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Abstract

We propose a new methodology exploring Markov perfect equilibrium
strategies in differential games with regime switching. We develop a gen-
eral game with two players. Players choose an action that influences
the evolution of a state variable, and decide on the switching time from
one regime to another. Compared to the optimal control problem with
regime switching, necessary optimality conditions are modified for the
first player to switch. When choosing her optimal switching strategy, this
player considers the impact of her choice on the other player’s actions
and consequently on her own payoffs. In order to determine the equilib-
rium timing of regime changes, we derive conditions that help eliminate
candidate equilibrium strategies that do not survive deviations in switch-
ing strategies. We then apply this new methodology to an exhaustible
resource extraction game.
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1 Introduction

Several decision making problems in economics concern the timing of switching
between alternative and consecutive regimes. Regimes may refer to technological
and/or institutional states of the world. For instance, a firm with an initial
level of technology may find it optimal to either adopt a new technology or
to stick with the old one (Boucekkine et al. 2004). Another example is the
decision to phase out existing capital controls in a given economy (Makris,
2001). In all non-trivial problems, the switching decision involves a trade-off,
since adopting a new regime brings with it immediate costs as well as potential
future benefits. Given these considerations, multi-stage optimization is generally
used for the analysis of regime switching (Tomiyama, 1985, Makris, 2001), which
endogenously determines switching times.

In this article, we consider regime switching strategies in differential games.
The game theoretic literature involving regime switching choice is sparse. Early
papers on dynamic games of regime change do not involve a stock variable. In
these models, the only relevant state of the system is the identity of the players
who have adopted the new technology. An example is Reinganum (1981)’s
model of technological adoption decisions of two ex ante identical firms. She
assumed that firms adopt pre-commitment (open-loop) strategies. That is, it
is as if a firm enters a binding commitment on its date of technology switch,
knowing the adoption date of the other firm. Reinganum’s primary finding is
that, with two ex-ante identical firms using open-loop strategies, the equilibrium
features diffusion: One firm will innovate first and the other will innovate at
a later date. The first player to switch earns higher profits. Fudenberg and
Tirole (1985) revisited Reinganum’s study by using the concept of pre-emption
equilibrium. Focusing on Markov perfect equilibrium as the solution concept,
they noted that the second player to switch may try to preempt its rival and
become the first to adopt. At the preemption equilibrium, the first player to
switch advantage vanishes (see Long, 2010, for a survey of this literature).

A second strand of literature pertains to the strategic interaction of agents in
relation to the dynamics of a given stock. For instance, Tornell (1997) presented
a model that explores the relationship between economic growth and institu-
tional change. Infinitely-lived agents solve a differential game that drives the
changes in property-rights regimes for the economy’s capital stock, e.g. common
property versus private property. It was shown that a potential equilibrium
of the game involves multiple switching between regimes. However, only the
symmetric equilibrium was considered, such that the players always choose to
switch at the same instant. Consequently, the question of the timing between
switching points was not addressed. In addition, even though Tornell explicitly
defined the Markov perfect equilibrium for the class of differential games with
regime switching, a rigorous modelling of these strategies, for switching time, is
missing in his analysis. A more recent example is the analysis by Boucekkine
et al. (2011). They analyzed the trade-off between environmental quality and
economic performance using a two-player differential game. Assuming that pol-
lution results from the sum of consumption levels and there is no decay, they



proved the existence of an open-loop Nash equilibrium. They found that each
player chooses the technology without considering the choice made by the other
player. There was no interior switching instant. At the open-loop Nash equilib-
rium, either a player adopts a new technology immediately, or he sticks to the
old one.

To our knowledge, there seems to be no existing study which formally de-
fines Markov perfect equilibrium in differential games with regime switching
strategies. This is where the first theoretical contribution of this paper lies.
We develop a general differential game with two players having two kinds of
strategies. First, players have to choose at each point in time an action that
influences the evolution of a state variable. Second, they may decide on the tim-
ing of switching between alternative and consecutive regimes that differ both in
terms of the payoff function and the state equation. For simplicity, we assume
that each player can affect a regime change only once. Focusing on Markov
perfect equilibrium, we define the switching or timing strategy as a function of
the state of the system, which is described by the level of the stock variable,
and the regime that is in current operation.

For any possible timing, we characterize the necessary optimality conditions
for switching times, both for interior and corner solutions. One interesting
finding is that, compared to the necessary conditions characterizing optimal
switching in the standard (one-player) optimal control problem, we find that,
with two players, the necessary optimal switching conditions are substantially
modified for the player who finds it optimal to move first. Indeed, when choos-
ing the optimal date and level of the state variable for switching, this player
must take into account that (i) her decision will influence the other player’s
equilibrium switching strategy in the subgame that follows, and (%) the other
player’s switching time will impact on her own welfare. Depending on the par-
ticular economic problem at hand, the interaction through switching times may
provide an incentive to either postpone or expedite regime switching. Another
important issue is how to determine the equilibrium switching sequence in the
Markov perfect equilibrium. We resolve this issue by providing conditions that
help eliminate candidate switching sequences that do not survive deviations in
switching strategies.

The second contribution of this paper is the application of this new game
theoretic material to study a model of management of an exhaustible resource.
By incurring a lumpy cost, players can make use of a more efficient extraction
technology. Not only do players choose their consumption levels, they also decide
whether to adopt the new technology and when. To date, there are only a few
papers that have studied the relationship between natural resource exploitation
and the timing of technology adoption. Using a finite horizon two-stage optimal
control problem, Amit (1986) explored the case of a petroleum producer who
considers switching from a primary to a secondary recovery process. He observed
that a technological switch occurs if the desired extraction rate is larger than
can be obtained by the natural drive, or when the desired final output is more
than can be obtained using the primary process. In a more recent paper, Valente
(2011) analyzed a two-phase endogenous growth model which concerns a switch



from an exhaustible resource input into a backstop technology. He showed
that adoption of new technology implies a sudden fall in consumption, but an
increase in the growth rate. Finally, Boucekkine et al. (2013) explored a general
control problem with both technological and ecological regime switches. They
applied it to address the issue of optimal resource extraction under ecological
irreversibility, and with the possibility to adopt backstop technology. It was
observed that the opportunity to switch to a backstop technology may lead to
an irreversible ecological regime.

While the above-mentioned studies have explored resource management and
regime switching, they only do so using single-agent optimization programs.
None have conducted an analysis using a differential game approach. Indeed, our
section 4 tries to fill this gap in the resource extraction literature. It is assumed
that heterogenous players start with a less efficient extraction technology and
have to decide: (i) whether to switch to a more efficient technology, and (ii)
when, given that switching involves a direct cost that depends on both the
switching date and the level of the state variable.

In the application, our main findings can be summarized as follows. We
first identify a meaningful condition that allows us to check a proposed timing’s
robustness to deviations. This condition involves on the one hand the difference
in players’ switching costs, and on the other hand the difference in technological
gains from switching. Indeed, it is possible that both players have an incentive
to deviate from a given proposed timing. This happens when the player who
is supposed to be the first to switch has a relative disadvantage in adoption
costs that is not compensated by any relative technological advantage. This
notably encompasses the situation in which the first player to switch incurs
higher switching cost and, at the same time, is the one who benefits the least
from adoption at any level of the resource stock. When players do not have
an incentive to deviate, we provide sufficient conditions for the existence of an
interior solution where both players adopt the new technology in finite time and
investigate the impact of Markovian strategic interactions on the first player
to switch’s equilibrium strategy (as compared to the single-agent case). We
emphasize the interplay between two opposite effects. First, the switch made
by the second player to switch is costly for the first player because it implies a
drop in her consumption of the resource. The switching cost is thus augmented
by this term, which gives her an incentive, other things equal, to delay her
switch. On the other hand, it turns out that the length of time between the two
switches is increasing in the level of the stock at the time of the first switch.
Therefore, from the point of view of the first player to switch, who controls
this level, switching at a relatively more abundant stock level is a means to
postpone the switch of the other. This is an incentive for her to switch at a
larger stock level, which means an earlier date. In the particular case where
the direct switching cost is zero, we show that this player finds it worthwhile to
adopt the new technology, but not immediately at the beginning of the game.
This is in sharp contrast to the result that one would obtain in the single-player
case, namely immediate adoption.



2 The general problem

We consider a two-player differential game in which the instantaneous payoff of
each player and the differential equation describing the stock dynamics depend
on what regime the system is in. There are a finite number of regimes, indexed
by s, and we assume that under certain conditions, the players are able to take
action (at some cost) to affect a change of regime. Let S be the set of regimes.
For simplicity, we assume that each player can make a regime switch only once.
This implies that regime changes are irreversible, i.e., switching back is not
allowed. In this case, there are four possible regimes and the set S is simply

S ={11,12,21,22}

We assume that the system is initially in regime 11. Player 1 can take a
“regime switching action” to switch the system from regime 11 to regime 21, if
the other player has not made a switch. The first number in any regime index
indicates player 1’s moves. The second refers to player 2. Once the system is in
regime 21, only player 2 can take a regime switching action, and this leads the
system to regime 22. From regime 11, player 2 can switch to regime 12 (if player
1 has not made a switch). From regime 12, only player 1 can make a regime
change, and this switches the system to regime 22. If the system is in regime
11 and both players take regime change action simultaneously, the regime will
be switched to 22. Finally, the system may remain in 11 forever if neither agent
takes a regime change action. Let S; be the subset of & in which player ¢ can
make a regime change. Then S; = {11,12} and S = {11,21}.

The state variable z could be in any space R, 1 <m < M. At each instant,
each player chooses an action u;, with u; € R™ 1 <n,; < N; < 0o, that affects
the evolution of z. To simplify the exposition, we set m = 1 and n; = n for
¢ = 1,2. The instantaneous payoff to player 7 at time ¢ when the system is in
regime s is

FE (us(t), u_i(t), 2(1)).

If player i takes a regime change action at time ¢; € R, a lumpy cost Q;(¢;, (¢;))
is incurred. Then, if for example 0 < ¢; < t3 < oo, player 1’s total payoff is

11 to
/ Ffl(ul’wvﬂﬁ)@*ptdwr/ FP(uy, ug, z)e Ptdt
0
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+/ FE2 (g, ug, w)e™tdt — Qi (ty, z(t1))

ta
with p the discount rate.
The differential equation describing the evolution of the state variable z in
regime s is
T = fs(u17u2ax)
In the subsequent analysis, we use Markov perfect equilibrium (MPE) as the
solution concept. As illustrated by the decomposition above, if the equilibrium



timing is such that 0 < ¢; < t5 < oo, there are three sub-games to be con-
sidered, each being associated with a particular regime. Indeed, for the timing
considered, the sequence of regimes is: 11, 21 and 22. A natural way to pro-
ceed, for determining a MPE of this game, is to solve the problem recursively,
starting from the regime arising after the final regime switching, here 22. This
is a natural extension of the method originally developed by Tomiyama (1985)
and Amit (1986) to solve their finite horizon two-stage optimal control problems
(for infinite horizon problems, see Makris, 2001).

The next assumption ensures that our problem, seen as a sequence of three
sub-games, is well-behaved.

Assumption 1 The functions F7(.) and f°(.), for any s € S, belong to the
class C'. Moreover, the sub-game obtained by restricting the general problem to
any regime s, satisfies the Arrow-Kurz sufficiency conditions.

These conditions will allow us to use some envelope properties that require
the differentiability of the value function (see Boucekkine et al. 2013, for a
detailed discussion).

Let us now define a MPE strategy in our model. Each player has two types
of controls, the set of controls being given by C; = {u;,t;}. A MPE strategy
consists of an action policy and a switching rule describing the actions under-
taken by each player at every possible state of the system, (z,s) € Ry x S.
Again, for the sake of exposure, we restrict attention to those strategies that
are not time-dependent. This requires that the function §;(¢;, z(t;)) takes the
form e~Ptiw;(z(t;)).

The action strategy of player ¢ is a mapping ®; from the state space Ry x S
to the set R™.

The switching rule can be defined as follows: Suppose player 1 thinks that
if player 2 finds herself in regime 21 at date ¢, with z(¢) (which implies that
he switched at an earlier date t; < t), she will make a switch at a date t5 > t.
Then player 1 should think that the interval of time between the current date
and the switching date, to — t, is a function of the state of the system. More
generally, we define the time-to-go strategy (before switching) of player i, given
that s € S;, as a mapping 6; from R} x S to Ry U{oo}. For instance, from
the state (x,21), f2(x,21) is the length of time that must elapse before player 2
takes her regime switching action. If 8(x,21) = oo for all z, it means she does
not want to switch at all from regime 21.

Then we say that

Definition 1 o A strategy vector of player i (as guessed by player —i) is
a pair ; = (9;,0;), i =1,2.

o A strategy profile is a pair of strategy vectors, (11,1s).

o A strategy profile (¢¥37,13) is called a Markov-perfect Nash equilib-
rium, if given that player i uses the strategy vector ), the payoff of
player j, starting from any state (x,s) € Ry x S, is mazximized by using
the strategy vector ¥, where i,j = 1,2.



The topic of the paper is all about regime switching strategies in differential
games. This means that the core of the analysis is devoted to a presentation
of the optimality conditions associated with these strategies and a discussion
on the impact of this new source of interaction on players behaviors, and no
more. We then get rid of other issues that typically arise in differential games,
like existence and uniqueness of the MPE. In other words, hereafter we basically
assume that a solution exists and focus on the original part of the problem. The
next section presents the set of necessary optimality conditions that characterize
a MPE of the differential game with regime switching strategies.

3 Necessary Conditions for switching strategies

The analysis to follow is presented for a particular timing: 0 < ¢; < ¢y < oo.
Necessary optimality conditions for the other general timing, 0 < ¢ < t; < oo,
can easily be derived by symmetry. First, we state and interpret optimality
conditions for an interior solution (a solution with ¢; positive and finite and
t1 # t2), which allows us to emphasize the impact of the interaction through
switching strategies on the solution. Next, we want to know whether a player
has or not an incentive to deviate from the timing considered. For that purpose,
corner solutions are carefully studied.

3.1 Interior solution

Assume that there exists a solution (uj(t),us(t),z*(t)) to the differential game
defined above and for given (¢1,t2). In any regime s, Player i’s present value
Hamiltonian, H = Ff (u;, ®_i(x,s), z)e Pt + \{ f*(u;, ®_;(w, 5),x) with A§ the
co-state variable, evaluated at this solution is denoted by H;* and we refer
to 6% as the derivative w.r.t the state variable . Our first theorem states the
necessary optimality conditions related to the switching strategies at the interior
solution, if it exists. All the proofs are displayed in the Appendix A.

Theorem 1 The necessary optimality conditions for the existence of a MPE
featuring the timing 0 < t7 < t5 < oo are:
o For player 2:

892 (tg, a?* (tz))

) (1a)
)+ T a2 ) (1b)
M (1) = 3 (1) (10)



e For player 1:
. an(tl,Z*(tl))
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A (t2) = AP (ta). (2¢)

To understand these switching conditions for an interior solution, let us focus
on the difference between the optimality conditions of the first player to switch
(player 1) and the second (player 2) for the particular timing considered. Player
2’s conditions (1) are similar to the ones derived in multi-stage optimal control
literature. Condition (1a) states that it is optimal to switch from the penulti-
mate to the final regime when the marginal gain of delaying the switch, given
by the difference HZ*(.) — H3?*(.), is equal to the marginal cost of switching,
%Z*(m). Condition (1b) equalizes the marginal benefit from an extra unit
of the state variable z(t2) with the corresponding marginal cost. It basically says
that the value of the co-state, when approached from the intermediate regime,
plus the incremental switching cost must just equal the value of the co-state,
approached from the final regime. Hence, as long as a player finds it optimal
to be the second player to switch, her optimality conditions are similar to the
standard switching conditions of an optimal control problem. Finally, according
to condition (1c), the marginal benefit from an extra unit of the state variable x
at player 1’s switching time must be equal to the corresponding marginal cost.

The novel part of Theorem 1 stems from the problem faced by the player
who opts to switch first. Indeed, player 1’s optimality conditions are modified
(compared to the single agent framework). The first condition (2a) implies that
player 1 cares about changes in his situation induced by the switch of player 2.
Player 1 decides on his optimal switching time by equalizing the marginal gain
of delaying the switch, which is given by the difference H{'*(.) — H?1*(.) to the
marginal switching cost, %ﬁwm — [H?Y*(t2) — H?%*(t2)]. The extra-term
[H?1*(ty) — H?2*(t2)] is the marginal impact of player 2’s switch on player 1. So,
player 1 anticipates the impact of player 2’s switch on his payoff. Depending on
the nature of the problem, the additional term can either be positive or negative.
The second optimality condition (2b) is also modified. The cost of a marginal in-
crease in x at t; now includes an extra-term: 4 (x*(t1), 21)[HZ* (t2) — HZ2*(t2)].
This term reflects the fact that player 1 takes into account his influence on player
2’s timing strategy, through the level of the state variable at the switching time
x*(t1). Put differently, player 1 knows that modifying =*(¢1) is a means to de-
lay or accelerate player 2’s regime switching. In sum, the modified switching
conditions of player 1 illustrate the existence of a two-way interaction through
switching strategies.

A couple of comments are in order here:
First, when deriving the conditions of Theorem 1, we implicitly assume that
players follow their MPE strategies for the action policy, i.e., that the triplet



(uf(t), ub(t), 2*(¢t)) is the path followed by each player’s action policy and the
state variable at a MPE. This boils down to considering that optimal switching
conditions are conditional on the optimal action policies. Then, the question
is: Is the switching rule robust to deviations in the action policy? Consider the
problem of player 1, once he is already in regime 21. Player 1’s problem is to
choose the time path {u;} that maximizes

t1+92($1,21)
e PLEH (ug, ®y(z,21), x)dt + V22 (29,11 + O2(z2,21))

t1

with V;#2*(.) the continuation payoff (resulting from the play of the MPE actions
in the final regime) and subject to,

T = f21(u17 (1)2(377 21),1’)

x(t1) = x1, x(t; + O2(x1,21)) = 9

where he takes as given x1, o, ®o(x,21) and 02(x1,21). If he deviates from
the equilibrium from time ¢; to some time t; + €, with ¢ > 0, what would be
his optimization problem at time t; + €? The point is that he should expect
that player 2 still continues to use the strategy (®o(x,21),02(x,21)), with the
switching point xo, because he knows that ®;(x,21) will be played by him from
time t; + € onward. The deviation will be reflected in the value of the state
variable at t1 + €, 2(t1 + €) # x*(¢t1 + €). This will in turn affect the length of
time before the next switch by Player 2, 62(x(t1 + €),21).

Second, in (2), the term 65(z*(¢1),21) may look like a kind of Stackelberg-
leadership consideration: Player 1 knows the function 63'(x,21), and hence he
knows that when he chooses t; and the level z(¢1) he is indirectly influencing
to. But this is not really Stackelberg leadership in a global sense. The situation
is just like any standard game tree with sequential moves. If a player moves
first, he knows how the second player to switch will move at each subgame that
follows, and therefore he will take that into account in choosing which subgame
he is going to induce.

3.2 Corner solutions

Still for the same timing, we now examine the conditions for one player to choose
a corner strategy.

Theorem 2 1. Suppose player 1 switches at some instant t1 € (0, 00).

e Necessary conditions for player 2 to choose a corner solution with im-
mediate switching, i.e., to =t1 (instead of to > t1) are (1b), (1c), and

_ 892(t2, x* (t2)))

H3Y (1) — 22

< H%Q*(tg) Zf t1 =12 < 00 (3)



2. Suppose player 2’s switching problem has an interior solution to.

e Necessary conditions for player 1 to choose a corner solution with im-
mediate switching 0 =t; are (2b), (2¢c), and

_an(tl,ZE*(tl))

HIY (1) ==

< HPY (t)—[HP (t2) —HP> (t2)] if 0= t1 < t2
(4)

e Necessary conditions for player 1 to choose a corner solution of the never
switching type t1 = to are (2b), (2¢), and

_391(t1,x*(t1))

H (1)~ =

> HP' (t1)—[H" (ta) —HP* (t2)] if 0 < t1 = t2
()

The corner solution ¢; = 0 and corresponding necessary conditions have al-
ready been discussed in literature. For t; = 0, it must be the case that player 1
wants to escape from regime 11 as soon as possible. According to condition (4),
this happens when a delay in switching yields a marginal gain that is not greater
than the marginal loss of foregoing for an instant the benefit of the new regime.
Of further interest is the interpretation of players’ “corner solutions” t; = to.
Quotes are needed because those solutions actually correspond to artificial sit-
uations where the timing is (pre)specified (here t; < t3). The conditions for
them to occur deserve much attention since they provide a clear way to check
if a candidate equilibrium in switching strategies is robust to deviations. As an
illustration, consider player 1’s problem. Conditional on player 1 being the first
to make a switch and on player 2 being the second, we can derive a necessary
condition for ¢; to be at the corner ¢; = t5. If this condition (5) is satisfied,
which means that at t; a delay in switching yields a marginal gain that is at
least as high as the marginal loss of foregoing for an instant the benefit of the
new regime, then we suspect that, when we remove the artificial requirement
that ¢; < t5, there will be an incentive for player 1 to choose to make a regime
switch in second place. In such a case, a candidate solution with ¢; < t9 does
not survive the incentive for player 1 to deviate from it. In other words, con-
dition (5) is necessary for the timing not to be robust to deviations in player
1’s switching strategy. The same reasoning applies to player 2’s corner solution
ty =tr.

Of course, the timing is not fixed in our differential game with regime switch-
ing strategies and the most important task is precisely to determine what will
be the timing at the equilibrium, or under which conditions a particular timing
will occur. The analysis of situations where one player may have an incentive
to deviate is of crucial importance to address this non-trivial issue. Indeed, it
should allow us to understand which timing, between 0 < ¢; < t3 < oo and
0 <ty < t1 £ oo, is consistent with the MPE requirement. Therefore, in any
particular application, such an analysis should be conducted first in order to
reduce the set of potential candidates for MPEs, before having a look at other
interior or corner solutions.

10



Let us conclude this section with a brief overview of the other possible com-
binations between t; and t5. First, note that there is no counterpart to the
necessary conditions (3)-(5) for the corner solution to = oo (see the discussion
in Makris, 2001, page 1941). However, the inequality

_ 892@2, .13* (tg))

H3"™ (ta) oty

> H3*(ty) for all t; <ty < 00

is sufficient to establish that player 2 will never find it optimal to switch regime.
Next, it is highly unlikely that heterogeneous players decide on the same switch-
ing time. So, the timing 0 < ¢; = ¢ < oo should not give a MPE candidate.
However, it’s quite easy to derive the optimality conditions is this case. Suppose
that it is optimal for the two players to switch at the same date t; = t2 € (0, 00),
for the same level of the state x*(t) = x*(t1) = 2*(t2), then the following con-
ditions must hold, for ¢ = 1,2:

Hll* t) — 09 (t,z" (1)) — H22* t
111 © 6521'(&9?*75@)) 221 ) (6)

A () + =g = AR,

Finally, conditions corresponding to the cases t; = t3 = 0 and t; = t2 = 0o can

easily be derived from the material presented above.

The next section is devoted to an application of the theory to an exhaustible
resource problem. Our purpose is to illustrate how the reasoning above works
in a simple example from which we can extract analytical results.

4 Application: A resource extraction game

We consider a differential game of extraction of a non-renewable resource. In
the related literature (for extensive surveys on dynamic games in resource eco-
nomics, refer to Long, 2010, 2011). it is generally argued that the presence
of rivalry among multiple agents tends to result in inefficient outcomes, e.g.
overextraction of natural resources. Another common feature of the frame-
works developed in this literature is the assumption that players cannot adopt
new technology that will improve their extraction efficiency. It is usually as-
sumed that consumption is a fixed fraction of the extraction level. In this
section, we relax this assumption and consider the possibility of technological
adoption among players. That is, players not only choose their consumption,
but they also decide when to adopt the more efficient extraction technology.
This consideration represents another contribution of this paper.

Our resource extraction game comprises I = 2 players. Let u;(t) denote
the consumption rate of player 4, ¢ = 1,2, at time ¢ > 0. Meanwhile, let e;(t)
be player i’s extraction rate from the resource at time ¢ > 0. Extraction is
converted into consumption according to the following technology: ~;u;(t) =
ei(t), where v, s a positive number that reflects a player’s degree of efficiency
in transforming the extracted natural resource into a consumption good.

11



Two production technologies, described only by the parameter +;, are avail-
able to player ¢ from ¢t = 0. Because players’ technological menus may differ, one
needs to introduce a specific index for the player’s actual technology. It is as-
sumed that player 1 starts with technology [ = 1 and has to decide: (i) whether
she switches to technology ! = 2, and (i) when. The state of technology of
the other player, 2, is labelled as k£ and a technological regime is represented by
s = lk, with [,k = 1,2. For each player i, the ranking between the parameters
satisfies: 7} > +2, which means that the second new technology is more efficient
than the old one. A possible indicator of technological gain for player i from
adoption is the ratio 3—2 € (0,1), such that the smaller is the ratio, the higher
is the gain. '

Let z(t) be the stock of the exhaustible resource, with the initial stock xg
given. As in section 2, t; and ty are the switching times. Suppose 0 < t; < ts,
then the evolution of the stock is given by the following differential equation:

—huy — ydug if t € [0,4)
i = _r}/%ul — 721’1,@ ift e [t17t2)
77%'“1 —_ ’722’11,2 lft S [t27 OO)

At the switching time, if any, player 7 incurs a cost that is defined in terms
of the level of the state variable at which the adoption occurs, z(t;) = x;. Let
wi(z(t;)) be this cost, with w}(.) > 0. The direct switching cost is discounted at
rate p. As seen from the initial period, if a switch occurs at ¢;, the discounted
cost amounts to e Ptiw;(x;) (this is our Q;(x(t;),t;) of Section 2). It takes the
form: w;(x;) = xi + Bix;, where x; > 0, 8; > 0, and x; is the fixed cost related
to technology investment. These may include initial outlay for machinery, etc.
On the other hand, §; represents the sensitivity of adoption cost to the level
of the exhaustible resource at the instant of switch. Our assumption implies
that the cost of adopting new technology is increasing in z;. This assumption
conveys the idea that the lower the level of the (remaining) stock of resource,
the lower the cost of adopting the new technology. It could reflect the fact that
scientific progress on installation of resource-saving technology is continually
made as the scarcity becomes more acute. Finally, each player’s gross util-
ity function depends on her consumption only and takes the logarithmic form:
Fu,u_s,x) = In(u;).

In the next subsections, attention is paid first to the corner solutions, which
allows us to address the issue of the equilibrium timing. Then an analysis of
the interior solution — for the correct timing — is conducted with the aim to
discuss the features of the equilibrium with regime switching. From now on, the
timing considered is 0 < t; < t5. Results for the other timing are obtained by
symmetry. It is well-known that there may exist multiple feedback equilibria
in extraction strategies. But, assessing the issue of uniqueness is beyond the
scope of the paper. That’s why, in the subsequent analysis, we are looking for
solutions within the class of linear feedback strategies.
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4.1 Equilibrium timing

The first part of the subsequent analysis examines the conditions under which
the timing under scrutiny is not robust to deviations in players’ switching strate-
gies, i.e., at least one player would prefer to swap position. This will be followed
by identifying necessary conditions for corner solutions. Once these tasks are
done, we can solve for interior solutions. All the proofs for the application are
relegated in Appendix B. Hereafter we shall denote x*(t;) the level of the stock
of resource at which player ¢ decides to switch at the MPE as z}) and call it
the switching point.

4.1.1 Incentives to deviate from the specified timing

A player may find the timing 0 < ¢; < to3 < 0o non-optimal. For instance,
guessing that player 1 will switch at ¢1(< 00), player 2 may prefer switching at
a date no later than t;. Even though the analysis of non-optimal timing comes
logically before considering any other solution, it should be noted that in the
Appendix B, the proof of proposition 1 cannot be read independently of the
other parts. This is also true for the proofs devoted to corner solutions. As far
as non-optimal timing are concerned, it can be shown that

Proposition 1 If player i, i = 1,2, finds the above timing non-optimal (wants
to deviate from it) then it must hold that

2 2
pwa(zr ;) +1In <%1> < pwi(2Z;) +1In (711) ; (7)
Y2 71

As mentioned in Section 3, following Theorem 2, condition (7) characterizes
a situation that is more than a simple corner solution. Let’s consider for in-
stance player 2’s situation. Assume that player 1’s switching problem has an
interior solution 0 < t; < oo given, with 2 = 2*(¢1), when he anticipates that
player 2 will stick to his timing strategy. In order to obtain (7), we have deter-
mined under which conditions it is “optimal” for player 2, who maximizes the
discounted value between t; and oo, to switch immediately. This means that
the necessary conditions are similar to the usual conditions of the multi-stage
optimal control theory for immediate switching (see Amit, 1986, Theorem 1
page 537). However, this particular situation cannot be interpreted as a corner
solution because the framework under scrutiny is a differential game. This im-
plies that ¢; (the beginning of the planning period for player 2) is not given. So,
we should interpret this artificial corner solution as a situation where it is not
optimal for player 2 to adopt after player 1. Player 1, who is supposed to be the
first player to switch, may find the timing non-optimal as well. What is worth
noting is that the necessary condition for the non robustness to deviations is
the same for the two players. There is no single condition however because the
reference point in (7), that is given by the switching point of the other player,
matters. Therefore, as long as condition (7) holds for at least one of the player,
the only timing, that is a MPE candidate, is 0 < t5 < 1 < oo.

Next, we can exploit the result above to establish that:
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Corollary 1 A sufficient condition for the equilibrium timing (i.e., the timing
such that none of the players have an incentive to deviate) to be 0 < t1 < ta < 00

plwr(x) — walz)] < — {m (Vlf) “In (@)} for allz € [0,20]  (8)

71 Y3

If condition (8) holds, then the timing to < t; cannot occur in equilibrium.
This condition can easily be interpreted in economic terms. First note that

—In (%)’ for ¢ = 1,2, is a measure of the gain from switching. Then, this
condition basically states that for player 1, the relative advantage of adoption
(RHS), measured in terms of the differential of gains, is greater than the relative
disadvantage in terms of adoption costs (LHS). Put differently, player 1 has
a relative disadvantage in adoption costs that is compensated by a relative
technological advantage. Of course, this inequality is satisfied when player 1
incurs a lower direct switching cost and, at the same time, derives a higher
benefit of adoption. But, it might also hold in intermediate situations where
player 1’s adoption cost is higher provided that the differential in technological
gains is largely favorable to player 1.

From now on, let’s assume that (8) holds. In the next section, we briefly
review the corner solutions associated with the timing 0 < t; < 5 < oo.

4.1.2 Corner solutions

First, we emphasize the conditions under which the MPE may feature a corner
solution. Next, we tackle the issue of the occurrence of a simultaneous switch.

Proposition 2 o Assume that player 1’s switching problem has an inte-
rior solution t1. A sufficient condition for player 2 to choose the “never
switching strategy,” so that 0 < t; < to = oo s that

pw2(0) + In (jﬁ) > 0. 9)

o Assume that player 2’s switching problem has an interior solution ts. A
necessary condition for player 1 to switch immediately at the beginming,
so that 0 =t <ty < 00 is

2
g (20) + In (3) < e (1 — Bypay). (10)
1

e If condition (9) is satisfied then a combination of immediate and never
switching 0 = t1 < ty = 0o may arise only if:

2
pwi(zo) + In <Zi> <0. (11)
1
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Conditions for being at a corner solution have very simple interpretations.
For instance, according to condition (9), a player never finds it worthwhile to
adopt the new technology if the fixed cost of adoption, weighted by the rate of
time preference, is larger than the gain from switching even when the resource
gets close to exhaustion (recall that in our setting, the stock of resource is
asymptotically exhausted). In the same vein, for a player to be willing to adopt
the new technology immediately it must hold that the switching cost at the
initial resource level is lower than the gain from adoption. In the latter case,
the particular tradeoff is influenced by the other player’s switching decision to
switch in finite time (10) or keep the old technology forever (11).

Beyond corner solutions, there are three remaining cases: (i) Players might
wish to adopt their new technology at the same date and for the same stock of
resource. Or, (i) they might both prefer switching instantaneously; or (74) on
the contrary they might prefer sticking to the first technology forever. If there
is heterogeneity in switching costs, case (i) cannot be an equilibrium outcome.
The conditions for having the two other possibilities can easily be derived from
proposition 2 (see the Appendix B.4).

With this information in mind, we now turn to the analysis of the interior
solution.

4.2 Impact of the interaction through switching strategies
on the equilibrium

At the interior solution (0 < t; < t2 < 00), our differential game can be divided
into three subgames. We proceed backward by examining first the solution
to the last stage problem, i.e., to the subgame arising after player 2’s regime
switch. This is a standard infinite horizon differential game. Recalling that we
restrict our attention to linear feedback strategies, we find that the consumption
strategies ®;(x,22) (i = 1,2) at the MPE satisfy

Vi®y(x,22) = ya®y(x,22) = p. (12)

More generally, in each regime, the two players have the same equilibrium ex-
traction rates, but generally not the same consumption rates. This feature is
due to the logarithmic utility.

From these strategies, we can easily compute players’ present values corre-
sponding to the last period problem, which are used as scrap value functions for
the preceding problem. Indeed, the next step is to examine the second period
problem in which player 2 has now to take her regime switching action. The res-
olution consists in determining not only consumption strategies valid in regime
21 but also the switching time and switching point of player 2 at the MPE.
Results are summarized in the proposition below. For simplicity, we assume
that: xo > (pB2) L.
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Proposition 3 e In regime 21, consumptions strategies are given by

2 1 p*Ba(x3)?
Vi Pi(2,21) = 7% ®Po(x,21) =T + pr with I’ = ———=—.  (13)
1 — Bapas
e The optimal switching point, x5, is defined by
7
pn(as) +1n (12) = ta(1 = . (14)
2
Sufficient conditions for the existence of a unique x5 are:
—In (l%) > pWQ(O)u
IS (15)

2
pw2(z1) +In (%) > In(1 — B2px1).
e The time-to-go (before switching) strategy is to — t1 = 02(x1,21) with

1 T . 1 (1,21
O2(z1,21) = o7 In {(1 - pﬁﬂg);i + Pﬂﬂg] =2 In [(M} - (16)
2 1\42y

where (t1,x1) can be any solution to the switching problem of player 1.

Several comments are in order here. First, from equations (12) and (13),
one can observe that yau3'*(ty) = y3u3**(t2) if and only if B, = 0. Thus, if
B2 > 0, players’ resource extraction experiences a jump at the switching date of
player 2. This results from the dependence of the direct switching cost on the
level of the state variable at the switching date. A similar pattern is observed
by Valente (2011) and Prieur et al. (2013), in different frameworks. Second,
the first sufficient condition (for the existence of a unique switching point, z3)
in (15) is nothing else than a necessary condition for having ¢ < oo (take the
converse of condition (9) in Proposition 2). It basically states that player 2 will
switch in finite time as long as the technology differential — gain from switching
— is large enough compared to the fixed cost of switching, when the stock of
resource approaches zero. Third, the time-to-go before switching (16) is defined
in terms of player 1’s switching point, x1, the discount rate and some parameters
characterizing regime 21, that players leave, and regime 22, that players reach.
Hence, player 1 is able to affect player 2’s switching strategy and will take this
influence into account in the first period problem. Note also that the optimal
switching date of player 2 is increasing in x;. The larger the resource stock at
which player 1 decides to switch, the later the adoption of player 2. In other
words, switching rapidly for player 1 tends to delay the adoption time of player
2.

Adopting the same methodology as before (notably by computing player
1’s present value from regime 21 on), we can finally have a look at the first
period problem. In regime 11, player 1 guesses that player 2 has a time-to-
go strategy 02(x1,21) and a corresponding switching point xo. He also guesses
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that player 2’s consumption strategy in regime 11 takes the form ®5(z,11). Now
we characterize the MPE in consumption strategies in regime 11 and provide
sufficient conditions for having a unique solution to the first player’s switching
problem. Note that at the MPE, player 1’s guesses have to be consistent with
player 2’s actual strategies.

Proposition 4 e In regime 11 consumption strategies satisfy

L'+ pzi[l — ((27;23)]

1 .
P (2,11) = i By(z,11) = A + px, with A = — ,
11 (2, 11) = 94 Ba(a, 11) = e

and 3
6_992($1 721)

((aiia3) = 1= ——F—— (1 = pfows) = B (T + pa}),

where I' is given in Proposition 3.

o The optimal level of the stock for switching x] solves

pn () + o (”) — 2 [ (a3) + (”2 )] + mictatias)

oh 72
(17)
o If the following conditions hold: ((x3;x%) > 1, ((xo;x3) € (0,1] and
i —pB2(x0,21) %3
pwi(zg) + In o >e [,owQ x5) + 1n( %ﬂ a8)

pr(w5) +1n () < puoa(a3) +1n (%),
1 2
then there exists a unique x§ € (z3, o).

o With the pair (x7,x3) being determined above, the optimal switching time
tl = 01(%0, 11) 8

A
1 -/130'1' - 1 (I)i 711

01(0,11) = o In [ —2 :imgﬁgg.
2p i+ 2p D, (z1,11)

Recalling that v7®;(z7,21) = I + px; (see 13), we observe that ((.) defined
above provides information on the direction (< 1) and magnitude of the jump
in the extraction rate at the switching time ¢;. The third item of Proposition
4 basically enumerates the sufficient conditions for the existence of an interior
solution to player 1’s switching problem. At first glance, these boundary condi-
tions may seem difficult to interpret. But, it is clear that conditions in (18) are
necessarily satisfied if (i) the (sufficient) conditions for the timing to be robust
to deviations hold (see Corollary 1) and (%) the opposite of conditions for corner
solutions (that can easily be derived from Proposition 2) are met.

In the remainder of this section, we further address the impact of MPE
strategies for switching times on the equilibrium. Indeed, given that player 2’s
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switching strategy is based on the state of the system and player 1 is able to
affect this state, it is crucial to understand how player 1 adapts his strategy
to player 2’s switching decision. It is also required to scrutinize the impact
of player 2’s future switch on player 1’s situation. Recall that at the MPE,
the guess of player 1 must be consistent with the switching strategy actually
adopted by player 2. For the sake of interpretation, player 1’s switching can be
rewritten as (by substitution of the specific functional forms in conditions (2)
of Theorem 1):

In {“%1*(“)} = —pwy(xF) + e P2(@1.20) {“?2*“2)}

u%l*(tl) u?l*(tg)
[3udt ()]~ = el ()] T = wh(@]) + Bhai, 20)e P20 n | M

(19)

Compared to the single-agent problem, both conditions are modified. The
LHS of the first equation in (19) reflects the marginal gain from extending the
horizon of the first regime. If there exists 0 < t; < to then this marginal
gain must be equal to the marginal cost of switching at ¢;. Now, the marginal
switching cost (RHS) is augmented (in absolute magnitude) by the extra-term

-~ " 22 (4
e—PP2(a7,21) ]n[Z%l*Etzg
1

followed by the switch (in finite time too) of the second player and that player 2’s
switch will be costly to him. Why is it so? Adopting a new technology translates
into a downward jump in the extraction rate at time to: y3u3'*(t2) > y2u3?*(t2).
Intuitively, with the new technology, one needs less resource to produce a given
amount of the consumption good. The impact of player 2’s adoption on her
own consumption after time ¢o and thereafter must be positive (for otherwise,
she would not make the switch). It is clear that player 1 is worse off after
player 2’s switch because he bears the decrease in extraction and is not able to
compensate this loss because his technology is fixed after time ¢;. So, it means
that player 1’s marginal cost of switching at time ¢; is higher than it would be
in the absence of player 2. Other things equal (z; constant), this would imply
that the switch should occur at a later date, i.e., player 1, when interacting with
player 2, has an incentive to postpone adoption.

The second equation in (19) equalizes the marginal benefit from an extra
unit of the state variable z; (LHS) with the corresponding marginal cost (RHS).
The marginal cost is lower in the game than in the control problem because,

from (16), 65 (x*, 21)e—P02(#1,21) ln[zgigzi} < 0. Indeed, changing x1 marginally
yields an additional benefit here. Other things equal (¢; constant), it allows
player 1 to induce player 2 to delay the instant of her switch. The impact of
player 2’s switch will then be felt less acutely because of discounting. This
in turn implies that player 1’s adoption should occur at a higher xj. This
second effect tends to make it worthwhile for player 1 to adopt at an earlier
date (because the trajectory of x is monotone non-increasing).

In summary, as a result of the interaction with player 2, player 1 has an
incentive to delay the adoption of the new technology (first-order effect corre-
sponding to the first condition in (19)). It does not mean, however, that he will

]. Player 1 anticipates that his switching decision will be
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not adopt before player 2. According to the second condition in (19), the sooner
the adoption of player 1, the lower the negative impact of player 2’s adoption
on his welfare (second-order effect).

To conclude this analysis, let us highlight a striking result that can be ob-
tained by focusing on the special case where wi(.) = 0: the switching cost is
identically zero, so that it is independent of the stock of resource. In this case,
player 1 does not bear any direct cost when he switches. Then, we know that the
solution of the optimal control problem is t; = 0: One adopts instantaneously
because the new technology is more efficient than the old one. But, it is clear
that if the equations in (19) have a solution (this can be guaranteed by deriv-
ing the existence conditions for this special case from the analysis of Appendix
B.2.2), then conclusions will be very different in the switching game. Player 1
incurs an indirect marginal cost when player 2 adopts. Then, it is optimal for
player 1 to switch at a date ¢; such that 0 < t; < t5 because it allows him to
delay the loss caused by player 2’s switch.

5 Conclusion

In this paper, we have developed a general two-player differential game with
regime switching strategies. The interaction between players is assumed to be
governed by two kinds of strategies. At each point in time, they have to choose
an action that influences the evolution of a state variable. In addition, they
may decide on the switching time between alternative and consecutive regimes.
We pay attention to the Markov perfect equilibrium: The switching strategy
is defined as a function of the state of the system. Compared to the standard
optimal control problem with regime switching, necessary optimality conditions
are modified only for the first player to switch. When choosing the switching
strategy, this player must take into account that (i) his decision will influence the
other player’s strategy, and (i) the other player’s switch will affect his welfare.
Furthermore, we have exhibited and interpreted the conditions characterizing
the timing at the Markov perfect equilibrium, i.e., the timing that is robust to
deviations in switching strategies.

In the second part of this paper, we applied this new theoretical framework
to solve a game of exhaustible resource extraction with technological regime
switching. It was assumed that, at a given cost, players have the option to adopt
a more efficient extraction technology. We then obtained sufficient conditions
guaranteeing that both players switch in finite time. Moreover, we investigated
the impact of this new source of interaction on the first player to switch adoption
strategy. There is an interplay between two conflicting effects. First, adoption
by the second player to switch is costly for the first to adopt because it implies
a drop in his consumption. Thus, the first player to switch may opt to delay
adoption. Meanwhile, because of discounting, delaying the switch of the other
play will allow the player that adopts first to incur a lower indirect cost. This
is an incentive for this player to adopt at an earlier date.
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Overall, the methodology presented in this paper may pave the way to han-
dle a wider class of problems in economics. Potential extensions include the
analysis of technology adoption in a climate change game, the consideration of
the interaction between the elites and the citizens in a game of institutional
regime changes (Acemoglu and Robinson, 2006), and the analysis of conflict be-
tween rival groups for the management of natural resources (van der Ploeg and
Rohner, 2012). These issues will be addressed in the authors’ future research
endeavors.
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Appendix
A  Proof of Theorems 1&2

Let the triplet (u(t), u5(t), z*(t)) be the path followed by each player’s strategy
and the stock variable at a Markov perfect equilibrium (MPE), for every t €
[0,400). A restriction of this path to [t;_1,%;], which corresponds to a particular
regime say s, j = 1,2,3 with ¢ty = 0 and t3 = 0o, continues to characterize the
solution of the subgame with «*(t; — 1) = xj_1, tj—1 and t; given and with
the maximization of ft F?(uy,uz,z)e”Ptdt as player i’s objective, i = 1,2.
The proof consists of the construction of the first order variation of the value
function resulting from one player’s small deviation from the equilibrium path.
Hereafter, we shall go through the main steps of the proof because our approach
extensively relies on Amit (1986) and we refer the reader to this paper for more
details. We focus on the timing 0 < t; < t9 < o0, i.e., on the case where player
1 is the first to switch, followed by player 2.! If ¢; is player 1 switching time
then from the definition of the switching rule, we have t3 = t + 62(z*(t)) for
t>1.

Player 1’s payoffs evaluated along the MPE, the strategies of player 2 being
given, can be written as:

t1 Fll(u*{7<1>2( ) e~ ptdt+ft1+92(»L (tl))F21( @g(x*),x*)e_ptdt
+J;51+92 (z* (t; ))Fl (uy, @o(2*), )e ptdt—Ql(th *(t1))

Assume that player 1 considers the opportunity to change his switching time by
a small amount 0t;. Let (uq(t), ua(t), z(t)) be the vector of feasible controls and
state associated with this change. Player 1’s switching time becomes t1 + 0ty
whereas the one of player 2 (as anticipated by player 1) is now given by ¢+ dt1 +
02(x(t)) for t > t1 4+ 6t1. Then, player 1’s payoffs become:

f(;fl-‘rﬁtl Fll U17(D2( ) )6 ptdt"’ftli_&ifl+02(x(fl+6tl))F]21(u17(b2( ) )6 Pt

F2(uy, ®o(x), x)e Ptdt — Qq (t1 + 6ty x(ty + 6t1))

V=

+ ft1+5t1+92($(t1+5t1))

INecessary optimality conditions for the other timing 0 < to < t1 < 0o can be obtained by
symmetry. For notational convenience, we do not make the dependence of decision rules on
the regime explicit.
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Rearranglng the terms and introducing the notations FY (u17<1>2( , )
x*

GS(’U'la )7 1 _CTVI(U’IVQj )af (ulaq)Z( ) ) g (ul’ ) andg (U 1
the variation of player 1’s payoffs V3 = V3 — V{* is equal to:

0,

fotl {[G“(m,x)e’pt + AtgM (ur, @)] — [G (uf, )" + Mg (uf, 2*)] — /\Hh”}dt
+ft1+02 (1)) {[G%l(uhgc)e_pt +)\%1921(U1,$)] _ [G%l(uhx JemPt 4 A21g2h(yt )] >\21h21}dt
oWy = +ft1+92 (2 (t1)) {[G%Q(ul,x)e_pt + 32 22(u1,x)] - [Gzz(u{,x Je Pt + AP g% (uf, @ )] )\22h22} dt

+ft1+5t1 [Gll uy, ) G%l(ul,xﬂ e ptdt+ftlljeitgmt?:l())(h+5t1)) [G%l(ul,x) _ Gl (ul,x)] e Ptdt
—Qu(t1 + Sty, x(ty + 6t1)) + D (t1, 2 (t1))

where we have added to the integrant of the first three lines the term \§(g° (u1, z)—
) — Aj(g°(uy,x*) — &%), for any differentiable functions A§, s = 11,21,22, and
defined, in any regime s, the deviation h® as h® = x — z*.

Integrating by parts the terms [ —)\‘fhsdt and using appropriate boundary
— including the initial and the transversality — conditions yield:

o L ) — B + MR e [T LR () - HE (0] + A2 Lt
oo * 1+t —
5V = e (P 2) — HE ()] + A“h“}dtﬂt G () — G (un, @) et

4 T 5ty *
St RSO (G2 (g, 1) — G632 (uy, )] € Phdt — Oty + Oty 2ty + 0t1)) + Q (tr, 27 (1))
AT (E)RY (t) + AT (E)R () — AT (E2) R (t2) + AP (t2) 2 (t2)
(20)

with to = t1 + O2(x*(t1)), H(t,u1,7) = G5 (u1,z)e P + X\jg't (uq, x) regime s
Hamiltonian and H;*(t) the same Hamiltonian evaluated along the equilibrium
trajectory.

Now we want to obtain a linear approximation of dV;. For §t; close to zero
and A%, du; = u; — uj small, we first compute the following first order Taylor
series: SHS* (1 BH (¢

1 ( )(SU + 1 ( )hs

H;(t,uy,x) ~ H* (t) + D 1 o
and,

ft1+5t1 [Gll(ul, ) Gl (Ul, )] e Ptdt ~ [G%l* _ G%l*] 67pt15t1
ftll_:eit(l;?;x(h-&-éh)) [GQI(U x) G%2(u1,x)} e Pt ~

[G3r — G3%] e= Pt 02" (0D (61 + O (2(ty + 0t1)) — B2 (2% (1))

Making use of these approximations, (20) can be rewritten as:
5 {8H1“*(t)5 I LaHl“*(t) +)\11} h“}dt+ft1+92 (1)) {SH;: t)éu + [M +/\21} hzl}d
2% 22%
+£1+92(x*(t1)) {[-)Hau1 ouy + ﬁ Haz (t) +)\%2} h22}dt+ [G}l* _ G%l*] e~PhSt,
+ (G = GPr] et (6t + Gy (2t + 6t1)) — b2(27 (1))

—Ql(tl + 5t1, QI}(tl + 5t1)) + Ql(tl, (E*(tl))
AT ()R (f) + AT (0P (8) — AT (82) R (t2) + AP (£2) W2 (t2)

oV =

(21)
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Next we take the linear parts of the following Taylor expansions:

Hg(x(h + (5t1)) ~ Gg(x*(tl)) + 9’2(.1?*(151))(5%‘1 . .
Qu(ty + Oty oty + 0t)) = (b, 2% () + Zlpr i) gy, 4 O (0)) 5gy

with dz1 = x(t; + dt1) — x*(¢1) the difference between the value taken by the
state variable at the new switching time ¢; + dt; and the equilibrium value
x*(t1). Again, let’s consider the following approximation:

IZZ(tl + 5t1) ~ $(t1) + x*(t1)5t1

where #(t1) has been replaced with @*(¢1), which is possible if x(¢1) is close
enough to z*(t1). We also need to use the same difference of state values at
player 2’s switching times, dzo = x(t1 + 8t + 02 (x(t1 +0t1)) —2*(t1 +02(z*(t1)),
together with:

x(t1—|—6t1—|—92 (x(t1—|—5t1)) ~ x(t1—|—92 (.73* (tl))+i‘*(t1+92 (Z‘* (tl))(5t1 +0/2 (l‘* (tl))5$1)

Observing that £* in any regime s is equal to ¢°*, the deviation h® can be
expressed in terms of the variations dt1, dx; and dzs:

h®(ty) = dxq — g** 0ty for s = 11,21,
h?(ta) = dxe — g°* (0t1 + 05(x*(t1))dx1) for s = 21, 22.

Putting all these elements together allows us to get the expression of §V7,
assuming that Pontryagin conditions are satisfied:

(I (1) = HE (1) + HEY (12) — H32*(tp) — 225220 | 5y,

A3 (0) = M (1) + By (1)) (3 (t2) — B3> (1)) — 22200 ] oz
+ )\%2(752) — )\%1(752)] (53?2

oV =

(22)
For the trajectory (uf(t),us(t),z*(t)), with switching times ¢; and ¢, to be
optimal for player 1 we must have §V; < 0. From (22), we can extract the
necessary conditions associated with player 1’s switching strategy.
Interior solution 0 < ¢ < t9: If §t1, dz1 and dzo are completely free and
independent variables, then it must hold that:
Y (1) — 22l = B (1) — [HE () — HP (t2)]

8t1
AL (t2) + PRI = O (1) + B (2" (00)) [P (02) — HE (12)] - (23)
At (t2) = A22(752)
Corner solutions: If feasible variations are only of the type dt; > 0, which

corresponds to the solution ¢; = 0, then the first necessary condition in (23) is
replaced with:

891(t1, x*

() - ST ) — e ) - ) (20
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whereas if we consider deviations dt; < 0, for the corner solution t; = ¢, then
the inequality in (24) has to be reversed.

Remark 1. In some economic problems §t; and dz; are not independent
variables. This is the case when the state variable follows a monotone trajectory.
For example, assume that x is the stock of an exhaustible resource, with &(t) < 0
for all t. At the corner solution t; = 0, the only possible variations are §t; > 0
and at the same time dz; < 0. So in this particular case, the second condition
in (23) must also be replaced with the following one:

+ an(tl,l’*(tl))

A (ty) o5,

< AT (tn) + 05 (2 (00)) [HY " (t2) — HP* (t2)], (25)
this condition looks like the initial transversality conditions presented in Seier-
stad and Sydsaeter (1987) for control problems in which the initial state is a
decision variable (Theorem 5, p. 185). The same logic applies to the other
corner solution.

The same methodology can be displayed in order to characterize player 2’s
necessary conditions for switching. The analysis is actually simpler when we
solve player 2’s problem because by definition of the switching rule, any small
deviation dty by player 2 from the switching time to has no impact on player 1’s
switching strategy when the timing is and remain 0 £ ¢; < ¢35 < co. This means
that the first subgame still runs from the initial time ¢ty = 0 to the switching
time ¢; = 0;1(xg) after a deviation. Player 2 switching problem is very much the
same as an optimal control problem. So we can skip all the technical details
and directly present the expression of the variation §Vo = Vo — V5':

6V = [HF(t2) = B3> (12)] 8t + [M2(t2) — N (12) — 222202 | 5y
+ [)\%1(151) - )\%1(151)] 5.171

(26)
and the necessary conditions are: For the interior solution t; < ts < oco:
* o0 JJ* *
HF (ts) — 42(%5? )
A3 (1) + 220l = A2 (1) (27)
At (t) = A3 ()
For the corner solution ¢; = t3, the first condition in (27) becomes
0 (ta, x*(t
H2Y(ty) — O (t2, 2" (t2)) < H2*(t) (28)

Ota

Note that remark 1. is also valid here. In addition, there is no necessary con-
dition for the corner solution to = co (see Makris, 2001). However, a sufficient
condition for this case is

_ 892(?52, .2?* (tz))

H3"™ (ta) ot

> H2%*(ty) (for any to > t1) (29)
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Remark 2. In some (actually many) tractable differential games, there may
exist a relationship between players’ co-state variables at any instant, including
the switching times. In particular, it is possible that these co-states are linked
through a continuous functional k(.): A{(¢) = k(A;(¢)). In this case, the condi-
tions involving the co-states in (23) and (27) cannot hold all together because
they imply that one co-state is continuous whereas the other jumps at each
switching time. This means that the variation dzs in (22) and dx; in (26) must
be equal to zero, i.e., player i deviation ¢t; has no impact of level of the state
variable at player j’ switching time z(¢;).

B Application

We restrict attention to linear feedback strategies: ®;(z,s) = aj + bjz. In any
regime s, player i’s present value Hamiltonian is given by:

H = In(uf)e™" = X (yfuf + 7} (a} + b))

K3

The FOCs are:
(u)~ e = lAs
\s — A~k
A = jlbj)\f . (30)
b= b} — o (0 + bye)
and have to be combined with the appropriate transversality condition, which
depends on whether the regime is terminal, or not. Solving (30), it can easily be
checked that players’ extraction strategies are the same, whatever the regime:

’ngq)i(x’s) :’Vg]?q)j(xvs)’ (31)

and, when regime s is terminal, we obtain: v ®;(z,s) = 75 ®2(z, s) = p.

This property means also that players’ co-state variables are identical. Ac-
cording to Remark 2, conditions (1c) and (2¢) are no longer necessary condi-
tions and we shall check that player ¢’s switching point does not depend on ¢_;.
Moreover, since we work with an exhaustible resource, Remark 1 also applies
for corner solutions. Finally note that the Hamiltonian in any regime reduces
to Hf =1In(uf)e "t — 2.

B.1 Player 2’s switching problem

B.1.1 Interior solution (proof of Proposition 3)

Switching conditions: Assume player 1 has switched at some t; € (0, 00),
for a switching point x;. For an interior solution (t2,x2), using (30), (31)
and noticing that s = 22 is the terminal regime, condition (1la) of Theorem 1
simplifies to

In(u2 (t2)) + pwa(w2) = In (f”;) . (32)
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and (1b) is simply given by

P2

21
uy (ty) = ———7——, 33
2 () = ST o) ()
In addition, the consumption strategies in regime 21 are:
23, (15)2
2 (,21) = Ao 21) = 22 p 3
1 — Bapxs
From (30)-(33) and (34), (32) can be rewritten as
73
pwa(z2) + In (71> = In(1 — Bapzs). (35)
2

This equation defines the optimal level for switching, %, which is indeed inde-
pendent on the switching time of player 1.

Characterization of the solution: The LHS of (35) is defined for all 25 €
[0, (pB2)~1), increasing in @2 and varying from zero to oo as x goes from zero

to (pB2)~!. The RHS is strictly positive at x5 = 0 iff In (3—%) > pws(0). Since
2
B2 > 0, the RHS is strictly decreasing in xo. Thus, if 21 > (pf2)~! and

pw2(0) + In (E) <0 (36)

then, there exists a unique solution 23 in [0, (pB2)~'). Otherwise (z1 < (pB2)™'),
another boundary condition is
7

pwa(x1) + 1In <1> > In(1 — pBaxy).
Y2

Replacing consumptions with the expressions given by (34) in the state equa-
tion, and solving the resulting differential equation (with the boundary condition
x(t1) = x1) yield the expression of the state variable for any ¢ € [t, t2]:

$21*(t) _ |:$1 + p52(x§)2*:| e2p(t—t1) _ pﬂQ(IS)i'
1- ﬂszg 1- 52p$2

Evaluating this equation at t5 and solving for 65 = t5 — t1, one obtains

{@i(xl,m)

1 N " 1
92(501721) = %hl {(1 - Pﬁﬂz);}‘ + Pﬁﬂz} = 2% n M] ) (37)
2 7 29

which gives the time-to-go (before switching) strategy of player 2 for any switch-
ing point (and more generally, any level of the state variable) x1.
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B.1.2 Never switching condition (proof of Proposition 2, first item)

Still assuming that there exists ¢; € (0,00), the sufficient condition for a never
switching solution (t; = 00) is given by:

Infu3! (t2)] + pwz(2) > Infu3®(t2)), (38)

for all to € (t1,00) U {oo}. When t3 — oo (and z2 — 0 because the stock
of resource is exhausted asymptotically), we use the feature that regime 21
becomes the final regime and y?u$!(t) = y4u3'(t) = pz, and take the limit of
(38) to obtain
2
In (7";) + pws(0) > 0. (39)
72
This condition for a never switching solution is also sufficient to have
42
In (21> + pwa(x9) > In(1 — Papxsy) for all {1 < ty < 0.
V2
The analysis of the last artificial corner case (t; = t2) is postponed to Ap-
pendix B.3 because it requires player 1’s switching problem be examined first.

B.2 Player 1’s switching problem
B.2.1 Interior solution (proof of Proposition 4)

Switching conditions: Suppose that player 2’s regime switching takes place
at some t9 € (0,00). Direct manipulations of (30), (31), (34), (37) and the first
switching condition (2a) of Theorem 1 yields:

r
In(uil(ty)) + pwi(zy) = In ( —”;5361) + P2 In(1 — pBaxy). (40)
1
whereas condition (2b) can be written as
'+ pxy
1,11
up () = ——, 41
71Uy ( 1) C(Ccl;IQ) ( )
with I' defined in (34) and
e—p02(11,21)
C(@1322) =1 — ——F——In(1 — pBoxz) — B1(I' + p1). (42)

2

Solving for the MPE in consumption strategies in regime 11, one finds

[ + pz[l — ((z1;72)]
((w1;72)

Substituting uil(t;) with the expression in (41), using (35) and YZu?'(t;) =
T + pxq, the optimality condition (40) can be rewritten as:

11 ®1 (2, 11) = 43 ®o(z,11) = A + px with A =

2 2
pwi(x) +In (::i) = ¢ PO2(w1,21) [ﬂwz(m) +In (:ﬁ)} + In[¢(21;22)].  (43)
1 2
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At the MPE, player 1’s guess must be consistent with player 2’s actual
strategy, which implies that x5 and 6y are given by x5 and 6, defined by (35)
and (37). Thus, equation (43), that defines player 1’s switching point z7, has
to be evaluated at this particular point and for this particular strategy. Note
also that z7 is independent of ¢s.

Characterization of the solution: ((x1;23) is defined over (x3,xo) with
¢'(z1;23) < 0. Let us assume that ((zo;x3) > 0, which requires xo be high
enough. The LHS of (43) increases with x; on the interval [z5, xo] whereas the
RHS is non monotone because the time-to-go (before switching), 63, is increasing
in x;. Therefore, imposing ¢(x3; x3) > 1, with

1—p(Br+ Bo)zs  In(1 = pfars)

KoY
i) 1 — pBazs 2 ’
((zo;23) <1, and
2 2
pwr(zo) +1In (22 ) > pws(zo) +In (B ),
pwi(z5) + In 1—11 < pwa(at) +In % ,

guarantees the existence of a unique z} € (x5, zo) that satisfies (43). Note that
C(a3;x3) > 1 holds under specific assumptions. Assuming that Sz > 20, it
is pretty easy to show that 373 € (0, (pf2)~!) such that ((z3;23) > 1 for all
x5 < 5. From now on, we will assume that this technical condition holds.
Using all the material above, the resource stock is given by: z'l(t) =

(xo + %) g2t _ % Evaluating this expression at ¢;, one obtains:

1 zo+ 2
t1=91(x0,11):1n< 0 p).

* A
2p gler;

Remark 3. There is no reason for player 1’s switching point to be the same
when to < oo than when t5 = co. Indeed, when t5 = o0, it can easily be shown

that z; solves: In (3—13) + pwi(z1) = In(1 — B1px1).
1

B.2.2 Immediate switching (proof of Proposition 2, second item)

Still assuming that player 2’s switching problem has a solution t5 (with z3 that
solves 35), if player 1 finds it optimal to switch instantaneously then, according
to Theorem 2 condition (4) must hold. In our application, it is given by:

In[ull(t1)] + pwi(z?) < In[udl(ty)] + e P2 @020 In(1 — Bypay)  (44)
if 0 =11 < to.

Recall that according to Remark 1., when the state follows a monotone
trajectory, we cannot use condition (2b) since the equality has to be replaced
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with an inequality. However, at the particular date 0 = t; (implying that
x} = xp), exploiting the fact that regime 11 vanishes in regime 21, which implies
that yfui(0) = v4u3t(0) = T + pzo, condition (44) reduces to:

pwi(z0) + In @1) < e P02(@021) I (1 — Bypah) (45)
1

B.3 Robustness to deviations (proof of Proposition 1)
B.3.1 For player 2

The situation where player 2 has an incentive to deviate from the timing t; < ¢
corresponds to the case t; = t5. Condition (3) of Theorem 2 simplifies to:

In[u3!(ts)] < In[ud?(ty)] — pwo(a}) if t; = to (46)

with u3%(t2) = paj. Next, we use the relationship (31) which, combined with the
fact that regime 21 actually vanishes into regime 11, i.e., t; = to, implies that:
yau3t(t1) = ydull(t1). From the resolution of player 1’s switching problem in

this hypothetical case, we first obtain viull(t;) = 71(15?2”*) C(z*l‘:xz*)' Thus,
1 1 171
(46) simplifies to:
2
i (22) + pen(at) < 1 = apad) + Il (47)
2

2
Moreover, player 1’s second switching condition is pwq(z7) + In (%) =In(1-
1

pB2x7%) + In[((x7; 27)], which implies that (47) can be rewritten as:

In (12) + pwa(2?) < pwr(a?) +1n (ﬁ) . (48)

B.3.2 For player 1

Assume now that player 2’s switching problem has an interior solution, to. Ap-

plying the condition (5) of Theorem 2 to our example, the timing is not robust
to deviations in player 1’s switching strategy only if:

Ifui’ (11)] + por () = Wnfu’ (t2)] + e 72020 In(1 = Bopaz)  (49)

if ¢7 = t5. Making use of x7 = x% (and 03 (x3,21) = 0), yfull(ts) = y3udl(t;) =

2

[ + px3, condition (49) is equivalent to: pwi(x3) + In (lll) > In(1 — Bapxd),

Y1

which, from (35), can be rewritten as:

pwi (3) + In (71> > puwa(z3) + In (”‘i) (50)

71
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B.4 Remaining cases

e Immediate and never switching: 0 = t; < t3 = oo. From Appendix
B.1.2, we know that (39) is a sufficient condition for player 2 to be at the corner
to = oo. In this case, player 1 compares the (marginal) value he would obtain
under the permanent regime 11 with the corresponding value he would get by
switching directly to 21. Given that v u;(0) = pzo for I = 1,2, the condition
for an immediate switching is: pws (zo) + In ( ) <0.

e Simultaneous interior switches: 0 < t; = ¢ =t < oco. From (30)
and (31), we have A\] = AJ in any regime s. It is clear that the last switching
condition in (6) cannot be simultaneously satisfied for the two players whenever

W (x) # wh(x) for all z (recall that w/(z)ert = 2 ( D for i =1,2).
e Simultaneous instantaneous switches: t1 =ty = 0: In this case, it

must be true that pw;(zo) + In ( ) <0 fori=1,2.

e Never switching for both players: t; = to = oco. This case occurs
when condition (39) holds for the two players.
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