5/ W(qt)e_ntdt) cqsds
0 0 0
_ / —rt— Ht qt>+cqt)dt+/ )
0 0

(
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= / e_”_HtL(qt)dt%—/ e "equdt, (11)
0 0

where the change of the order of integration in the third line follows from Fubini’s
theorem. Unlike equation (4), where the probability et appears in front of both
the social cost L(g;) and the production subsidy cg;, here the probability e~ is only
in front of L(g:). This is because the government does not observe the transition and
must offer a reward to induce truth-telling. The reward M, equals the production
subsidy to the domestic industry had it cheated after transition. So it is as if the
industry receives the subsidy both before and after transition; i.e., the subsidy is
unconditional. Thus, private information makes protection more costly.

Differentiating (11) with respect to ¢, > 0, we derive the first-order condition as
e " (q,) — / e " e (q)L(gs)ds + e e > 0,
t

or simply

—e ML (q;) + { / e T (g )ds | 7(q:) < e, (12)
t

which holds as an equality if ¢; > 0. The right-hand side of (12) is the cost of protec-
tion: For each unit of output produced by the domestic industry, the government pro-
vides a subsidy ¢. On the left-hand side of (12) are the two benefits of protection: The
first term is the reduced social cost of imports when ¢, is higher (—L'(q;) = I (¢' (¢))),
while the second term represents the benefit of learning by doing. Specifically, higher
q; increases the probability of transition and ftoo e "= 1(g,)ds is the discounted
social gain associated with this event.

To determine whether the industry is worth protecting at all (i.e., the Bastable
condition) under private information, consider the benefit from protection in equation
(12) at t = 0, i.e., a temporary variation g = € > 0 but ¢, = 0 for all £ > 0. The
benefit as of time 0 would be the sum of the marginal social gain, —e®L/(0), and
the permanent gain due to the increase in probability of a transition to zero cost
(/5T e L(0)ds] @'(0). The sum of the two benefits is exactly the same as in the
public-information model (see description below equation (5)). For the benefit to

exceed the cost of protection, ¢ must be less than ¢ = —L/(0) + W’(O)@. This is the
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same as the Bastable condition (5) under public information.'?

LEMMA 3 (Bastable condition) The optimal protection satisfies gg = 0¥t > 0 if and
only if ¢ > ¢.

Hereafter, we shall impose the Bastable condition, ¢ < ¢ < oo, so that the optimal-

protection problem is nontrivial.

A sequential problem Using (11), the government’s problem can be written

as an optimal-control problem with state variable II; and control variable ¢;:

L(IT) = min / e " (g dt +/ e "eqdt (13)
{at}1>0 0 0
dIl
S.t. d—tt = W(qt), HO = IL

The state variable IT represents the accumulated learning prior to the current period.
Although II, = 0, we treat Iy = II as any nonnegative number for the rest of the
paper so that we can use [0, 00) as the state space in a recursive formulation.

Differentiating the objective function (13) with respect to II yields

L(IT) = — /000 e "L (g,)dt, (14)

where {¢ }+>0 is the path of optimal controls in problem (13). Equation (14) implies
L'(IT) < 0 since it cannot be the case that the losses L(g;) are zero for all ¢ > 0:
Zero losses forever would imply the domestic output is the same before and after the
transition to zero cost.!?

In the rest of this section, we characterize the optimal solution using a recursive

formulation. We show that the optimal domestic output is monotonically decreasing

10ne might wonder why M, which is the reward for reporting a transition at time 0 under
private information, does not appear in the Bastable condition. It implicitly does: As noted earlier,
the subsidy is unconditional under private information. For the temporary variation at time 0, the
difference between the subsidy under private information and that under public information is M.
Since My = ce and the probability of transition at 0 is 7(¢€), the expected value of reward for truthful
reporting is cem(e), a higher order infinitesimal than e. So, this extra cost does not have a first-order
effect and the Bastable condition remains the same under private- and public-information scenarios.

121f L(q;) = 0,Vt, then ¢; = p~1(0), V¢, which clearly violates the first-order condition (12). Since
L'(q:) = L(gs) = 0,Vs > t, the left side of (12) is 0 and is less than the right side, but (12) needs to
hold as an equality because ¢; = p~1(0) > 0.
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in the duration of protection. We also derive sufficient conditions under which pro-
tection is offered initially but terminated in finite time even if the industry has not

transitioned to zero cost.

3.1 A recursive formulation

The optimal-control problem has a recursive formulation with II as the state

variable. The Hamilton-Jacobi-Bellman equation is

rL(I) = mine " L(q) + cq + £'(IN)7(q). (15)

i
q>0
The right-hand side of (15) is convex in ¢ because L is convex, £ < 0, and 7 is
concave. Therefore, the following first-order condition for ¢ > 0 is both necessary

and sufficient for optimality:
—e "L'(q) - L'(M7'(q) < ¢, (16)

with an equality if ¢ > 0. Note that substituting (14) into (12) also yields (16).
Lemma 4 below shows that the policy function ¢(II) defined by (16) is monotonic.

LEMMA 4 (Monotonicity of domestic output) Ccll—l‘i’l < 0 as long as q(II) > 0.

The intuition for Lemma 4 can be easily seen if we remove the dynamic benefit
of protection from (16) (second term on the left side). In this case, equation (16)
reduces to —e L/(q) = c. As II increases, the benefit of protection is small, and
hence the government is less willing to protect.

Our first private-information result is that optimal protection is always less than
that under public information, monotonically decreasing over time, and disappears

in the long run. See Figure 1 for a numerical example.

THEOREM 2 (Decreasing protection under private information) The optimal {q:}2,

satisfies the following:
1. q = q(I1y) is decreasing over time, lim;_,o, ¢ = 0, and lim;_,, 7(g;) = 0.
2. qo € (qsmt7 qpub>‘
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A direct consequence of Lemma 4 is that the optimal domestic output is decreas-
ing over time because II; is increasing over time due to learning by doing. De-
clining ¢; (and M;) ensures that the industry does not postpone report of tran-
sition. The intuition for gy € (g**%,¢?**) is as follows: At t = 0, (16) becomes
—L'(q0) — L(0)7'(qo) = ¢, so qo is an increasing function of —£'(0). If —£'(0) were 0,
then qo collapses to ¢*'® because —L'(qy) = p(qo + ¢’ (qo)) = c is identical to condi-
tion (3) for the static optimization. On the other hand, ¢; decreasing over time and
g0 < ¢"" imply ¢, < ¢P"*,Vt. That is, the industry gets less protection under private
information at all times. This is not surprising since the cost of protection under
private information is more than that under public information (see (11) and (4)).

Our next result shows that an eventual transition is not guaranteed under the
optimal protection policy. That is, the protection policy will fail the Mill test with
positive probability.

THEOREM 3 (Mill test) limy o, e Mt =¢/c < 1.

Under private information, the probability that the domestic industry would even-
tually transition to zero cost is positive, but it could be less than 1. That is, the
protection policy passes the Mill test with positive probability but cannot pass it
with certainty. So, the protection policy cannot guarantee that the industry will be
able to compete internationally. Recall that under public information, the optimal
domestic output is stationary, so the arrival rate of transition is constant m(¢***) > 0
and the industry will eventually transition to zero cost with probability 1.

Our third result provides sufficient conditions for the optimal protection to be
temporary. That is, the optimal policy lets the foreign competitors take over the entire
market forever after a threshold number of periods even if the domestic industry’s

cost remains high.
THEOREM 4 (Temporary protection)
1. If either L"(0) > 0 or ©”(0) < 0, then g > 0 for all t.

2. If there exists € > 0 such that L"(q) = 0 and 7"(q) = 0 for all q € (0,¢), then ¢

reaches 0 in finite time and stays there.
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Figure 1: The top panel shows the optimal time path of domestic output ¢;. The

middle panel adds the optimal time path of imports q,fc and total q; + q,fc . The bottom

panel plots the reward to the domestic industry as a function of its reported transition

time. In this numerical example, r = 1, ¢ = 0.5, 7(q) = 2¢, I'(¢/) = (¢/)?, and
g 1

p(Q) =1—Q. Then, ¢/(q) = 5%, p71(0) =1, and S = [ p(Q)dQ = 1/2.
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When both L(g) and 7(gq) are linear in ¢ for small ¢ € (0,¢€), they will enter the
linear range eventually since ¢ is decreasing over time. Part 2 of Theorem 4 says that
local linearity implies the bang-bang property, so ¢ will be set to zero in finite time.

(See linear example in Section 6.)

3.2 Implementation

The optimal allocation in the previous section can be implemented through a one-
time cash transfer to the domestic industry at ¢ = 0 and a consumption tax. Recall
that the socially optimal outputs are {(g:, ¢/ (¢:)) }s>0 before transition and (p~1(0), 0)

afterward. The implementation scheme is as follows:

1. The government provides a fund M, = fooo e "eqdt to the domestic industry

at time 0 and mandates that it choose output from interval [g;, p~1(0)], V¢ > 0.

2. At any time ¢, the domestic industry produces ¢; € [g;, p~*(0)] and the govern-

ment observes ¢;.

3. Then the government sets consumption tax 7, = p(¢ + ¢’(¢)) per unit and

import quota ¢/ (g;). The tax revenue is lump-sum rebated to the consumers.

The implementation is simple: The government neither collects the report of
privately observed transition nor offers subsidies or rewards to the domestic industry

except the initial M,.

THEOREM 5 (Implementation) Facing the constraint ¢; € [q;, p~*(0)], it is optimal
for the domestic industry to replicate the allocation in the direct mechanism, 1i.e.,

produce q; before the transition and p~(0) after the transition.

To understand our implementation, four features are worth noting. First, in the
presence of positive imports the competitive market price is 0. The total quantity
demanded is given by the inverse demand curve p(Q)) evaluated at “price” 7.. At
time t, 7 is set to p(q + ¢’ (¢)), so clearly Q; = ¢ + ¢/ (G;). The domestic industry
supplies G; and the foreign firms supply ¢/ (q).
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Second, before transition time 7', the domestic industry’s asset holding, B; > 0,

evolves as a function of domestic output ¢;:

dB
d—tt =rB, —cG, By= M,. (17)

For the domestic industry, increasing ¢; (i) depletes the fund at ¢ and (ii) reduces the
odds of depleting the fund in the future due to learning by doing. The government
has already internalized the benefit of learning in setting ¢;, so the domestic industry
cannot gain by producing more than ¢;. However, the domestic industry does not take
into account the reduced social cost of imports, which is an externality internalized
only by the government. Therefore, the domestic industry prefers an output below
the socially optimal ¢;. The constraint ¢ € [q;, p~1(0)] ensures that the industry’s
choice is ¢, which is verified by Theorem 5.

Third, one can easily verify that M, defined in (10) satisfies the budget constraint
(17) when ¢ = ¢;, meaning that the industry’s asset holding B, is equal to M;. If the
transition arrives at 7', then My can be interpreted as a reward from the government.

Fourth, after the transition at T', the domestic industry is indifferent to any output
in the interval [g;, p~*(0)] and does not gain by deviating from the socially optimal
p~1(0). If the domestic industry produces p~'(0), then the consumption tax and

imports are both 0, and the social welfare is maximized.

4 Time consistency

The optimal protection policy under private information is not time consistent.
To see this, consider the optimal path where the domestic industry reports high cost

It Suppose a new government

at t; as of time 0, this event occurs with probability e~
arrives at t and replaces the old government. The new government faces a mechanism-
design problem that is identical to the problem at time 0 because the only relevant
information for the new government at ¢ is that the domestic industry’s cost is high.
The probability e, based on the history of the optimal path, does not affect the
new government’s problem, because the new government arrives after the high-cost
event is realized. Consequently, a new government will reset the time-¢ protection to

qo, rather than follow the old path.
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We have time-inconsistency because government’s preferences are dynamically
inconsistent under private information. Let time-0 government’s losses be 1L(0), and

let time-t government’s losses be L(?).

L(0) = / e_TS_HSL(qs)ds—l—/ e "cq,ds,
0 0

L(t) = / e_r(s_t)_(ns_nt)L(qs)ds+/ e " eqyds .
t t

N N J/
~~ —~

A B

So,

L(0) = / e’"SHSL(qs)ds—i—/ e "cqyds,
0 0

t t
= / e "M (g, )ds + / e Seqgds 4+ e (A - thB) .
0 0

Both governments want to minimize A and B, but setting A = 0 and B = 0 simul-
taneously is not feasible. The tradeoff between A and B depends on their respective
weights in the objective functions. While the time-t government puts equal weights
on A and B, the time-0 government puts more weight on B than on A; i.e., their
preferences are not dynamically consistent.'® The time-0 government is less willing
to tolerate the loss of B than the time-t government because promised subsidies after
t have negative effects on incentives before ¢, which have to be taken into account by
the time-0 government, but not by the time-t government. Consequently, the time-¢
government’s optimal domestic output {gs}s>¢ is greater than the time-0 government’s
output for s > t. That is, the time-t government would offer more protection and not
continue the path of the time-0 government.

Under public information,

L(0) = /OOO e (L(gy) + cg,) ds,

L(t) = / e (5=t~ (s —1l) (L(gs) + cqs) ds,
t

13This is similar to hyperbolic discounting as in Laibson (1997), for instance.
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so L(0) = f(f e " M (L(gs) + cqs) ds + e " L(t). Thus, both time-0 and time-t
governments want to minimize IL(¢) and their preferences are dynamically consistent.

One way to obtain a time-consistent policy under private information is to im-
pose stationarity: Restrict the direct mechanism to choose ¢; = ¢,Vt for some gq.
Matsuyama (1990) adopts a similar method in the context of a repeated public-
information game. The domestic output that minimizes the government’s loss under

stationarity is given by

* : ¥ e, * o, L(g) ¢
q" € argmqln/o e L(q)dt + C/o e "qdt = rﬁ(q) + - (18)
The time-consistent policy, clearly, is permanent: The domestic industry is pro-
tected as long as its reported cost remains high. Since domestic output is constant,
the reward at the time of transition, given by the incentive compatibility constraint
(10), is also constant. A constant reward is incentive compatible due to a positive
rate of time preference in our model: If the transition occurs at ¢, then reporting the
truth and receiving the reward at ¢ weakly dominates postponing the report.
Unsurprisingly, the welfare under the time-consistent policy ¢* is less than that
under the optimal {¢;}:°, in Theorem 2 since the time-consistent policy is feasible in
problem (13). The two time paths of protection, however, cannot be ranked. In fact,

q* is initially lower but eventually higher than ¢,.
THEOREM 6 (Time-consistent protection) lim; o, ¢; = 0 < ¢* < qo.

Since ¢* maximizes the same objective as {q:};°,, an important criterion for the
path of ¢* is that it should stay close to {¢:}:°,. Since one path is constant and the
other is decreasing over time, this is achieved by letting the two time paths cross at
some t > 0. Choosing either ¢* = 0 or ¢* > ¢o will push them further apart.

Finally, it is easy to see that the objective (18) puts a higher weight on the subsidy
than (6) under public information. Higher protection cost in (18) implies that the
time-consistent policy under private information offers less protection, i.e., ¢* < ¢~".

Note that, similar to the public-information setup, constancy of domestic output
in the time-consistent policy implies that the domestic industry will eventually be
able to compete internationally with probability 1. However, passing the Mill test

with certainty is not optimal.
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Another approach is to study the time-consistent mechanisms that may not be
stationary. This is challenging because we cannot apply the revelation principle,
which holds only under full commitment. We conjecture that the mechanism will
let time-0 government send noisy reports to future governments. Because a future
government cannot be sure that an industry reporting high cost does indeed have high
cost, future government’s belief about the industry type becomes a state variable.
The reports from the time-0 government will make future governments believe in a
higher probability of lying by the industry. This belief mitigates future governments’
incentives to increase protection. In other words, by introducing deteriorating beliefs,

the time-0 government can make future governments’ objective align with a declining

path {Qt}tzo-

5 Which industries to protect?

Our analysis in the previous sections was about protecting one industry optimally
when the government has access to unlimited resources. Suppose the government re-
ceives requests from multiple industries for protection. With unlimited resources, the
government would protect all industries that satisfy the Bastable condition and the
optimal protection of one industry would not affect the protection of other industries.
With limited resources, which industries should be protected? In this section, we
assume that the government’s resources are limited by F. All other features of our
environment in Section 3 are retained in this section.

First, consider a single-industry problem under limited resources: The total sub-

sidy and reward cannot exceed F. Thus,

F > / et (cqy + m(qe) M) dt
0

= / e "equdt. (19)
0

The government wants to minimize the losses in (11), subject to (19). The La-

grangian of this problem is

/ e*Tt*HtL(qt)dt + / e "eqdt + 0 (/ e "eqdt — F) ; (20)
0 0 0
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where 6 > 0 is the Lagrange multiplier on constraint (19). Problem (20) is equivalent
to an otherwise identical private-information problem except the domestic industry’s
cost is (1 + #)c instead of ¢. That is, a limited-resource model can be transformed
into an unlimited-resource model with a magnified cost. Under limited resources, the
Bastable condition is (1 4 )¢ < ¢, which could be violated even if ¢ < ¢. Note that ¢
is the same in the two problems.

Second, consider a problem with multiple industries, indexed by i € {1,2,...,I},
and limited resources. (An industry in our model is defined by the 4-tuple: ¢, (),

['(-), and p(-).) The government’s budget constraint becomes

0 I
F> / e "t (Z ciq§> dt, (21)
0

=1

where ¢ and ¢! are, respectively, the cost and domestic output in industry 7. Con-
ditional on the multiplier  on (21), the optimal protection of each industry is still
captured by problem (20) but with industry-specific 4-tuple. If I’ decreases (or there
are more industries competing for F'), then 6 will increase, which is isomorphic to
magnifying the cost in each industry by the same proportion.

The multiplier 8 helps the government decide which industries should be protected.
For industry 7, the government can use the magnified cost (14-60)c’ and rule it out from
protection if its magnified cost exceeds &. That is, industry 7 satisfies the Bastable
condition if

(1+6)c <. (22)

Finally, since problem (20) is identical to our benchmark model in Section 3, all
the qualitative properties in Section 3 continue to hold. In particular, the optimal

amount of protection will decline over time in every protected industry.

5.1 Determining the “magnifier” ¢

We use a bisection method to solve for §. The algorithm is as follows:
e Initialization: Set 6 to a large number and 6 = 0.

e Choose a stopping criterion e.
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e Step 1. Set 0 = (§ +0)/2. Foric {1,2,....1},

— if industry i satisfies the Bastable condition (22), then solve for the optimal
protection policy {¢/}:2, for ¢ with its production cost magnified from ¢*

to (14 6)c’, and with its industry-specific characteristics;

— otherwise, set ¢ = 0 for all ¢ > 0.
e Step 2.
—IUF> [Te (Zz']:1 ciq§> dt + €, then reset § = # and go to Step 1;

—ifF< [Te <Zi[:1 ciq§> dt — €, then reset § = 0 and go to Step 1;

— otherwise, stop and report solution at 6 = (6 + 6)/2.

6 A linear example

The demand for the product is inelastic: A unit measure of agents wants to
consume one unit of the product each. The social cost of imports is linear: I'(¢/) =
v-q’, v > 0. The Poisson process is also linear: 7(q) = 7-q, 7 > 0. For the industry to
be protected, the parameters have to satisfy the Bastable condition: ¢ < ¢= Ty + .

With inelastic demand, the optimal protection policy implies ¢; + qtf =1 for all ¢.
After the transition, it is optimal to set ¢ = 1 forever since there is no reason to incur
the social cost of imports. Recall that S is the flow of consumer surplus (also the social
surplus) after the transition at 7" and the government’s payoff is fTOO e "t Sdt—e " Mp.
Prior to the transition at T', the government’s payoff is fOT eSS = (1—q) —cqy)dt.

The government’s objective at time 0 is to maximize

T
S
E {/ e (S —v-(1—q)—cq)dt+e " (— — MT)} : (23)
0 r
subject to incentive compatibility (10).

As is typically the case in linear continuous-time optimal-control problems, the

optimal path for ¢, is a step function.
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THEOREM 7 (Bang-bang protection) The optimal path of g, is given by

1, ift <t
q = _ _ (24)
0, ift>t,

where t is the mazimal duration of protection for the domestic industry and solves

ey + W%e_”t =c. (25)
The reward for a transition at time t, M,, satisfies

M, = (1 o er(t—t_))’ th < lf;
0, ift > t.

Note that ¢, determined at time 0, is finite and the protection ceases at t even if the
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industry has not transitioned to zero cost by that time. That is, ¢ = 0 and q,fc =1
for all ¢ > ¢t. With ¢ = 1 before the transition, the probability that the industry

s

would transition to zero cost by time ¢ is e”™, so at ¢ there is a positive probability
the industry’s cost remains high. In other words, there is a positive probability the

industry would fail the Mill test.

6.1 Multiple industries and limited resources

We numerically illustrate the role of limited resources using the above linear ex-
ample with five industries. We set r = 0.05. The demand for each industry’s product

is the same: one unit, inelastic. The rest of the parameters are in Table 1.

Industry | ¢ | v | m
1 0.1 0.6 0.6

2 02106106
3 0.110.2]0.6
4 0.106]0.1
) 0.2]04]0.1

Table 1: Parameters

The parameters in Table 1 are chosen so that ;—Z is increasing in ¢. Industry i is

ranked higher than ¢ 4+ 1 in the sense that if ¢ + 1 receives protection then i will also
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receive protection; see (22) for the Bastable condition. Conditional on protection,
industry ¢ has a higher probability of passing the Mill test than industry ¢ + 1.
Tables 2-4 show that more industries are protected as the resources F' increase.
With few resources (F = 0.10), only industry 1 is protected: The multiplier # on the
resource constraint is high and the Bastable condition (H—f)ci < 1 is satisfied only by

c

i = 1. With ample resources (F = 3.00), all five industries are protected.

7 Conclusion

We study infant industry protection in a dynamic model where initially the in-
dustry cannot compete with foreign firms that possess a superior technology. The
industry can stochastically reduce its cost through learning by doing, but the tran-
sition to low cost is private information. We use a mechanism-design approach and
establish that the optimal protection declines over time and can be implemented with
minimal information requirements. When the resources to protect multiple industries
are limited, we deliver a simple approach to choose which industries to protect. If
the transition to low cost is public information, then we show that it is optimal to
offer “permanent” protection: Subsidize the domestic industry until it can compete
with foreign firms. Furthermore, the optimal policy under public information is time
consistent, but under private information it is not.

A lesson from our model is that information regarding the evolution of an infant
industry is critical for the optimal protection policy. The public-information case
in our model can be viewed as one where all information regarding the industry
can be freely obtained, while the private-information case is one where obtaining
information is infinitely costly. An intermediate case, where the government can
verify the industry’s information by incurring a finite cost, is worth studying. We
conjecture that the optimal protection policy would involve periodic verification.

Our paper is the first attempt to study the dynamic incentive problems involved
in infant industry protection. We have focused on the incentive problem that the
government cannot observe the infant industry’s transition, but other incentive prob-
lems might also be plausible. For example, the government may provide funds for the

domestic industry’s R&D activities but cannot monitor how the industry uses these
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funds. The government may lack information about the domestic industry’s R&D

capability, giving the latter an incentive to misreport and receive more protection.

F=010 | F=020 | F=040 | F=1.00 | F=3.00
Industry | 6 =41.15 | § = 31.57 =2150160=12361| 8 =3.32
1 0.54 0.42 0.29 0.17 0.06
2 1.08 0.84 0.58 0.34 0.11
3 1.62 1.25 0.87 0.51 0.17
4 2.34 1.81 1.25 0.74 0.24
5 7.02 5.43 3.75 2.23 0.72
Table 2: Ratio %
F=010 | F=020 | F=040 | F=1.00 | F=3.00
Industry | 6 =41.15 | § =31.57 | § =21.50 | 0 =12.36 | § = 3.32
1 1.03 1.46 2.07 2.94 4.82
2 0.00 0.30 0.92 1.79 3.67
3 0.00 0.00 0.24 1.11 2.99
4 0.00 0.00 0.00 2.98 14.26
5 0.00 0.00 0.00 0.00 3.28
Table 3: Duration ¢
F=010 | F=020 | F=040 | F=1.00 | F =3.00
Industry | 6 =41.15 | # =31.57 | § =21.50 | 6 =12.36 | 6 = 3.32
1 0.10 0.14 0.20 0.27 0.43
2 0.00 0.06 0.18 0.34 0.67
3 0.00 0.00 0.02 0.11 0.28
4 0.00 0.00 0.00 0.28 1.02
5 0.00 0.00 0.00 0.00 0.60

Table 4: Allocation of resources
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Appendix A
PROOF OF LeEmMA 1: Totally differentiating (2) yields

d f / d f F//
WPy, W’ +q) _ > 0.
dq T — p/ dq I — p/

PROOF OF THEOREM 1:

1. We show that % has a unique minimum. Its derivative with respect to ¢ is

(L'(q) + c)(r +7(q)) — (L(q) + cq)7'(q)
(r+7(q))? '

The derivative of the above numerator is

L"(q)(r +7(q)) — (L(q) + cq)7"(q) > 0,

which means the numerator (L'(q) + ¢)(r + 7(q)) — (L(q) + cq)7’(q) is strictly

increasing in q. Moreover, it is positive at ¢ = p~1(0):

(L'(q) + o) (r +m(q)) — (L(@) + c)7'(q)4=p—1(0)
= c(r+m(q) —7'(g)q) > 0.

Therefore, either (L'(q) + ¢)(r + 7(q)) — (L(q) + cq)7’(q) is always positive, or
it is first negative and then positive. The optimal ¢P** is 0 in the first case and
the solution to (L'(q) + ¢)(r + 7(q)) — (L(q) + cq)7’'(¢) = 0 in the second case.

In both cases, the optimal ¢?*® is unique.
2. That ¢?** > 0 is equivalent to the condition that

(L'(q) + c)(r +7(q)) — (L(q) + cq)7'(q)
(r+m(q))?

|q:0 < 0.
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The above condition simplifies to
(L'(0) + ¢)r — L(0)x'(0) < 0,

or

L(0) — L(0).

3. If ¢*** > 0, we show ¢”"* > ¢**. The first-order condition for ¢*** is ¢ =
U'(¢%*") = —L'(¢*'**), which implies

(L/(qstat) + C)(T + 7T(qstat)) - (L(qstat) + Cqstat)ﬂ_l(qstat) < 0.
Therefore, gP*® > ¢,

PROOF OF LeMMA 2: First, consider a relaxed problem where the government

minimizes the losses in (7) subject to (9).

min / e (L(gy) + cqr + m(q) My) dt,
0
s.t. M, > / e_r(s_t)cqsds.
t
Since the above objective function is increasing in M, it is obvious that (9) binds in
the optimal solution.
Second, if M, = ftoo e "5 eq.ds for all ¢, then the incentive constraint (8) holds

as equality for all ¢ and ¢. Therefore, the solution to the relaxed problem is indeed

incentive compatible. |

PROOF OF LeEMMA 3: If ¢ > ¢, then ¢; = 0,Vt > 0 is optimal because it satisfies
the first-order condition in (12). To verify (12), note

_e—HtL/(qt) + |:/ e—T(s—t)—HsL(qS)ds W/(Qt)
t
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= —I'(0)+ { /t h e’”(st)L(O)ds] m0)=c¢<ec.

If ¢ < ¢, then consider a stationary plan where ¢, = ¢, Vt for some ¢ > 0. Then

the government’s cost function is

o [e.9] L
ﬁq = / e_rt—HtL(qt)dt + C/ 6—7”tqtdt — (q) + ;q
0 0

r+m(q)
We have
dL, _ ¢, L(gr+7(q) — Llg)7'(q)
——le=0 = —+ 3 =0
dg r (r+m(q))
/ L/ =
= - <7T(20)L(0)— (0)) =%
r r r
Therefore £, < L, for small ¢ > 0, implying that ¢, = 0, V¢ is suboptimal. |

PROOF OF LEMMA 4: First, the HJB equation (15) is
rL(I1) = e "L(G) + ¢4 + L' ()7 (q), (27)
where ¢ is the optimal policy. Applying the Envelope theorem to (27), we have
rL'(I) = —e"L(q) + £"(I)m(q). (28)

Summing up (27) and (28), we have, for ¢ > 0,

£(1T) + £/(10) - cj

/() + (= 7 g (29)
()
Second, totally differentiating (16) with respect to Il and ¢ > 0 yields
di =)+ L) 0
dil e L(g) + L'(I)7"(q)

L(ID7'(q) + ¢+ L(I)7'(q)
6’“[/’(@) —l—ﬁ’(H)?T”((j
(LD +L' D) ra’ (G +(m(§)—7'(9)g)c
_ (@) <0
G_HL”(CD +£/(H)W/'(d) )
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where the second equality follows from (16), the third equality from (29), and the
last inequality follows from the assumption that ¢ > 0 and 7(¢) > 7'(¢)q. |

LEmMA 5 —L(IT) < L'(IT) < 0, where the equality holds if and only if ¢ = 0 for all
t>0.

PROOF: That —£(II) < £/(II) holds because £'(IT) = — [~ e "'e " L(g,)dt and

—L(IT) = —/0 e (e M L(q;) + cqp)dt < —/ e e M Lq,)dt.
0

Clearly, the equality holds if and only if fooo e "qdt =0, or ¢g = 0,Vt > 0. |
PROOF OF THEOREM 2:

1. By contradiction, suppose ¢ = lim; ,o ¢ > 0 and 7 = limy o, m(q) > 0. Then

% =m(q) > m > 0 and lim;_, II; = co. Taking limit IT — oo in (16) yields

0L'(q) — 07'(¢q) =<,

which cannot hold as long as ¢ > 0.

2. First, we show ¢p > 0. Since ¢; = 0,Vt > 0 is suboptimal under the Bastable
condition, the optimal path satisfies ¢;» > 0 at least for some t*. As part 1 shows,
because II; is increasing over time and 5—15’[ < 0 (Lemma 4), ¢, is decreasing over

time, which implies ¢y > ¢+ > 0.

Second, we show gy > ¢*"**. Because gy > 0, the first-order condition (16) for ¢
becomes —L'(qo) — L'(0)7'(qo) = c. It follows from £'(0) < 0 and the first-order
condition (3) for ¢** that qo > ¢**.

Third, to show gy < ¢"**, we first show

o™+ L(g™)

£'(0) > T (g
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By contradiction, suppose £'(0) < —%. Then

r£(0) = minL(q) + g + £/(0)7(q)

cg™ + L(¢™")

< min L =
< min (@) +eq—— g gy m(q)
pub ‘I—L(QPUb) quub+L(qpub)
- I pub pub cq pub) _
(") +cq () m(g™) =7 gy

This contradicts the fact that private-information cost £(0) must be higher than
the public-information cost. It follow from ¢y € arg max, L(q) + cq + £'(0)7(q),
q"** € argmax, L(q) + cq — Mw(q), and (31) that gy < ¢*.

()

PROOF OF THEOREM 3:
Define IT = log(£). On [II,00), we can verify that £(II) = efan(O) and ¢(II) =
0 = 7(q(II)) solve the HJB equation. So II; cannot exceed II, and therefore I, =

lim;_,oo IT; < II. Since Theorem 2 shows lim;_,o ¢ = lim;_,o q(II;) = 0, the mono-

.. . . - o e_HL(O)
tonicity of ¢(II;) implies ¢(II) = 0 for all Il > Il therefore, £(II) = === on
[IIo, 00). Therefore, condition (16) at I, implies

e 1,(0)7' (0
c Z _e—HOQL/(O) _ 'C/(Hoo)ﬂ-/(o) — —€_H°°L/(0) + € ( >7T ( )
= e leg> e g = c,
which implies IT,, = II. [ |

PROOF OF THEOREM 4:

1.

To show ¢; > 0,Vt, suppose by contradiction ¢; reaches 0 for the first time at
some t* > 0. It follows from (30) that

—e e [/(0) + £ (11, )7’ (0)
e« L”(O) +£/(Ht*)7T”(O) )

|
\:l_
I
*

Il

Il

where H is finite under the assumption of either L”(0) > 0 or 7”(0) < 0. Pick
a small € > 0, such that for all t € (t* — €, t*), ¢, is close to 0, 11, is close to Il;«,
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and
7(q) < 27'(0)g ——|n=m, <2H
! b dIl K ’

Therefore, —%t = —dadll — _da 0y < AH7'(0)q,. Tt follows from Gronwall’s
dIl

dt dll dt
—4H7'(0)e

inequality that ¢« > q»_.e , which contradicts the assumption that

qp- = 0.

2. We show that ¢; reaches 0 in finite time and stays there afterward. Since
lim; o ¢ = 0, pick a ¢ such that ¢ < e. First, we show L(II;) = w. The
first-order condition for ¢; > 0 is e ™ L/(¢;) + ¢ + L'(I;)7’(¢:) > 0 (becoming
an equality if ¢; > 0). Since L'(¢;) = L'(0) and 7'(¢;) = 7'(0), both 0 and ¢; are

optimal solutions. Therefore, the HJB equation (15) becomes
rL(I1) = e ™ L(0) + c0 4+ L£'(I1,)7(0) = e ™ L(0).

Second, we show L(II) = @ for all IT > II,. On the one hand, £(II) >
w because —L(IT) < £'(TI) in Lemma 5 implies that £(II)e!! is increasing
in II. On the other hand, £(II) < w because

rL(IT) = mine ™ L(q) + cq + L' (N7 (q) < e L(0).

q

Third, we show ¢(IT) = 0 for all IT > TI;. It follows from e "L'(0) + ¢ +
LT’ (0) > e M L'(0) + e+ L'(I1;)7'(0) > 0 that 0 is the unique minimizer for
min, e "L(q) + cq + L' (I1)7(q). Hence, ¢(I1) = 0.

LEMMA 6 If {¢:}i>0 is a production plan with ¢ < g, ¥t > 0, then

® q
YE/ e thdtﬁ—,a
0 ' r+7(q)

where T1; = fotw(qs)ds.
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PROOF: Define

o)
}/t = / 6—r(s—t)—(Hs—Ht)quS’
t

which satisfies the differential equation 9% = (r + 7(g;))Y; — ¢;. We have

dy;

;g=4r+ﬂ%»(x———ﬁ——>z<w+ﬂ%»(n———i—),

r+m(q) r+ m(q)

where the inequality follows from the fact that #’(q) is increasing in ¢q. Gron-

wall’s inequality then implies Y; — #_@ > <Y0 — Ter (q)> e+t Tf by contradiction,

Y = }/O > #i(q), then hmt_moYt — 7’++_((7) Z hmt_mo <}/E) — T+;]_r(¢j)> 6rt+nt = 0o. This
|

contradicts the fact that ¥; = [ e =)= s—Th) g g < [ e "N gds =

ST

LEMMA 7 In the direct mechanism, a domestic industry without a transition does not

have the incentive to report one.

PROOF: It follows from ¢; < p~!(0) and Lemma 6 that

o0 —1 0)
—r(s—t)—(Is—TI4) s < p( ' 39
f e wds < ) (%)

In the direct mechanism, suppose the domestic industry has no transition up to time
t. The continuation utilities for a truth teller and a liar (who reports a transition at

t) are, respectively,

/ e (1 — e Wy e s = / eT(St)cqsds—c/ e~ W g g,
t t t

B cp”'(0) _ ooefr(sft)c o — ¢ p'(0)
) /t s ey m(p~1(0))

The first utility is higher than the second because of (32). |

PROOF OF THEOREM 5: We do not need to study the domestic industry’s strategy
after the transition, because any feasible strategy is optimal. Next, we will show ¢; =
q; before the transition is optimal. In our implementation, the domestic industry does

not receive any subsidy after time 0 and is fully responsible for its production cost.
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Therefore the industry’s objective is to minimize the present value of its production

cost before transition.

min / e_”t_ﬁt(jtdt
0

qt

s.t. (jt Z qy, Vit Z 0.

Let {¢t}+>0 denote the optimal solution in the above problem and define
Y, = / e—r(s—t)—(ﬁs—ﬁt)qud57
t
which is weakly below Y; since {§;}+>0 is optimal. First, we show that Y, = Y, Vt.

We have

dd_Y;% _ (r+7r(fit))( _'r’f%)

< (r+ (@) (m _ q—)

>

~

r+7(q:)
q _ dY;
< (r+m(q) (Y% - m) = (33)

where the first inequality follows from Y; < Y; and —% t( L and the second

q > q
r4+m(Ge) — r+m(q

inequality follows from Y; < which follows from Lemma 6 and the fact that

qt
r+m(gt)’
qs < q;, Vs >t in the direct mechanism. Since lim;_,o, ¢; = 0 implies lim;_, ., Y; = 0,

it follows from (33) that

0< lim Y, = lim (Ys—n)sﬁ—n, vt >0,

5§—00 §—00

which, together with Y, < Y, imply Y, = Y, Vt.
Second, we show ¢, = ¢, Vt. Function (r + 7(q))Y; — ¢ is decreasing in ¢ > ¢

because its derivative with respect to ¢ is negative:

qi
r+ m(q)

qt

m(q)Y: —1 <7'(q) ()

—1§7T/<qt) —1<0.

It follows from the monotonicity of (r+7(q))Y; —qin g and (r+m(q))Y; — ¢ = % =
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% = (r +m(q))Y: — ¢ that ¢, = q. u

PROOF OF THEOREM 6: First, the objective function L*(q) = Tf;q()q) +£q is convex

in ¢ because its derivative

iy L@ L) c
VD=5 " T 0

is monotonically increasing in ¢q. Therefore, the first-order condition (L*)'(¢*) = 0 is
necessary and sufficient for finding ¢*.
Second, by contradiction, suppose ¢* > ¢q. It follows from the monotonicity of ¢,

that ¢* > ¢, for all t > 0. We have

L(q") (g = r+7(g)

—L'(q") + H—W@*) .,

> —L'(q) + { /0 N e‘”‘”(q*)sL(q*)dS] 7 (qo)

L(q*)

= —L'(q) + )

7 (q),

where the first equality follows from (L*)'(¢*) = 0, the second equality follows from
the first-order condition for qg, and the second inequality follows from ¢* > ¢, Vt > 0.

Since —L'(q) + Tﬂf(;l)ﬁ’ (q) is decreasing in ¢, the above inequality implies ¢* < qo,

contradicting the assumption of ¢* > ¢q. ]

PROOF OF THEOREM T7: In this proof, we first solve the HJB equation (15) for

the linear example by “guess and verify.” Conjecture the value function as

(1= e irm< I
e 1 if IT > 11,

)

L£(I0) =

SR 30

where IT = wt. First, we verify (15) for IT > II. Since £/(IT) = —2e™" we have

mine My(1 —q) +cqg+ L' (I)rg = mine "y(1 —q) +cq — Letrg
q q ’
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= mine ! (7 —q — qu> + req
q r

= ey =rL(I).
Second, we verify (15) for IT < II. Since £'(I) = —riﬂe%(n_ﬁ), we have
mine "y (1 — q) + cq + L£'(II)7rg = mine (1 — q) + cq — eﬁ(nfﬁ)ﬁq_
1 q r+7

The derivative of the above with respect to ¢ is f(II) = ¢ — e My — é—”ﬂei(n_ﬁ). We
show that f(IT) < 0 for all IT < II. We have

S =0,
() — -, r@-m )
f1(1) <€ Y r+7re =t
So it follows from the concavity of f that f(II) < 0 for all I < II. Hence the optimal
qg=1and
mine "y (1 — q) + cq — ex M Wrg — ¢ — T erm-i _ rL(I1).
q r4+m r+m

In the above verification of the HJB equation, the optimal policy function is shown
to be

1, if II <1I;
q(Il) = . _
0, if IT > II,

which implies (24). Plugging (24) into M; = ftoo e "5 Deq ds yields (26). |

Appendix B

Suppose the government cares about both the consumers and the domestic in-
dustry, and puts a weight § < 1 on the latter. The optimal policy under public
information (g; = ¢?“*, ¥t > 0 in Theorem 1) remains unchanged: The optimal payoff
of the domestic industry is still zero because the government puts a higher weight on

the consumers.
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Under private information, the government’s objective function changes to

~ [T ) + ook a1 - 6),)
= — /000 e_rt_nt(L(qt) + cqq)dt — /000(1 - e_Ht)(l — 8)e "eqdt
_ /0 e (e (L(qy) + deqy) + (1 — S)egy)dt

= —(1-9) /OOO e (e L(a) + cqu),

where E(q) = %. In other words, the government’s problem with a positive
weight on the domestic industry is equivalent to another problem in which the weight
is zero but the social loss function increases from L(q) to L(g). Intuitively, the
government provides more protection either with a positive weight on the domestic

industry or with a higher social loss function. Our Theorems 2, 3, and 4 continue to
hold.*

M Note that the parameter value of ¢ in Theorems 3 and 4 has been changed by the new social
loss function L.
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