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We examine the implications for strategic trade policy of different assumptions about pre­
commitment in a two-period Cournot oligopoly game with learning by doing. The inability of firms
and governments to precommit to future actions encourages strategic behaviour which justifies an
optimal first-period export tax relative to the profit-shifting benchmark of an export subsidy. In
the linear case the optimal subsidy is increasing in the rate of learning with government precommit­
ment but decreasing in it without, in apparent contradiction to the infant-industry argument.
Extensions to active foreign policy, distortionary taxation and Bertrand competition are also
considered.

1. INTRODUCTION

The central theme in strategic trade policy is that a government's ability to precommit to
tariffs or subsidies may make intervention desirable in oligopolistic markets. 1 An import­
ant theme in industrial organization is that a firm's ability to precommit to future actions
gives it an incentive to behave strategically.' In this paper we make a start at integrating
these insights and show that the implications are dramatic. In the model we consider,
strategic behaviour by firms typically reduces and may even reverse the government's
incentive to offer a strategic trade policy.3

The specific context in which we explore the issues of precommitment and strategic
behaviour is that of learning by doing." Our model builds on that of Fudenberg and Tirole
(1983). They compared equilibria in which oligopolistic firms can precommit to future
outputs with equilibria in which they cannot." However, in discussing government policies,

1. See, for example, Dixit (1984), Brander and Spencer (1985) and Eaton and Grossman (1986).
2. By strategic behaviour we mean behaviour which is not optimal in a static context but which changes

the future behaviour of other agents to the firm's advantage. See, for example, Spence (1977) and Dixit (1980)
for strategic choice of capacity, Fudenberg and Tirole (1983) for experience as a strategic variable and Fudenberg
and Tirole (1984) for an overview.

3. Aspects of precommitment in trade policy have been studied by Eaton and Grossman (1985), Staiger
and Tabellini (1987), Lapan (1988) and Matsuyama (1990). A paper which is closer to ours is Maskin and
Newbery (1990), who compare optimal tariffs for the importer of a natural resource with and without precom­
mitment. A recent paper by Goldberg (1995) looks at similar issues in a model with R&D. Unlike our model,
her firms' objective functions are not differentiable in their decision variables, so her results are not directly
comparable with ours.

4. From the pioneering work of Arrow (1962) to recent work on endogenous growth theory (e.g. Gross­
man and Helpman (1991) and Young (1991)), learning by doing has long been recognized as a phenomenon of
theoretical and empirical importance.

5. Fudenberg and Tirole's work drew on Spence (1981), who claimed that the qualitative differences
between these two equilibria were only minor. However, Bulow et al. (1985) showed that this result derived
from the functional forms used by Spence.
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Fudenberg and Tirole assumed without discussion that the government can precommit to
future policies. Such long-term precommitment is not especially plausible. Moreover, as
first noted by Leahy (1992), if the government cannot precommit, then a firm which enjoys
learning by doing has an incentive to play strategically against it. A forward-looking
government in turn will anticipate this behaviour and take it into account in determining
its optimal policy towards the firm in its learning phase.

From a trade policy perspective, learning by doing is often cited as a justification for
intervention, especially to assist infant industries, although in a competitive environment
this argument requires some additional distortion such as capital-market imperfections or
externalities." However, the literature on strategic trade policy in imperfectly competitive
markets has shown that shifting profits from foreign to home firms may justify inter­
vention even in the absence of learning by doing. This raises the question of whether
learning by doing strengthens the case for strategic trade policy. To investigate this, we
incorporate dynamic elements into a model of strategic export subsidization due to
Brander and Spencer (1985) by allowing for the effects of current output on future costs.

The plan of the paper is as follows. Section 2 sketches the model and introduces the
different assumptions about precommitment which are explored in the paper. Section 3
considers the benchmark case where the home government and both firms precommit in
period 1 to outputs and subsidy levels in period 2. These assumptions are then relaxed in
Sections 4 and 5, which consider in turn the effects of ruling out precommitment by firms
and by government. Section 6 shows how the results are strengthened in two special cases:
where the foreign firm does not benefit from learning by doing and where the demand
and learning functions are linear. Section 7 considers a number of extensions, allowing
for an active foreign government, a non-unitary social cost of funds and price rather than
quantity competition. Finally, Section 8 concludes with a summary of the paper's results
and a discussion of the implications for the infant-industry argument and for the general
principles guiding government policy in dynamic environments.

2. THE MODEL

The model to be used in most of the paper builds on the Brander-Spencer (1985) export
subsidy model, extending it to two periods which are linked by learning by doing.' There
are two firms, a home firm producing output levels Xl and X2 in periods 1 and 2 respect­
ively and a foreign firm producing output levels YI and Y2. Outputs are homogeneous in
each period and both firms face the same inverse demand functions

i = 1,2; (1)

We denote by R i =p.x, the home firm's sales revenue in period i, with R~ < O. A symmetric
specification applies to the foreign firm's revenue function R*i =PiYi'

6. Baldwin (1969) summarizes these arguments; Bardhan (1970), Clemhout and Wan (1970), van
Wijnbergen (1984) and Krugman (1987) consider the implications of production externalities; Grossman and
Horn (1988) explore the role of informational asymmetries; and Flam and Staiger (1991)and Bond (1993) model
capital-market imperfections. In this paper home firms export all their output so we focus on infant-industry
promotion rather than protection but the model is easily extended to allow for home consumption and tariffs
as well as subsidies.

7. Earlier studies of learning by doing and strategic trade policy include Krugman (1984), Baldwin and
Krugman (1988) and Gatsios (1989). These papers assumed that governments can precommit to future policies.
Leahy (1992) relaxed this assumption and explored the implications of firms playing strategically against govern­
ments. Neary (1994, Section 4) extended this model to the case where the government anticipates the firms'
actions. The latter two papers followed Fudenberg and Tirole in considering strategic effects of learning in linear
examples only.
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(2)

Firms produce with constant marginal costs in each period but benefit from learning
by doing between periods. Thus, the home firm has a given marginal cost, C1, in the first,
learning, period whereas its marginal cost in the second period, C2, depends negatively on
its output in period I and on a shift parameter, £

aC2 1 <-=-I\.(XI, £)= 0,
aXI ? +

where the signs indicate the signs of the corresponding partial derivatives. Here Ameasures
the rate of learning and is increasing in e: A£ > 0. A symmetric specification, with corre­
sponding parameters A* and £*, applies to the foreign firm.

Each firm seeks to maximize the present value of its profits in the two periods, with
future profits discounted by a factor p. Thus, for the home firm: n = n 1 +pn2' where
profits in each period equal revenue R i less production costs plus subsidies

i = 1,2. (3)

(Fixed costs are ignored for simplicity since the important issues relating to entry and exit
of firms from the market are not considered in the paper.) Until Section 7.1, we assume
that subsidies are provided by the home government only, which seeks to maximize the
present value of welfare. For reasons to be discussed, welfare in each period equals profits
net of subsidy payments, so its present value is

W=RI_CIXI+P(R2_C2X2). (4)

This can also be written as W= WI +pW2, where Wi= ni-SiXi= (Pi-Ci)Xi, i= 1,2. Tot­
ally differentiating (4) gives a useful expression for the change in welfare which applies in
all the equilibria we consider

dW = (R~ - CI + PAX2)dx, + R~,dy, + peR; - C2)dx2 + pR,~dY2' (5)

Two alternative rationales can be given for the welfare function (4). Following Brander
and Spencer (1985), we may assume that there is no home consumption, so both firms
export all their output to a third market. Alternatively, we may assume that the firms sell
into each others' markets facing a common price in each period given by (l) and that the
government attaches zero weight to consumers. In either case, the marginal social cost of
funds is unity, an assumption which we relax in Section 7.2.

A key feature of our model is the order of moves by different agents. We follow
Brander and Spencer throughout in two crucial respects. First (except in Section 7.3), we
assume that firms are Cournot competitors, making simultaneous, noncooperative
decisions about their output levels in each period. Second, we assume that in each period
the government can credibly precommit to a subsidy before outputs are chosen." The
government thus has the ability to precommit intratemporally in all cases. However, differ­
ent assumptions about intertemporaf precommitment are possible. Depending on the
assumptions made we can distinguish three different types of equilibrium:

Full Precommitment Equilibrium (FCE). In this two-stage game, all agents take
decisions for both periods at the beginning of period I. Thus, in the first stage of the
game, the government chooses the subsidies SI and S2, and in the second stage the two
firms choose both their present and future outputs noncooperatively.

8. The implications of reversing the intratemporal order of moves by government and firms in a static
export subsidy game have been considered by Carmichael (1987), Gruenspecht (1988) and Neary (1991 and
1994, Section 5).
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Government-Only Precommitment Equilibrium (GCE). In this three-stage game the
government can precommit in period 1 to its second-period action but the firms cannot.
Thus the first stage is the same as in FCE; in the second stage the firms choose their
period-l outputs; and in the third stage they choose their period-2 outputs. (The two cases
of FCE and GCE correspond to the equilibria compared by Spence (1981) and Fudenberg
and Tirole (1983) and are often called "open-loop" and "closed-loop" respectively. This
terminology is less appropriate here, since there are two types of agents, governments and
firms.)

Sequence Equilibrium (SE). The final case is a four-stage game, in which no agents
can precommit to future actions. In each period, the government first sets the subsidy and
the firms then choose their outputs."

Throughout the paper, we assume that all the equilibria considered are subgame
perfect, in the sense of Selten (1965). All agents thus take account of the influence of their
current actions on the future actions of other agents and it is this forward-looking behav­
iour which opens up the possibility of agents playing strategically. Different move orders
imply different strategic incentives for the home firm and the home government. The key
issue we address is how government policy takes account of the different strategic possibil­
ities open to the home firm.

3. OPTIMAL SUBSIDIES WITH FULL PRECOMMITMENT

We consider first the benchmark case of FCE. The home firm seeks to maximize the
present value of profits, given by

1C =1CI (XI,YI, SI) + P1C2[X2'Y2, C2 (XI, e), S2],
+/- - + +/- - - - - +

(6)

where the signs indicate the signs of the corresponding partial derivatives. Optimal choice
of second-period output sets the partial derivative of 1C2 with respect to X2 equal to zero,
yielding a standard first-order condition, with marginal revenue (including the subsidy)
less marginal cost equal to zero

(7)

(8)

The firm's choice of output in the first period is more complex, since it must take account
of the effects on profits in both periods. In FCE, it takes the foreign firm's outputs and the
subsidy levels in both periods as given. There remains the pure (non-strategic) learning-by­
doing effect, whereby the home firm's choice of XI affects its future costs C2. Differen­
tiating rr with respect to XI and using equation (2) and the fact that drr2/aC2 equals -X2

gives

dn arr I arr2 dC2 I
-= -+p--= Rx-CI +SI +PA:x2 = o.
dx, dXI dC2 dXI

This implies that marginal revenue is set below marginal cost in the first period
(R~ - CI +SI is negative). The home firm has an incentive to produce beyond the point of

9. We use the term "sequence equilibrium" rather than the more natural "sequential equilibrium" since
the latter is used differently by Kreps and Wilson (1982) to refer to finite games in which players' strategies are
sequentially rational. Since all the equilibria we consider are perfect in the sense of Selten (1965), it follows from
Proposition 5 of Kreps and Wilson that all our equilibria are sequential in their sense.
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short-run profit maximization in order to learn faster and bring down its costs in period 2.
What is the optimal policy for the government, anticipating this behaviour? Since the

home firm fully internalizes the gains from learning and, in FCE, does not behave strategi­
cally, there is no basis for intervention other than that which arises in the static Brander­
Spencer model. The only role for the government is to use its superior precommitment
ability to offer subsidies to the home firm which shift profits towards it and away from
the foreign firm. Substituting from the home firm's first-order conditions (7) and (8) into
the expression for welfare change (5) gives

(9)

To eliminate the changes in YI and Y2, the home government solves the foreign firm's first­
order conditions, which, except for the absence of subsidies, are identical to those of the
home firm

dn*
- = R.*I - c* +p':l *y = 0
d

I" I I\. 2 ,

YI
(10)

(11)
dn*

p-I-=R~2_C!=0.

dY2

Solving these gives (in differential form) the two-period reaction functions of the foreign
firm, which show how each of its outputs responds to changes in both of the home firm's

dYI = yfl dx, + Yf2 dx2'

dY2 = y~'1 dXI+ yf2 dx2'

(12)

(13)

Substituting from these into (9) expresses the change in welfare in terms of changes in
home outputs only, which are fully determined by the two instruments .'II and .'12. Hence,
setting the coefficients of dXI and dX2 equal to zero gives the optimal subsidies

F I F 2 F
.'I I = R I Y II + pR\ Y 2\ ,

F -IR1yF R2yF
S 2 = P .l' 12 + y 22·

(14)

(15)

We show in the Appendix that the within-period coefficients y~, i =1,2, are negative if
and only if foreign output is a strategic substitute for home output in period i, meaning
that the marginal profitability of Yi is decreasing in Xi: nYixi < O. (See Bulow et al. (1985).)
Similarly the between-period coefficients Y ~, i* j, i = 1,2, are negative if and only if
foreign output is a strategic substitute for home output in period j and there is some
foreign learning (A*> 0). Summarizing:

Proposition 1. In FCE, the optimal subsidies in each period are positive provided
foreign output is a strategic substitute for home output in both periods.

To interpret these subsidies, note that if there were no foreign learning the between­
period terms Y f2 and Y fl vanish and both subsidies collapse to the standard formula for
the Brander-Spencer case: sr = R~. Yt.. i = 1,2. The between-period terms Yf2 and yfl
represent intertemporal rent-shifting in addition to the standard intratemporal type.

Notwithstanding these additional complications, the motive for intervention is the
same as in the static model: the government uses its superior commitment power to bring
about the equilibrium which would obtain if the home firm were a Stackelberg leader,
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(16)

(17)

(18)

choosing XI and X2 before YI and Y2. The government's actions move the home finn to
the optimal position on the foreign finn's two-period reaction functions.

4. OPTIMAL SUBSIDIES WHEN ONLY THE GOVERNMENT CAN
PRECOMMIT

How are the conclusions of the previous section affected when the government can still
precommit to a future subsidy but finns cannot precommit in period 1 to their period-2
outputs? Equations (7) and (11), giving the first-order conditions for the home and foreign
firms respectively in the second period, are unaffected. However, as Fudenberg and Tirole
(1983) emphasized, each finn now has an additional strategic incentive to increase its
output in the first period. Not only will the resulting fall in second-period costs raise its
future profits directly, but it will also improve its future strategic position in competition
with the rival finn. The home finn therefore chooses XI to maximize profits (6), recognizing
its influence on the foreign finn's future output Y2 (with CJ1r2/CJY2 = R; < 0). This yields a
new period-1 first-order condition

dtt CJ1r I {CJ1r2 de2 CJ1r2 dY2} I { '1.. 2 dY2} 0-=-+P --+-- =Rx-CI+SI+P JU,2+ Ry- = .
dXI CJXI CJC2 dXI CJY2 dXI dXI

We show in the Appendix that the strategic effect dY2/dXI is negative if and only if Y2 is
a strategic substitute for X2. Given this, the home finn has an even greater incentive to
produce beyond the point of short-run profit maximization than in FCE. (Compare (8).)
The foreign finn faces similar incentives, since its period-l first-order condition is now

d1r* =R*I _ c* + P{A*Y + R*2dX2} =o.
d

y I 2 x d
YI YI

In the terminology of Fudenberg and Tirole (1984), both firms behave like "top dogs",
"over-producing" in period 1 to obtain a strategic advantage in the period-2 game.

Of course, the actual levels of output chosen by the firms depend on the subsidies
which, as in FCE, are chosen by the government in the first stage of the game. As in the
last section, the optimal subsidies are found by substituting from the home firm's first­
order conditions into the expression for welfare change (5)

dW= -{SI + pR; dY2}dXl + R;dYI - P(S2dx2 - R;dY2).
dXI

As before, the government calculates the slopes of the foreign finn's reaction functions by
solving its two first-order conditions, (17) and (11), for dYI and dY2. Using y~ (i,j= 1,2)
to denote the response ofYi to Xj in this game, and substituting into (18) yields the optimal
subsidies

G -IRI yG R2 yG
S 2 =P y 12 + Y 22 •

(19)

(20)

Comparing these with the optimal subsidies in FCE, (14) and (15), the rent-shifting terms
are different and there is an additional term in the expression for the period-l subsidy.

As far as the first of these differences is concerned, it arises solely from the presence
of the strategic term dX2/dYI in the foreign firm's period-1 first-order condition (17).
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Because of this term the reaction function slopes Y~ are considerably more complex than
in the FCE case. In particular, a change in S2 now has a direct effect on the foreign firm,
by affecting the magnitude of the strategic effect dX2 / dyi, in addition to the usual indirect
effects which work by altering home outputs. The details of these complications are given
in the Appendix, where it is shown that the Y~ coefficients cannot be unambiguously
signed. Nevertheless, there is a presumption that they are all negative provided foreign
output is a strategic substitute for home output in both periods. In any case, it is clear
that the motive for intervention underlying these terms is the standard rent-shifting one.

By contrast, the final term in expression (19) for s~; is new. Referring back to (16), it
can be see~ that it exactly offsets the strategic effect in the home firm's period-l first­
order condition and so is negative provided Y2 is a strategic substitute for X2. In that case,
the government provides a lower subsidy in the first period relative to the profit-shifting
benchmark, in order to restrain the home firm from "over-producing" strategically in an
attempt to drive down the foreign firm's output next period. Intuitively, left to itself the
home firm produces more in period 1 in order to commit itself to a higher output in
period 2. But this incurs a social cost, since period-l output exceeds the efficient level. By
contrast, the government is able to use its first-mover advantage to commit the firm to
higher output at zero social cost (given the assumption that the marginal social cost of
funds is unity)." It is for this reason that, relative to the profit-shifting benchmark, the
optimal period-l subsidy exactly offsets the strategic term in the home firm's first-order
condition. This result is similar to that of Spencer and Brander (1983), who considered a
model similar to ours in which firms engaged in cost-reducing R&D rather than producing
output in period 1. They found that the optimal policy package was an output subsidy in
period 2 coupled with an R&D tax in period 1. In their case the profit-shifting benchmark
was zero, since the firms did not compete directly in the first period.

Summarizing the results of this section:

Proposition 2. In GCE, the optimal subsidies have the same form as in FCE, except
that the expression for Sl contains an extra term which exactly offsets the strategic behaviour
by the home firm.

5. OPTIMAL SUBSIDIES IN SEQUENCE EQUILIBRIUM

Sections 3 and 4 have examined optimal intervention in the cases of precommitment and
sequential decision-making by firms. In this section we break new ground by considering
the case where neither the government nor the firms can precommit intertemporally. For
the first time, this implies that government policy is partly endogenous.

Consider first the second period. This is a standard two-stage Brander-Spencer game
in which, with production costs predetermined, the government first sets S2 to maximize
W2 and the two firms then choose outputs to maximize profits. The firms' first-order
conditions are standard, given by (7) and (11). Maximizing second-period welfare subject
to them leads to the familiar Brander-Spencer formula

s 2
S2 =R; V'x, (21)

where V'x is the slope of the foreign firm's period-2 reaction function obtained by solving
its first-order condition (11): Y2 = V'(X2; Yl). As in Brander and Spencer (1985), s~ is posi­
tive if and only if Y2 is a strategic substitute for X2.

10. We are grateful to a referee for suggesting this intuition.
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(22)

The new feature is that the government's choice of S2 is conditional on the firms'
prior choice of Xl and YI. Using the two period-2 first-order conditions to eliminate X2

and Y2 from the right-hand side of (21) gives a reduced-form expression for the period-2
optimal subsidy: s~ =\f(XI' YI)' The \f notation highlights the fact that the government's
choice of S2 is a movement along a reaction function. The restrictions on the derivatives
of \f are derived in the Appendix. In particular, we show there that the condition for \fx

to be positive, implying that S2 is a strategic complement for XI, is

ds~
\fx=-> 0 iff 1+,u2+ (X2 r2(1 + l/fx) > O.

dXI

Here (X2 is the home firm's market share, X2/(X2 +Y2); r2 equals (X2 +Y2)b~/b2' a measure
of the concavity of the demand function; and ,u2 equals X2l/fxx/l/fx, a measure of the con­
cavity of the foreign firm's reaction function. The foreign firm's second-order condition
implies that I + l/fx must be positive and it must be less than unity if Y2 is a strategic
substitute for X2. When demands are linear the expression in (22) equals unity, and with
general demands a sufficient condition for it to be positive is that both r2 and ,u2 are non­
negative. Summarizing:

Proposition 3. \fx is positive, and so the optimal subsidy in period 2 of a SE is a
strategic complement for Xl, if and only if the expression in (22) is positive. A sufficient
condition for this is that neither the demand curve nor the foreign firm's reaction function in
period 2 is "too" convex.

This result generalizes those of de Meza (1986) and Neary (1994). They considered a
static Brander-Spencer game and derived sufficient conditions for a fall in the home firm's
marginal cost to raise the optimal subsidy. Equation (22) gives a necessary and sufficient
condition for an increase in period-l output, which lowers period-2 costs, to mandate a
higher subsidy.

Consider next the behaviour of agents in the first period. Unlike the equilibria con­
sidered in previous sections, each firm now plays strategically against the home govern­
ment as well as against its rival. The first-order condition for the home firm is

(23)

Comparing this with the corresponding formula in the GeE case, (16), we see that the
home firm has an additional incentive to increase output in the first period, provided the
future subsidy is a strategic complement for first-period output. As for the foreign firm,
its period-l first-order condition is identical in form to (16) in GCE. Of course, the inter­
firm strategic terms in both firms' first-order conditions (dY2/dX2 for the home firm and
dX2/dY2 for the foreign firm) differ from those in GCE, since they incorporate the depen­
dence of S2 on XI and YI'

The final step is to consider the government's optimization problem in the first stage
of the game. Substituting from the home firm's first-order conditions into the expression
for welfare change (5) and using the fact that dY2 =w.dx, + l/fydYI yields

(24)
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(25)

Solving for Sl, using y~ (i = 1,2) to denote the response of Yi to XI in this game, gives the
expression for the first-period optimal subsidy in SE

SIS 2 s 2 dY2
S 1 = R r Y 11 + PR r Y21 - pR I' - - PX 2\fix.

. . . dXI

Here Y~I = lily Yrl: Y2 responds to changes in XI only to the extent that the induced change
in YI shifts the period-2 reaction function of the foreign firm. Comparing (25) with the
optimal first-period subsidy in GeE (equation (15», the new third effect is negative pro­
vided the second-period subsidy is a strategic complement for first-period output, con­
ditions for which were given in Proposition 3. In that case the government has an
additional incentive to tax the firm in period 1 relative to the profit-shifting benchmark:
to restrain it from "overproducing" strategically in order to increase the subsidy it receives
in period 2. Summarizing:

Proposition 4. In SE, the optimal period-Z subsidy is given by the standard Brander­
Spencer formula, reflecting intra-temporal rent-shifting only. The optimal period-s subsidy,
by contrast, includes rent-shifting terms (hoth intra- and inter-temporal) and a strategic term
as in GCE. In addition, it includes a term which exactly offsets the home firm's strategic
behaviour aimed at affecting the period-L subsidy.

Since the three equilibria we have considered are different in general, the values of
the three sets of optimal subsidies cannot be compared directly. What we have called the
"rent-shifting benchmark" is different in each case, depending on the assumptions made
about precommitment. In the next section we turn to consider two special cases where
more definite results can be obtained.

6. SPECIAL CASES

6.1. No foreign learning

An important special case of the general model is where the foreign firm has already
reached its mature phase, so its marginal costs are c* in both periods. II This simplifies the
model considerably. In each period, the foreign firm's reaction function depends on home
output in that period only. Hence, the government's two policy instruments allow it to
control all four targets in all three equilibria. The real equilibrium is the same in all cases,
the only difference being the period-I subsidy needed to attain it.

To see this formally, it may be confirmed from the previous three sections that, with
no foreign learning, the rent-shifting components of the optimal subsidies in all cases
collapse to sf=R~, Y~-. The additional strategic components exactly offset the strategic
behaviour of the home firm. Hence, substituting these subsidies into the home firm's first­
order conditions gives an identical set of equations in all three equilibria

I I F
R'; - ('I + R\. Y II + PAX2 = 0,

2 2 FR \ - ('2 + R\ Y 22 = o.
(26)

(27)

11. Dasgupta and Stiglitz (1988) note that this asymmetric specification of learning seems to accord with
most policy discussions of assistance to learning firms.
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These may be combined with the two first-order conditions for the foreign firm, which
are also independent of the degree of commitment, since the foreign firm does not behave
strategically. Hence the same four equations are solved for the four levels of output in all
three games, so the solutions for outputs and welfare are identical. This in turn means
that the subsidies may be ranked unambiguously. Summarizing:

Proposition 5. With no foreign learning, the levels of home and foreign output and
welfare are the same in all three equilibria, irrespective of the degree of commitment; and
the optimal subsidies may be ranked as follows

(28)

where the first inequality holds if and only if Y2 is a strategic substitute for X2 and the second
holds if and only if sf is a strategic complement for Xl.

Finally, it is shown in the Appendix that the levels of output and welfare are increas­
ing in the rate of learning.

6.2. Linear demands and linear learning

A different special case of the model is where both firms learn but the demand and learn­
ing functions are linear. This special case illustrates more forcefully some of the general
results of previous sections and also allows us to examine explicitly the sensitivity of the
different optimal subsidies to changes in the rate of learning and to explore the
implications of relaxing other assumptions. In this sub-section, therefore, we assume that
equations (l) and (2) are replaced by

Pi=a - b(xi+ yJ, i =1,2, (29)

(30)

The first-order conditions under these assumptions are given in the first three columns of
Table 1.12 Solving these explicitly in the general case is not insightful. Instead, we illustrate
the results diagrammatically and then give analytical expressions for the optimal subsidies
in some special cases.

Figures 1 and 2 illustrate the optimal period-l subsidies under our three assumptions
about precommitment (assuming no discounting). The subsidies are shown as functions
of parameters rand r*, defined as the home and foreign rates of learning normalized by
the inverse demand slope (a measure of the market size): r=A/b and r*=A*/b. 13 In both
figures, when the foreign firm does not learn (r* = 0), the optimal period-I subsidy is

12. Until Section 7.1, we continue to assume that the foreign government is passive. Hence, in the present
section, the foreign subsidies sf and sf in Table 1 should be set equal to zero and the rows labelled Gf and
Gf (which give the foreign government's first-order conditions) should be ignored.

13. Units of measurement in Figures I, 2 and 3 are chosen such that the optimal subsidy is unity in the
static Brander-Spencer case of no learning (r =r* =0). (For reference, the optimal subsidy in that case equals
bXI/2 or ~/4; ~ equals a - 2el + cf , a measure of the cost competitiveness of the home firm, and must be positive
for an interior solution.) In Figures 1 to 4 we are only interested in values of rand r* for which stability
conditions are satisfied and all outputs are positive; otherwise the subsidies are arbitrarily set equal to zero.
These restrictions become more demanding for high values of rand r*, all the more so if the home firm has
an initial cost advantage which is why the scales are less in Figure 2.
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(i) FCE

(ii) GCE (iii) SE

FIGURE 1

Optimal subsidy with learning by doing: k =1·3

increasing in the home rate of learning r in both FCE and GCE but decreasing in it in
SE. This result highlights the dramatic consequences of ruling out commitment.

When the foreign firm also benefits from learning, we must distinguish two cases,
depending on which firm has a static (i.e. initial) cost advantage. Figure I illustrates the
case where the foreign firm has a 30% initial cost advantage. 14 Here the period-l subsidy
is decreasing in the foreign rate of learning in all cases (except when r is high) and, for
given rates of learning, the subsidy is lower the lower the degree of precommitment. By
contrast, both these conclusions are reversed in Figure 2, where the foreign firm has a
100/0 initial cost disadvantage. Thus, even in the simplest linear model, it is not true that
the optimal subsidy is least when the government cannot precommit.

14. We measure this by the ratio k=A*/A, where A=(a-cd and A*=(a-ct). Hence k= 1+(cl-ct)/A,
which exceeds unity when the foreign firm has a cost advantage.
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FIGURE 2

Optimal subsidy with learning by doing: k =0·9

To explore the robustness of some of these results we have calculated explicitly the
optimal period-I subsidies in each equilibrium under a variety of assumptions but
assuming no foreign learning. The results are shown in the first four rows of Table 2.15

The first row gives the base case of zero discounting illustrated along the r* =0 axis in
Figures I and 2. The next two rows relax in turn the assumptions of no discounting and
of a single foreign firm. Finally, the fourth row relaxes the assumption of homogeneous
products, replacing the demand function (29) by

pi=a-b(xi+eyJ, qt=a-b(ext+Yt), i= 1,2. (31)

15. The calculations underlying Table 2 are lengthy but straightforward. Some of the results are illustrated
diagrammatically in Leahy and Neary (1994a and 1994b). Note an artefact of the linear specification: except in
row 5, discussed in Section 7.2 below, the average of the FeE and SE subsidies equals the static Brander­
Spencer subsidy.
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Here Pi and qi are the prices of home and foreign output respectively and e is an inverse
measure of the degree of product differentiation.

A number of interesting results may be deduced from the first four rows of Table 2.
The static optimal subsidy (corresponding to the case of no learning) is increasing in the
number of foreign firms (as shown by Dixit (1984)) and decreasing in the degree of product
differentiation. The responsiveness of the optimal subsidies to a higher rate of learning in
all three equilibria falls as the future is discounted more heavily and as products are more
differentiated; but it increases as the number of foreign firms rises. Finally, the most
interesting feature from our point of view is that the results already noted for the base
case continue to apply: the optimal subsidy is increasing in y in both FCE and GCE (less
so in the latter) and decreasing in it in SE. Summarizing:

Proposition 6. With linear demands, linear home learning and no foreign learning, the
optimal period-l subsidy is increasing in the rate of learning if any intertemporal precommit­
ment is possible. However, it is decreasing in the rate of learning in sequence equilibrium.
This result is robust to relaxing the assumptions of no discounting, a single foreign firm and
homogeneous products.

7. EXTENSIONS

7.1. Active foreign government

So far we have assumed that the foreign government is passive but this is clearly a special
case. In particular, it prejudges the key question whether intervention is desirable. This
must be so for unilateral intervention (though see Section 7.2 below) but it seems a priori
unlikely if the rival government also intervenes optimally. To investigate this question, we
need to consider the case where both governments are active.

A natural way to model the general case is to assume that, like firms, the governments
move simultaneously, playing a Nash game in subsidies. Furthermore, in the absence of
any compelling basis for asymmetry, it is natural to assume that both governments have
the same powers of precommitment, whether complete (in FCE and GCE) or partial (in
SE). Under these assumptions, all the equations derived in Sections 3 and 4 for the FCE
and GCE cases are unchanged: both firms as well as the home government take foreign
policy as given in making their decisions. Of course, these equations must be supplemented
by the foreign government's two first-order conditions, which are identical in form to
those of the home government.

Matters are more complicated in SE, since both government's period-2 subsidies are
now subject to manipulation by both firms in period 1. Thus the foreign government's
subsidy is determined by a reaction function, st" = '¥ *(Xl , YI), just like the home govern­
ment's. The home firm's period-l first-order condition (23) is unchanged, but the strategic
effect dY2/dXI is now even more complicated, since a change in Xl has indirect effects on
Y2 through both period-2 subsidies as well as a direct effect. Proceeding as in Section 5,
the expression for the home period-l optimal subsidy, (25), is unchanged and its interpret­
ation is as before: the home government fully offsets the strategic behaviour by the home
firm and uses its superior precommitment power to influence YI directly. However, the
individual terms are more complex. For example Y~l now equals (1jfy+ lfIs'¥.~) Yf'l: as
before Y2 responds to changes in XI from the home government's perspective only to the
extent that the induced change in Yl shifts the period-2 reaction function of the foreign
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firm; but now the reaction function is Yz= lII(xz; sf .r.), so this induced change has both
a direct component and an indirect one, working through the effect of Yl on sf.

Table I illustrates these general points for the case of linear demand and learning
functions. The columns headed FeE and GCE show that in these equilibria the equations
are the same as in the case of a passive foreign government, except that they are sup­
plemented by that government's policy variables, sf and sf, and first-order conditions
(labelled Gf and Gf). By contrast, in SE, the period-l equations are more complex (com­
pare the columns headed "SE(a)" and "SE(b)"). Strategic effects are now stronger as each
firm tries to manipulate both period-2 subsidies and each government intervenes to
restrain its own firm. Figure 3 illustrates a typical configuration of optimal subsidies in
the three equilibria (assuming the foreign firm has a 20% static cost advantage). (Note the

(i) FeE

(ii) GeE (iii) SE

FIGURE 3

Optimal subsidy with active foreign government: k= 1·2
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change of perspective from Figures I and 2.) With both governments intervening the
likelihood of one or other output level being forced to zero (in which case the optimal
subsidy is set to zero) is greater, so the admissible range of y and y* is less than in Figures
1 and 2. But in other respects the qualitative implications are very similar to those in the
case of a passive foreign government. 16

Even more interesting than the optimal subsidies is whether welfare can rise in spite
of foreign subsidization. As in Brander and Spencer (1985, Section 4), joint welfare of the
two exporting countries would rise if subsidies were reduced from their Nash equilibrium
levels. Nevertheless, Figure 4 shows that one country can gain if its firm has a sufficiently
large cost advantage. The Figure gives the level of home welfare in SE when the foreign
government is active relative to the corresponding level when firms behave strategically
but both governments commit to free trade. (Similar results are found when the inter­
national subsidy games under FCE and GCE are compared with the corresponding free­
trade equilibria.) Panel (i) shows that home welfare exceeds the free-trade benchmark
when the home firm has both a static (k < I) and a dynamic (y > y*) cost advantage. Panel
(ii) shows that it may even gain in some extreme cases when the two firms have the same
static efficiency (k = 1), provided the home firm has a sufficiently large dynamic advantage.
However, home welfare is lower than in free trade in most cases, especially when the
foreign firm has a static cost advantage, as in panel (iii). These findings are similar to
those of Neary (1994): strategic trade policy is more likely to be successful the more cost­
competitive is the home firm.

7.2. Sensitivity to the social cost offunds

We saw in Section 4 that the rationale for a corrective tax in GCE (relative to the profit­
shifting benchmark) was that the government could precommit to lower period-2 costs at
zero social cost whereas the home firm could only precommit by overproducing inef­
ficiently in period 1. Naturally, this argument is sensitive to the assumption that corporate
profits have the same marginal social value as subsidy payments foregone; i.e. that the
marginal social cost of funds is unity. On the other hand, if the social cost of funds
exceeds unity, the rent-shifting argument for subsidization is weakened. To see how these
contradictory influences interact, we follow Gruenspecht (1988) and Neary (1994) and use
a parameter 8 to measure the social cost of funds, so that the welfare function in each
period becomes

Proceeding as in Section 4, the change in welfare becomes

i = 1,2. (32)

dW = -(8s\ - §7)dx\ - (8 - I )x\ dS I - p(8s2- S~)dX2 - p(8 -1)x2ds2' (33)

Here s7 and sfdenote the formulae in (19) and (20) for the optimal GCE subsidies when
the social cost of funds is unity. When this does not hold, we must relate the changes
in home outputs directly to subsidy changes: dx,> Xi1ds\ +Xi2 ds2 , i= 1,2, where the

16. It is possible to solve the FCE case analytically, making use of the fact that (with no discounting) the
equilibrium is symmetric between periods. With no foreign learning (y* =0), the responsiveness of 51 to Y is
proportional to: 4(S - 6y + 2y2)A - (1S-16y + 12y2)A*. Assuming y < O-S, this is positive for k =I (i.e. A =A*).
However, for k =4/3, it is zero at y =0 and negative thereafter (for 0 < y < O-S). Thus, even in FCE, the optimal
home subsidy may be decreasing in the home rate of learning with an active foreign government.
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(i) k=O.9

(i i ) k= 1.0 (iii) k=1.1

FIGURE 4

Home welfare in SE with an active foreign government relative to free trade

coefficients Xi} are presumptively positive. Substituting into (33)

s? =~IS? - 8-1(8 -1)Ax'(x1 X22- PX2X21), (34)

where ~x = X11X22- X I2X21and is presumptively positive. This shows that both the rent­
shifting and strategic motives for intervention are diluted by higher values of 0, while the
final term representing the deadweight loss tends to encourage a tax and is more important
the greater is o.

A different question related to the social cost of funds is raised by Proposition 5,
which showed that in SE with no foreign learning the government can attain the same
levels of output and welfare as with precommitment but with a lower period-l subsidy.
This immediately suggests that, if the social cost of funds exceeds unity, then welfare may
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be higher in SE than in equilibria with prccommitment." Of course, this is not inevitable,
since a change in the value of the social cost of funds changes all the optimal subsidies.
To investigate this issue, differentiate the optimal level of welfare in each of the three
equilibria and evaluate at 8= I

h i- F, G,S. (35)

This shows that, whether demands are linear or not, a small increase in 8 starting at 8=
1 lowers welfare by the present value of total subsidy payments. Hence, from Proposition
5, welfare falls more slowly with 8 the lower the degree of precommitment when there is
no foreign learning.

To see how this result applies when 8 is strictly greater than unity, we have calculated
the optimal period-l subsidies in each of the three equilibria assuming linear demands,
linear home learning and no foreign learning. The results are given in the fifth row of
Table 2 and their values in GCE and SE are illustrated in Figure 5. (The optimal subsidy
in SE was derived in Neary (1994).) In both cases, a higher social cost of funds increases
the incentive for the government to tax rather than to subsidize the firm, since the oppor­
tunity cost of subsidies is higher. In the absence of learning, the (normalized) optimal
subsidy equals (4 - 38)/(38 - 2), which falls from 1·0 towards -1·0 as 8 rises. For low
values of 8, the optimal subsidies behave in the same way as in earlier cases: that in GCE
increases in r while that in SE decreases in it. But as 8 rises, both these relationships are
reversed. In particular, the period-2 optimal subsidy in SE is proportional to (4 - 38).
Higher values of 8 thus lead the home firm to anticipate a lower subsidy, or even (for 8
greater than 4/3) a tax, next period, so reversing the negative relationship between sf and
r which applies when 8 is equal or close to unity.

Finally, Figure 6 illustrates the possibility that, because the period-l subsidy is lower
in SE than in GCE, welfare may be higher when the government cannot precommit and
8 is greater than one. (Recall that welfare is the same in both equilibria when 8 equals
one.) The figure shows that this does not occur for high values of 8 (e.g. 8= 2) but it does
occur for values between 1·0 and 1·2. Because of the social cost of raising revenue, society
may gain from the government's inability to precommit to future policies.

7.3. Optimal policy in Bertrand competition

The final case we consider is where firms compete on price rather than quantity." Eaton
and Grossman (1986) have shown that this reverses the Brander-Spencer result in a
one-period export-subsidy game: provided prices are strategic complements (the "normal"
case in Bertrand competition), the optimal "profit-shifting" policy is an export tax rather
than a subsidy. Similarly, from Fudenberg and Tirole (1984), the strategic incentive facing
firms when period-2 prices are strategic complements is to behave like a "puppy dog"
rather than a "top dog", underproducing in period 1 to raise prices and profits for both

17. In this paper we are only concerned with government precommitment to subsidy levels rather than to
a subsidy rule. If the government could precommit to a second-period subsidy rule (a case for which a referee
suggests the term "conditional commitment"), then it could always choose the rule implied by the sequence
equilibrium and so always do at least as well as in the sequence equilibrium.

18. We confine attention to the cases where firms compete on either prices or quantity in both periods.
An obvious extension is to the case considered by Kreps and Scheinkman (1983), where firms choose capacity
outputs in the first period and prices in the second. However, this seems less appropriate in a learning-by-doing
context, where periods should be thought of as years rather than weeks or months in length.
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firms in period 2. Finally, since the period-2 policy is a tax whose absolute value is likely
to be positively related to the home firm's cost competitiveness, the firm has an additional
incentive to underproduce in SE. Hence, all three of the arguments for intervention given
in Sections 3 to 5 are exactly reversed in Bertrand competition.

To illustrate these points, we have calculated the optimal period-l subsidies when
firms compete on price and demands are given by the linear, differentiated products speci­
fication, (31). The results are given in the final row of Table 2 and are illustrated (for
different values of the product differentiation parameter e) in Figure 7.19

The results in Figure 7 are very different from those in the Cournot quantity-compe­
tition case of previous sections. Now, the optimal subsidy is negative and decreasing in y
in FCE but in SE it is increasing in y and, for high but plausible values of y, it actually
becomes positive. As for the optimal subsidy in GCE, it lies between those in FCE and
SE and is increasing in y, as in the Coumot case. These results reflect mechanisms similar
to those explored in earlier sections. In FCE, there is no basis for government intervention
other than that in the analysis of Eaton and Grossman: the government taxes the home
firm in order to restrain it from competing too vigorously by keeping down its output
price. This argument is not affected by higher rates of learning but the level of output is
higher so the tax (which is positively related to output) rises too. In GCE, the home firm
anticipates the future actions of its foreign rival and tends to raise its first-period price
and so reduce its first-period output; this provides the government with a motive for
subsidization which works against the Eaton-Grossman motive for taxation. Finally, in
SE, the firm anticipates that it will be taxed in the second period. In order to reduce the
tax it will face, it has an incentive to raise price and so reduce output still further in
the first, learning, period. Anticipating this tendency to "underproduce", the government
counteracts it by offering a subsidy relative to the Eaton-Grossman benchmark. For
sufficiently high values of y, this motive for subsidization can outweigh the Eaton-Gross­
man motive for taxing. Once again, sequential decision-making by government tends to
reverse the standard conclusions reached on the assumption that the government can
precommit.

8. SUMMARY AND CONCLUSIONS

This paper has examined the implications for strategic trade policy of different assump­
tions about precommitment. We considered the choice of export subsidies in a dynamic
oligopoly game with learning by doing. In general, and with surprisingly mild qualifi­
cations, we found that in Cournot competition strategic behaviour by firms which cannot
precommit to future output justifies a first-period tax relative to the profit-shifting bench­
mark of a subsidy. Moreover, there is an additional argument for a first-period tax if the
government cannot precommit to future subsidies. In the linear case the optimal period­
1 subsidy is increasing in the rate of learning with precommitment but decreasing in it if
the government cannot precommit. Strategic considerations thus strengthen the infant­
industry argument if the government can precommit to future subsidies but may reverse
it in the absence of precommitment.

So far, we have remained neutral on which combination of assumptions about pre­
commitment is most plausible in the context of learning by doing. It should be clear,

19. Following Eaton and Grossman, we assume throughout that products are sufficiently differentiated
that an equilibrium in pure strategies exists. To facilitate reading the diagram, we have normalized the subsidies
to equal minus one in the Eaton-Grossman case of no learning.
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however, that we view the case which we have called "sequence equilibrium" as the most
reasonable approximation of reality. This seems to us to be consistent with two stylized
facts: on the one hand, governments are able to set subsidies which will remain in force
for a period of weeks or months during which decisions on outputs will be made; on the
other hand, they are unable to precommit to the subsidies which will prevail a few years
ahead, when the firm has reached its mature phase. At the level of abstraction typically
adopted in this literature, this seems a reasonable description of the legislative and admin­
istrative environment in which current policy decisions must be taken. Adopting this per­
spective suggests that the case for subsidizing exporting firms in high-technology industries
may be weaker than is often thought.

It is instructive to compare our approach to the macroeconomics literature, where
precommitment and time consistency have been much discussed since the work of Kyd­
land and Prescott (1977). Macroeconomic theorists have devoted much attention to devis­
ing measures which would enable governments to precommit to future macroeconomic
policies, such as constitutional amendments, conservative central banks or a social security
system. The starting point for such analyses has been the fact that welfare is generally
higher with government precommitment than without. By contrast, in our framework,
welfare is independent of the assumptions made about precommitment if the foreign firm
does not learn and, with a social cost of funds greater than unity, welfare may even be
higher when precommitment is not possible.

Our model is far from being the last word on strategic trade policy with learning by
doing. By ignoring exit and entry of firms, and assuming that learning is fully internalized
by firms with no spillovers to rival firms at home or abroad, we have neglected many of
the key issues in real-world policy discussions. The assumptions that firms compete in
only one market and that learning ceases after one period are other features of our model
which suggest that its specific policy conclusions should be interpreted with caution. All
these extensions deserve to be explored and should be tractable in extended versions of
the model we have considered.

A different set of issues raised by this paper concerns the relevance of our findings
to other issues in microeconomics. Similar considerations apply to any area in which
governments have an incentive to intervene in future periods and in which the extent of
such intervention can be influenced by current private-sector actions. Applications to top­
ics such as capacity choice, research and development, advertising and natural resources
immediately suggest themselves. At a deeper level, our results suggest the need for a funda­
mental rethink of economic policy in dynamic environments. The fact that governments
cannot precommit to future policies may mandate optimal intervention which is opposite
in sign to the intervention which would be justified on the basis of a static model or
(equivalently) a model in which government precommitment is possible."

APPENDIX

AI. Proof of Proposition 1.

To calculate the slopes of the foreign finn's generalized reaction functions in FeE, totally differentiate its two
first-order conditions (10) and (11)

(36)

(37)

20. For similar suggestions, see Hammond (1993).
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N t th t * = R *1 + py , * ....* = PA*. and n":. R:~. Solving these equations for dYI and dYl giveso e a nY1Y 1 YY 211.y , '.YIY2 ' J1\1

* R*2d * R*2dxI'idYI =-nY1X1 vv XI + nY1Y2 YX 2,

d * It.*d - * R ,,:2 dxI'i Y2 =nY 1X 1 Xl nY1YI JX 2,

where

(38)

(39)

I'i=n;'ul R;'1~ - nJ1Y21t.*· (40)

From the foreign firm's second-order conditions, n;'l VI < 0, R i}~ < 0 and I'i> O. These yield the restrictions on the
Y~ coefficients quoted in the text, recalling that Yi is a strategic substitute for Xi if and only if n;Xi < O.

A2. Strategic Effects in GCE.

To calculate the strategic effects in GCE, we totally differentiate the two firms' period-2 first-order conditions.
The foreign firm's is given by (37) above, while the home firm's is obtained from (7)

Solving these for dX2 and dY2 gives

where

1'i2dx2 =-R;,}~(Mxl + ds2)+ R~ylt.*dYl'

1'i2dY2 =-R~xlt.*dYI + R;';O.dXl + ds2),

(41)

(42)

(43)

(44)

Standard stability arguments require 1'i2 to be positive while R~x and R;,; are negative from the firms' second­
order conditions. Hence, the within-firm effects are unambiguous in sign and, as in Section AI, the between­
firm effects depend on whether outputs are strategic substitutes for each other.

A3. Optimal subsidies in GCE.

The steps in deriving these are the same as in FCE, but with the additional complication that the foreign firm's
period-I first-order condition (17) depends on S2 through the strategic term dX2/dYI' This adds an additional
term n* s dS2=pR!2 {d2X2/dYIds2}ds2 to the left-hand side of (36); and the other coefficients in that equation
must b~] :einterpreted (e.g. nil Xl becomes R;'~+pR~2{d2XddYldxd)· Solving (36) and (37) with these amend­
ments yields

dYI =Y~l dXI + y~2dx2 +yt,.ds2, (45)
G -I R*2 G _ A-I * R*2 yG =_1'i-1R*2n*YII =-I'i nil X] YY Y12 - L.l nY1Y2 yx Is YY YlSZ'

dY2 =yfl dx, + yf2 dx2 +y~,dS2' (46)
G _ -I *'* G __ A-l * R*2 yG =S-IA*n* .Y21 -I'i nylX11l. Y22 - L.l nY1.Vl yx 2s YI S2

The yg coefficients can be signed exactly as the Y~ coefficients were in FCE; however, the signs of the yg
coefficients are indeterminate.

The next step is to substitute for dYI and dY2 into the expression for welfare change, (18). The presence of
terms in dS2 makes it more complicated to solve this for the optimal subsidies than in FCE. Define coefficients
Xij, all presumptively positive, which give the total effects of changes in subsidies on home outputs: dx, =
Xii dSI+ Xi2 ds2, i = 1, 2. Substituting into (18) and solving for Sl and S2 yields equations (19) and (20), with the
rent-shifting coefficients defined as follows

(47)

where l'ix = XII X22 - X 12X21. Given the complexity of these expressions they cannot be signed unambiguously.
However, it is reasonable to presume that the additional terms in y~ are unlikely to dominate, since they depend
on the second-order issue of the effect of changes in S2 on the foreign firm's strategic term dX2/dYI' For example,
all these terms disappear in the case of linear demands.

A4. Proof of Proposition 3.

We seek an expression for qJ x, which gives the effect of a change in XI on s~, the optimal period-2 subsidy in
SE. Since the influence of XI works solely through ('2(XI), this is equivalent to finding the effect of an exogenous
increase in the home firm's marginal cost on the optimal subsidy in a static Brander-Spencer export subsidy
game. We need to solve the three period-2 first-order conditions: (7) for the home firm; (11) for the foreign firm;
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and (21) for the home government. However, an indirect approach is more insightful than an explicit solution.
First, solve the foreign firm's first-order condition for its reaction function, Y2= If/(X2;YI); combining this

with the home firm's first-order condition to get a reduced-form expression for home output (whose total
differential is equation (42)), X2 (sz; XI, YI); and substitute lJI(xz; YI) for Yz to get reduced-form expressions for
welfare and the optimal subsidy

WZ(X2; XI,YI) = R 2[xz, If/(X2,YI)] - CZ(XI) ' X2,

SZ(X2,YI) = R;[X2' If/(X2,YI)] 'If/x(X2,YI)'

(48)

(49)

(50)

(52)

The government's first-order condition can now be written as follows

dWz dWz dX2 A ( ) dX2
--= ---=-{S2-SZ XZ,YI }-.
dS2 dxz dS2 dS2

Next, differentiate (50) with respect to Sz and evaluate at Sz= s~ to get the government's second-order condition

dZWzl = _ {I _dSz dXZ} dXz< O. (51)
dS~ S2 =d dXz dS2 dSz

From (42), dX2/dS2 is positive. Hence, the expression in brackets must be positive for an interior maximum. This
has a useful corollary, since direct calculation of the total effect ofa change in XI on Xz, allowing for the induced
change in s~, yields

dxz = {I _dXz dS2}-1dXz.

dx, dsz dXz dXI

From (42), dX2/dXI is positive. Hence, from the second-order condition (51) it follows that the right-hand side
of (52) is positive. Summarizing:

Lemma 1. A rise in period-s output, which lowers period-L costs, must raise period-2 output, whether or not
we allow for the endogenous adjustment of the period-2 subsidy.

Next, differentiate (50) with respect to Sz and evaluate at Sz= s~'

d
Z
Wz I _ {dSZ dXZ} dXz

ds2axI sZ=s1 - aX2 ax, asz'

Combining (51), (52) and (53)

\{I _ d
ZW

2 / d2Wz _ dS2 dX2
x - - dS2aXj dS~ - dXzdx;

From Lemma 1, \{Ix is positive if and only if dSz/dXz is positive. Differentiating (49) yields

X2 dsz
S - = 1+ Jlz + az rz(1 + If/x).
S2 dX2

(53)

(54)

(55)

(56)

This proves Proposition 3. Note finally that, from (52) and (55), the total effect of an increase in XI on Xz is
algebraically greater than the partial effect, dx-]dx, > dX2/dXI > 0, if and only if s~ is a strategic complement for
XI·

A5. Outputs and welfare with no foreign learning.

To prove that outputs are increasing in the learning parameter s, totally differentiate equations (26) and (27) to
obtain

[~ I -bl~ 0', +PXzAx PA ] [dX,] =[-PxzAe]de.
A ~2 - b2viz 0'2 dX2 C2e

Here ~i is defined as «: +R~y If/; (where vi; is the slope of the foreign firm's static reaction function in period
0, which is negative; o, is the elasticity of s, with respect to Xi given by (55); and C2e is the derivative of C2 with
respect to f. Since the government is in effect choosing XI and Xz to maximize welfare, the second-order con­
ditions are that the diagonal terms in the left-hand side coefficient matrix be negative and that the determinant
of the matrix be positive. Calculating the changes in XI and Xz, making use of these properties and the fact that,
from (2), Ae > 0 and C2e < 0 gives the desired result. Finally, differentiating the welfare function (4) and applying
the envelope theorem
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(57)

Hence welfare is also increasing in the rate of learning.
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