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1 Introduction

Marcet and Marimon (1994, revised 1998, revised 2011), in their still unpublished research
memo, developed a recursive saddle point method which can be used to solve dynamic con-
tracting problems that include participation, enforcement and incentive constraints. Their
method uses a recursive multiplier to capture implicit prior promises to the agent(s) that
were made in order to satisfy earlier (in time) instances of these constraints. Prior to their
work, the standard method to recursively solve dynamic contracting problems treated the
promised utility of the agent(s) as a state variable, and used this state variable to capture
the implicit prior promises. The main advantage of the recursive multiplier is that it allows
the conditional date ¢ problem to be solved without reference to the ex ante date t payoff to
the agent(s). In contrast, when one uses ex ante utility as a state variable, there is an overall
ex ante condition as to the allocation of utility across states in ¢ that has to hold, and as a
result the date ¢ actions and date ¢ + 1 continuation utilities must be simultaneously solved
as a block.!

This computational advantage has lead to the recursive multiplier approach being widely
used; to cite a few examples Marcet and Marimon (1992), Kahn, King and Wolman (2003),
Cooley, Marimon and Quadrini (2004) Attanasio and Rios-Rull (2000), Kehoe and Perri
(2002), Aiyagari, Marcet, Sargent and Seppala (2002), Atkeson and Cole (2005), Chien,
Cole and Lustig (2009). Despite these applications, there remain fundamental issues with
respect to the applicability of these methods. Messner and Pavoni (2004) use a simple
example to show that if the Pareto frontier is not strictly concave, then these methods can
yield policy functions which are not only suboptimal but infeasible. This is because Marcet
and Marimon’s method relies on the invertibility of the derivative of the Pareto frontier in
order to map the recursive multiplier into the promised utility level.? The method must fail
in the presence of flat spots on the Pareto frontier. Public randomization, which is commonly
used in environments with nonconvex constraint sets, naturally generates these flat spots on
the Pareto frontier.?

In this paper we show how one can deal with a weakly concave Pareto frontier by expand-
ing the state space to include the realizations of an end of period lottery over the extreme
points on the Pareto frontier that share a common slope. The basic idea is as follows. It
can be shown that the value of the recursive programming problem in Marcet-Marimon is
the same as the optimal value of the contracting problem even if there are flat spots on the
frontier. The problem is that if for a given value of the multiplier the frontier is flat, the
recursive multiplier approach yields a continuum of current actions which solve the Bellman

'Messner, Pavoni and Sleet (2011) provide an extensive discussion of the various ways in which one can
construct the dual problems to recursive incentive problems and the conditions under which these methods
are valid.

?Marcet and Marimon’s (2011) revised version of their paper restricts attention to cases in which the
Pareto frontier is strictly concave and hence this criticism does not apply. Subsequent to issuing the first
working paper version of this paper, Marimon shared with us a very preliminary draft of an alternative
method of resolving the convexity issue.

3Lotteries naturally arise in environments with incentive constraints, see for example Prescott and
Townsend (1984 A and B), or discrete choices, see for example Rogerson (1988), and Cole and Prescott
(1997).



equation. It is then impossible to pick the correct action that is consistent with previous
periods’ incentive constraints. Our approach identifies those actions in these sets that yield
extreme payoffs. In the case of one agent and one principal these are the action that yields
the highest payoff to the agent and the action that yields the highest payoff to the principal,
i.e. the two extreme points of the flat spot of the Pareto-frontier. We assume that the
principal has access to a public randomization device and can pick a lottery over these two
extreme points that satisfies last period’s incentive constraints. If in the previous period
the multiplier identified a strictly concave region of the frontier, this resulting policy clearly
yields the optimal value and is feasible. If in the previous period, the multiplier also pointed
to a flat spot on the frontier, one again has to identify the extreme points and continue with
this until one is at ¢ = 0, or at a strictly concave region of the frontier.

We discuss the fundamental issue that arises with a Pareto frontier that is not strictly
concave, and the nature of our solution to this problem in terms of a simple example which
we will solve in detail later in the paper. Consider a simple partnership model in which there
is a principal and an agent, and the principal must have the participation of the agent in
order to run a project which produces a pie of size 1 every period that can be split between
the two of them. Each period the principal gets to choose the amount of the pie he eats, a,
and this implies the amount that the agent eats, 1 — a. The within period reward functions
for the principal is log(a) and for the agent is log(1—a). Both are expected utility maximizers
and both discount the future at rate 5.

We will assume that a is bounded between € and 1 — €, where ¢ is a small number that
serves to bound the payoffs of the agent and the principal. We will consider two cases: (i)
the set of actions a is convex and equal to [e,1 — €], and (ii) the set of actions is not convex.
In the nonconvex case, we will allow for public randomization in order to convexify the set
of payoffs.

The agent has an initial outside opportunity, and then each period draws an outside
opportunity. These opportunities put an initial ex ante lower bound on his payoff, which we
call the participation constraint, and a conditional lower bound, which we can an incentive
constraint. The ex ante outside opportunity which goes into the participation constraint is
g2 = ﬁ log(1/5). Assume that in every period there are two states of the world s € {I, h}
which are i.i.d. and equi-probable. The conditional opportunity of the agent depends on the
shock, g1(1) = ﬁ log(e) and g1 (h) = ﬁ log(2/3), where € > 0 is a lower bound for a.

The Pareto frontier, V(G), for this environment are the solutions to the optimal con-
tracting problem for each feasible level of ex ante utility for the agent , GG, where V is the
principal’s payoff, and by incentive feasible we mean that the contract satisfies the ex post
incentive constraint in every date and state. Because of possibility of public randomization,
we let ¥(a, s) denote a probability distribution over the possible actions, and implicitly de-
fine the Pareto frontier in the following functional equation, which we refer to as the Pareto
problem,

V(G) = max )E{ / llog(a) + BV (G(a, 5))] dw(a,s)} (1)

’lﬂ(&,S),G(a,S a

subject to the ex post incentive constraint (IC)

log(1 —a) + BG(a, s) > gi(s) for all a in the support of ¢ and each s,



and the ex ante participation constraint (PC)

E{/mgu—@+5m@@mw@@}za

a

The solution to the original contracting problem is generated when we set G = g».

If the set of possible actions a by the principal is convex, then randomization is degenerate
and one can show that the Pareto frontier is strictly concave. However if the action set is not
convex, then public randomization may be necessary and as a result the Pareto frontier is
weakly concave but not strictly so. It is now easy to explain that in this case the multiplier
approach in Marcet and Marimon need not yield the optimal policy.

We will make the following assumptions about the solution to this problem at G = g
(i.e. when we impose the participation constraint). Assume that the IC binds in state s = h.
Assume that the PC binds and that its shadow value is 7. Clearly the IC cannot bind in
state s = [ since the bound is the lowest feasible transfer to the agent. Denote the multiplier
on the IC constraint by (s, a).

If the action set is convex there will be a unique action in the support of ¥, a(s), and
V(G) is strictly concave. Consequently, there is a unique continuation payoff G(s). Moreover,

as we show later, at the solution
1 1

o)~ T1=a(l)y
VI(GWI) =,
1 1

ah) ~ (v + A(R)) T=a(h)

and

VI(G(h)) = =(v + A(h)).

And, these conditions uniquely determined the solution given the multipliers v and A(h)
(remember that \(I) = 0).

Now consider the Social Planning problem associated with this Pareto problem. Recall
that the Pareto-frontier is described by V' (G) and that -y is the welfare weight for the principal
that is implied by the participation constraint. The social planning problem is then given
by

wox B [ los) + 5V (Glas dvta )+ | [ logt = ) + 5Gta )] dvta)| |

¥(a,5),G(a,s a a

subject to the incentive constraint. In the case in which the action set is convex, and hence
the Pareto frontier is strictly concave, the solution to this problem is unique and will satisfy
the same optimality conditions as the Pareto problem with G = g,. Hence, the solution to
the social planning problem will correspond to the solution to the planning problem, and
the payoff to the agent is uniquely determined by his weight in the social planning problem.

In the case in which the action set is not convex, and hence the Pareto frontier is not
necessarily strictly concave, this correspondence need not hold precisely because the payoff
to the agent is not uniquely determined by his social planning weight. For example, assume
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that in the solution to the original problem G([) lay on a linear portion of the Pareto frontier.
It follows then that the value of the social planning problem doesn’t change if we vary G(l)
along its linear portion since the V' and G trade-off is exactly —v, which is the weight in the
social planning problem. Or, for another example, assume that in the original problem the
randomization in the low state was not degenerate,and we were randomizing over a; and a,.
Then, it must be the case that

log(a1) + vlog(1 — a1) = log(az) + vlog(1l — as),

and any randomization over these two points can be part of a solution to the social planning
problem. Hence, the payoff to the agent is not uniquely determined by his weight in the social
planning problem. These examples illustrate that when the Pareto frontier is not strictly
concave, there can be solutions to the social planning problem in which the PC constraint is
violated or is slack. Of course the solution set will also include the solution to the planning
problem.

If we consider the Lagrangian associated with our Social Planning problem,

A E{ [, log(a) + BV (G(a, s))] di(a, s) + v [ [, log(1 — a) + BG(a, s)] di(a, s)] }
(a,5),G(a,s) [, Aa, s) [log(1 — a) + BG(a, s) — gi(s)] di(a, 5)

these same issues will arise. The Lagrangian for the social planning problem will pick out
the correct [¢(a, h), G(a,h)] because of the requirement that the IC hold with equality if
A(a, h) > 0. However the PC may not hold with equality in the solution to the either the
Social Planning problem or its associated Lagrangian problem.

A recursive saddlepoint methodology uses the sum of the past multipliers on the PC and
IC constraints in a dynamic optimization problem as the state variable to determine the
relative treatment of the principal and the agent. Now the problem becomes even worse. In
the solution to the social planning problem V'(G(a,s)) = — [y + A(a, s)] . Since both G(a, )
and G(a,h) could fall on on linear portions of the Pareto frontier, this condition is not
sufficient to uniquely determine either of these continuation payoffs for the agent. Hence it
cannot ensure that either the PC or the IC conditions hold as equalities which they must
in the true solution given our assumptions. Of course the set of possible solutions to this
problem will contain the true solution. However, since the value V(G)+ [y + A(a, s)] G is the
same for all G such that V'(G) = — [y + A(a, s)], the lack of strict concavity of the Pareto
Problem is a problem for the policy functions and not the value of the solution.*

One simple way around this problem is to appropriately randomize over extreme points
in the solution set to the social planning problem. To illustrate how this works, let A(s)
denote the set of {a(s), G(s)} pairs that are solutions to

a(ﬂl)l’%}((s) log(a(s)) + BV (G(s)) + (v + A(s)) [log(1 — a) + BG(s)].

4For values of G at which V(G) is not differentiable, we can use the subdifferential (the collection of
all subgradients of V' at G) and associate G with any value of — [y + A(a, s)] which is an element in the
subdifferential. (Note that the subdifferential is convex and this association will be unique since V' is weakly
concave).



Let

GH(s) = max log(l —a)+ BG
( ) {a,G}€A(s) g( )

GH(s) = min log(l —a) + AG,
( ) {a,G}<A(s) g( )

Let 7(s) denote the conditional probability of the agent getting the lowest optimal payoff
and 1 — m(s) of getting the highest payoff. In this case conditional expected the payoff of
the agent is

()G (s) + (1 = 7(s))G"(s),

and the principal is

T(s)V(GH(s)) + (1 — 7(s))V (G (5))-

By choosing 7(l) and 7(h) appropriately, we can ensure that these conditional payoffs are
such that both the PC and the IC hold as equalities. Under this resolution the state space
tomorrow becomes (s, + A(s),7(s)), where s’ is tomorrow state, and this is sufficient to
generate a correct policy choice.

In the dynamic problem that we will consider below this randomization is with respect to
the selection of the continuation payoff and hence can be done at the end of the period. As
a result the state space that we will use will be even simpler since it will be (s',v+ \,i = L
or H); that is, we will include an indicator of which element of the extreme points in the
solution set will be used.

The rest of the paper is organized as follows. In Section 2 we describe the general
contracting problem. In Section 3 we explain the recursive multiplier approach from Marcet
and Marimon and give a simple example to illustrate that without strict concavity this
approach cannot yield the correct policy. In Section 4 we describe our solution to the
problem and link it to the promised utility approach. Section 5 revisits the example from
the introduction. In Section 6 we argue that more complicated problems can easily be solved
numerically with our method.

2 The general problem

Assume the exogenous shock (s;) follows a finite Markov chain with transition IT and support
S ={1,...,S}. Each period the principal randomizes over a compact action set A C R" —
to simplify the notation and in anticipation of our results below we assume without loss of
generality that he chooses a simple probability distribution (i.e. a distribution with finite
support) ¥, : A — R, 1, € U. The choice can depend on the history of realized shocks and
realized actions, i.e. 1, = ¥(h*"1, s;) where h'™! = (s, ag, ... si_1,a;_1). In a slight abuse of
notation we write U to denote the space of all (history-dependent) sequences. We denote
the support of ¢, by supp(¢,) = {a € A : ¢,(a) > 0}. Note that the space of all simple
probability distribution forms a vector space and convexity is well defined.

It is useful to denote by IT¥ (h*") the conditional probability of history h*", given history
h' and a choice (¢,) € U>™. We assume that there is a fixed initial probability distribution



over the shock in period 0, sy and E_; denotes the expectation under this distribution. We
write the expectation of a function f(.) that depends on the realized a;,, as

Ef(flaa) = > (") f(aren(h).

ht+"€supp(Hg’)

We use E;_ s, for the expectation conditional on a history h*~1 and a realized shock s; — Es,
denotes the expectation conditional on a realized first period shock, sg.

The physical state, x, realizes in a compact subset of Euclidean space X C R™ and
depends on last periods’ realized action, last periods’s state and last period’s realized shock
but not on the current shock (for our approach, it is trivial to also let the state depend on
the current shock, but this adds little to the economics of the model), i.e. the law of motion
for z; is given by x;11 = ((x, ay, S¢).

There are I agents, ¢ = 1,...,I. The principal can randomize over the actions, but for
each agent i = 1, ..., I the incentive constraint (IC;) is assumed to hold conditional on each
realized action. The participation constraint (PC;), on the other hand, only has to hold ex
ante, before either shock or actions are realized.

Our contracting problem then can be written in sequence form as

EY ¢ bject t 2
(13)1231500 -1 ;5 r(xt, at, s¢) subject to (2)
L1 = C(xt, G, St) (3)
p<xt7 Q, St) Z 07 vat € SUPP(%) (4)
gi(xta ag, St) + Etw Z 6ngi(xt+n7 At yn, St+n) Z gzb Vi = 17 ceey [7 vat € SUPP(%) (5)

n=1
EleBtgi(‘rt?a’t?St) Zg§7VZ: 17"'7[ (6)
t=0
T given . (7)

For consistency, we assume that for all (z,a,s) € X x A x S, {(z,a,s) € X whenever
p(z,a,s) > 0. It is useful to combine constraints (2) and (3) — for a fixed g, we write
x; = x(h'™1) to denote the state at ¢ resulting from history h'~! as well as A(h'™1, s;) to be
the set of all actions satisfying (3) given x(h'~!) and the current shock s;. Since the space of
exogenous shocks is assumed to be finite, we frequently write r¢(z, a) instead of r(z, a, s) and
g'(z,a) instead of ¢*(x, a, s). To simplify notation we sometimes use ¢° to denote the reward
function of the principal, i.e. ¢°(x,a,s) = r(z,a,s). In general we could let the outside
option in the (IC) constraint, §i depend on the shock s. It will be easy to see that this does
not change our analysis, we just drop the dependence to simplify notation.

We make the following assumptions on the fundamentals.

Assumption 1

1. The reward functions v, : X x A — R and the constraint functions g’ : X x A — R
are continuous and bounded (both from below and above) for all shocks s € S.
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2. There is discounting, i.e. 3 € (0,1).

3. There is an € > 0 such that for each initial condition (zo) € X there ezists an action
(¢,) such that for all agentsi=1,...,1,

) " i
inf g'(wy,a,8) + Ej ﬂ (Ttpns Qurn, Stin) — 01| > €
ht=1 s¢,arEsupp(ihy) 1
n=

and

Eﬂ Zﬁtgi(xt, a, 1) — G > €.

Assumption 1.1 is perhaps stronger than needed. Assumption 1.2 and the Slater condition
1.3 are standard. Condition 1.3 can of course be rewritten in terms of non-randomized
actions.

3 The social planning problem

In this section, we disregard the participation constraint (6) and focus on a social planner’s
problem for given welfare weights. Without the participation constraint the planner’s prob-
lem can be divided into S subproblems, one for each initial shock. To solve the original
problem the welfare weight v needs to be chosen to ensure that this constraint holds, i.e.
becomes the initial multiplier on the participation constraint.

3.1 Non-recursive formulation

For a given choice of (vq,...,7;) € I = [0,00)!, for a given sy and for an admissible state
xo € X, define the social planner’s problem (in sequence form) as

I
Zﬂ ( mt,at,st)+Z'yigi(a:t,at,st))] subject to

=1

supp(¢,) C .A(ht 1 s;) for all A1 s, (8)

max Ew
()e¥oe

g' (e, ar,80) + E Zﬁ (T11n, Qrin, St4n) > G Vap € supp(y), Vi, Vi

3.1.1 The Lagrangian

It is useful to introduce the Lagrangian for this problem and to write

L ((Ai)a <wt>7 (’yz)a Zo, 80) = Eg) Z Bt (9)
t=0
1 ()
(T(iﬂu a, ) + Z (%’gi(ﬂ?t, a, s¢) + )\i,at(z B"9(Ttin, Qran, Stan) — §i))> :
i=1 n=0

8



Note that for given ()\;) this function is concave in ¢ and the constraint set {(v,) :
supp(¢,) C A(ht™1,s) for all ht™1 s,} is a convex set. Therefore, it is standard to show
(e.g. Luenberger (1969, Theorem 2, page 221)) that if there exist (¢,)* with supp(yy) C
A(RtY s;) for all A=Y s, and a (\)* > 0 that satisfy

L((A0), (1)) = L (A" (4,)") = L((A)7, () (10)

for all (\;) > 0 and all (¢;) with supp(¢),) C A(h'"1, s;) for all A*~1 s, then (¢),)* is a solution
to the original problem (8)). The results in Rustichini (1998) and Dechert (1982) imply that
under our assumptions (1)-(3) there exists such a saddle point with the sequences (A;)* being
bounded.

3.2 Recursive multiplier formulation

We now define a functional equation similar to the one in Marcet and Marimon (1994) and
prove that the value-function of the problem gives the value of the social planner’s problem.
The following functional equation defines the social planning problem in recursive multiplier
form

F(v,z,s) = sup inf Z v(a)
Yew A>0
a€supp(¢)
I

r(z,a,s) + Z (Vigi(x, a,s) + MN.(g'(z,a,8) — g})) + BEF (v + Ao, ', )

i=1

subject to (11)
¥ =((z,a,s)
p(x,a,5) >0, Va € supp(t)).

The following theorem guarantees the existence of a unique solution.

Theorem 1 The functional equation (11) has a unique solution in the space of bounded
functions Fy : [0,00) x X - R, s € S.

A similar theorem is already proven in Marcet and Marimon (1994). We give a proof
here to make our paper self-contained.

The main problem in proving the theorem is to bound the multipliers A. For this we
need to first consider a slightly different problem: For a given \ and for bounded functions
f:([0,00) x X)° — R define the operator

T5(f) = max min Z P(a)

YeT Ae[oN! acsupp(v))

r(z,a,s —1—2 (z,a,8) + Ao(¢'(%,a,5) — §1)) + BE (v + Ao, )

subject to

¥ =((z,a,s)
p(z,a,5) >0, VYa € supp(v),



where Ef =), 7(s,s") fy. By Assumption 1.1. and for a given A, clearly T5 maps bounded
functions into bounded functions.
Therefore it is easy to proof the following lemma.

Lemma 2 The operator T has a unique fixed point in the (Banach) space of bounded func-
tions.

Proof. We apply the contraction mapping theorem and verify Blackwell’s sufficient con-
ditions monotonicity (M) and discounting (D) (see e.g. Stokey and Lucas (1989), Theorem
3.3).

(M) Given bounded f' and f? with f'(vy,z) < f?(v,z) for all (y,2), let (', \') be the
max-minimizer of 75 f1(v, z) Clearly,

Tif'(v,2) < min - Y~ a)

a€supp(?)
7 2 /
r(z,a,s +Z (z,a,8) + No(g'(z,a,8) — G})) + BE (7 + Ao, )

< Tif*(v,2).
(D) Just substituting in yields T5(f + a) = T5(f (v, x) + a) = T5f + fa. O

We can now prove the theorem by letting A become sufficiently large and showing that
the constraint never binds.
Proof of Theorem 1 Since the problem in the functional Equation (11) is convex, it suf-
fices to show that for sufficiently large A the constraint \,(h!) < A can never be binding.
Let € be as in Assumption 1.3. Define d = B (sup, o 7(z,a,s) —infy 4, r(z,a,s)) and let

A\ = 2‘61. Suppose at some state (z,s) € X x § and some vy > 0 the constraint is binding.
By Assumption 1.3 there exists a policy which yields a total reward of at least 2d. But for
A = 0, the value of total reward is smaller and hence A\ cannot be the minimizing choice of
A O

Having established the existence of a solution of the functional equation (11) raises the
question how this solution relates to the solution of the original problem. This turns out to
be somewhat intricate.

3.3 Policy- and value-functions

Unfortunately, while the value function F'is well defined and continuous, the set of arguments
that maximize F' might contain infinitely many solutions. While it is true that if a solution
to original saddle point problem exists that this also solves (9), the converse is false, in the
sense that there can be many solutions to (9) that do not solve the saddle point problem.
This was first observed by Messner and Pavoni (2004). The problem has nothing to do
with infinite horizon or uncertainty but is simply caused by the fact that one cannot recover
policies from correspondences in a min-max problem. One can illustrate the problem with a
trivial two period example.

10



3.3.1 Simple example

Suppose we want to solve the following problem

V= max —a; —as subject to
(a1,a2)€0,1]2
a; + ag 2 1

The value of the corresponding Lagrangian, can be obtained recursively (or by backward
induction). We can write

Vo(A) = max (—ag + Aag)
aze[O,l]
Vv, = a?é%ﬁ] min (—a1 + A(ar — 1) + Va (X))

and get the correct value of the saddle point

Vi=  max min(—a; —az) + Nay +as — 1).
(a1,a2)€[0,1]2 A>0

However, one cannot recover the correct policies from this if one takes the Lagrange multiplier
as a state variable: The correspondence solving the problem in the second period is given by

0 A<
az(A) = arg max (—ag + dag) = ¢ [0,1] A=1
w20l 1 A>1L

So clearly, one element of the recursive problem’s argmax is a; = 1/2, A =1 and as = 0.
But this is not a feasible point. Another element of the recursive problem’s solution is
a; =1/2,A =1 and ay = 1. This is a feasible point, but obviously suboptimal.

So clearly, the recursive formulation has solutions which are infeasible and has solutions
that are feasible but suboptimal. However note that in the above problem the solution
to the optimization problem is in the correspondence of possible solutions to the recursive
formulations.

A somewhat unrelated notational issue concerns how to properly define the arguments
of a max-min problem. If we consider the original problem

max min(—a; — az) + May +ay — 1),
(a1,a2)€[0,1]2 A>0

then in the solution A is implicitly a function of the action (aq, a2), where this function is

oo ifa; +ar <1
)\(&): 1ifa1+a2:1 ,
Oifa1+a2>1

and this function serves to enforce the constraint. In this case, a; € [0,1] and as = 1 — a4 is
a solution to this problem and the value of the multiplier at the solution is of course A = 1.
However, if the we consider the min-max version of this problem,

min  max (—a; —az) + Mag +as — 1),
A>0 (a1,a2)€[0,1]2

11



then A\ = 1, a; € [0,1] and as = 1 — a; is a solution to this problem but it is not the
only one. In particular, with A = 1 any choices of a; and as are solutions to the problem,
including a; = as = 1 and a; = as = 0. Hence, one cannot enforce the constraint in a
min-max version of the problem. With convexity, we can apply the max-min theorem and
the value of the two problems is identical, however the solution to the first problem is the
‘correct’ solution.® It will therefore be useful to make the following definition. We say that
(z,y) € argmax, min, f(x,y) if z € argmax,[min, f(z,y)], if ¥ € argmin, f(Z,y) and if
y € arg min,[max, f(x,y)].

Both of these issues arise because of the lack of strict concavity our problem. If the
solution is unique, then neither is a problem.

3.4 Principle of optimality

We are given a solution F™* to the functional equation (11). In order to construct a policy
which solves the saddle point problem (and therefore the original maximization problem),
using the above convention about the arg max min, we can define the correspondence

C(v,z,s) = arg max min Z (a)
a€supp(¢)
I

r(z,a,s)+ Z (’yigi(.r, a,8) + Aa(g'(z,a,5) — g})) + BEF*(y + Mg, 7', 8')
i—1
subject to
¥ =((z,a,s)

p(z,a,s) =20, Va € supp(y).
In this subsection, we want to prove the following theorem.

Theorem 3 Given solutions to the recursive problem, (F*,C'), there exists a sequence (¢*(h'), \*(h'))
with (Y*(hY), X*(h')) € C(v( Aoy .oy Me—1), (R, s¢) for all ht that solves the saddle point prob-
lem (10). Moreover, the value of the saddle point problem at (v, x,s) is given by F*(v,x,s).

®To understand the need for convexity of the constraint set in order to interchange the max and the min
operators, consider the simple matching pennies game. In the deterministic version of this game = and y are
elements of {0,1) and the objective is f(z,y) = —(x — y)2. In this case

max min f(z,y) < minmax f(x,y).
x y y x

When we allow players to randomize, then the constraint set is convex. Let  and y denote the probabilities
of playing 0 for each of the two players, x and y are elements of [0, 1], and the objective function becomes

flzy) = -1 —2)y —z(1 —y).

In this case
max min f(z,y) = min max f(z,y).
T Y Yy T

12



The proof quite similar to Bellman’s principle of optimality (see e.g. Stokey and Lucas

(1989), Section 4.1).
Proof. We first proof that if there exists a solution to the saddle point problem, the value

must coincide with F™*. For this define

1 1/1 7777 Tﬁq—
F- (v, o, S0) = sup /\mfA Ey° Zﬁt

t—1
( T\ Z¢, Qt, St +Z< tat xt,(lt,St) gi)+gz(xt7a’t7st)(76+z>\:1)>>

n=0

subject to supp(t,) C A(h") for all h*,  xq, sy given.

Note that for 7 = 1 we obtain

Fi (v, o, S0) = Sup inf EOZBt Z ,(a)

/\ A
o a€supp(¢,)

( T +Z ( (z10,8) = §) + g' (w10, st)(’YéﬂLZ/\;)))
+E B2 F* (<% + Z An> ,z(h?), 33>

subject to supp(v,) C A(h') for all ', g, sy given.

By the Fan’s minmax theorem and since the problem is additively separable this can be

rewritten as

Fi(v, o, S0) = supmeO Z o(a)

Yo 0 a€supp(¢y)
(r(mo,a So) + Z Moo (9% (20, @, S0) — gi) + ¢' (o, a, SQ%))

+6Eg sup inf Z 1 (a)

v M aesupp ()

( Ty, a, 51 +Z xlaa 81) gi) +gi($1va’ 81)(76_’_/\6)))

+EyB2F* <(70 + Z /\n> ,z(h?), 33>
n=0

subject to supp(t,) C A(hY) for all b’  xg, s given.

Clearly F; = F* and in fact by induction, F, (v, Zo, So) = F*(7q, S0, So) for each 7 = 1,2, ...

13



On the other hand, we can write

FT(,}/O"TDVSO) sup lIlf E"wav r Zﬁ

w07 771[) A0, A
T—t
<T(:Et7 at, St) + Z (,ngz(l.t’ ag, St) + )‘fﬁ,at(z Bngl(xt-&-n» at—f—ny St-l—n) - 91))) +
=1 n=0

oot grH pe ((’yo + Z )\n> s Tril, $T+1> :
n=0

Recall that the value of the saddle point is

L (707950>50)—8up%£l§E¢26t (12)
(wt ¢ t=0

(T($t7 a, st) + Z (%gi(%, a, s¢) + /\i,at(z B"9(Zttn: Qtrns Stan) — 91))) :
1=1 n=0

Since F™* is bounded, the reward functions are bounded and since the optimal multipliers
to the saddle point problem are bounded (see Rustichini (1998)) it follows that

JLI& Lr (707 To, SO) - FT(/YOa Zo, 80) =0.
Therefore the value of the saddle point must be equal to F™*.
Furthermore the solution to the saddle point equation is certainly feasible for the recursive
social planner problem. Since it gives the optimal value, F™, it must satisfy (¢, \;) €

C(y( Ay ooy A1), (h?), s¢) for all ¢. O

4 Recovering policy-functions

The previous theorem shows that among the (possibly many) solutions to the functional
equation (11) there is one which also solves our original problem. The question still remains
how to find it. In this section, we explicitly construct a solution to the maximization problem,
using the solution to the functional equation (11).

We proceed in two steps. First we consider the general problem, here it will become clear
that we are mixing the promised utility approach with the recursive multiplier approach
of Marcet and Marimon (1994) to obtain well defined policy functions®. We then make an
assumption on the solution set of the problem which simplifies the analysis considerably and
allows us to derive a simple characterization of the solution.

6Tn Section 4 below we make explicit how our approach compares to the promised utility approach.
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4.1 The general approach

By the maximum principle it is easy to see that the correspondence C(.), as defined in the
previous section, is upper hemi-continuous. We can therefore define

A(vy,z,8) ={(a,A\) : (Y, \) € C(,z,5) :a € supp(¢)) }.

Note that all (a, \) € A(y, x, s) yield the same value of the objective function (of the social
planner’s problem, given 7). Note also that if (¢, A\;)?°, solves the saddle point problem,
then in fact each ay € supp(v,) is feasible and optimal. As the example in Section 3.3.1
shows, the problem comes about because one needs to establish a link between periods. It
is well known that one way to do this is to carry agents’ promised utilities.

For a given 'state”’ (7, z, s), there might be several possible utilities that can be generated
by the several possible actions (a,\) € A(v,z,s) and by the randomizations over these
actions. In a slight abuse of notation, we use GG both for the function and the correspondence
of possible utility levels and collect these in a set G(v,x,s). The correspondence, G, from
the state to the set of possible (i.e. feasible) utilities, is defined by the following system.

G(v,z,s) =conv{ (G°,G*, ...,G") € R : 3(a,\) € A(y,1,5s)
IGY,...,GY) € Gy + N, ((z,a,s),s) for all &
G° =r(x,a,s) + BE,G”
G' = g (x,a,s) + BEGY,G" > g

G' =g (v,a,8) + BE,G",G' > g},

were conv(A) denotes the convex hull of a set A.

For each admissible state, v, x, s, the set G(v, x, s) is a non-empty and convex subset of
the I-dimensional hyperplane with normal-vector (1,~,...,7;). That is G° + Zle v,Gt =
const. for all (G°,...,G) € G(v,z, s). If the problem is strictly concave, this set will contain
only one point — in general, however, it has ’full’ dimension I.

Obviously there must be a (possible set valued map) from (v, z,s) and a given G €
G(v,x,s) to randomized actions, ¢, multipliers A, and next period’s utilities (G’ )g=1. 5.
Note that by Caratheodory’s theorem (Caratheodory (1911)), each point in the set can be
obtained by randomizing over at most I + 1 actions a. If we define the state-space to contain
utilities promised in the last period as well as v, x and s, we can easily construct policies that
are optimal and feasible. Given an enlarged state (v, z,s) and G € G(v,x,s) we now say
that a policy consists of ¢, A as well as (G, )y—1.¢ that is consistent with the requirements

above, i.e.
G® =r(x,a,s) + BEGY,....G" = ¢'(x,a,5) + BE,G" > gi.

In order to tie this in with our results in the previous sections, it is useful, however, to
choose a slightly different approach. This appears more complicated at first, but will simplify
things greatly once we make additional assumptions. We denote by G(v, z, s) all utilities

"Formally we now enlarge the state-space to contain agents’ utilities, however, when we refer to the state,
we mean the current multiplier, current physical state and current shock.
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that can be obtained at a state (7, x, s) without using randomization in the current period,
ie. G(y,z,5) = conv(G(7,z,s)) and each G € G(v,z,s) is associated with a degenerate
probability distribution over current actions. A non-standard way of deriving policies now is
that a policy specifies (a, \) € A(v,z,s) aswell as G, and wy ., s =1,...,Sand k =1,...,]
with the property that each G, € 6(7 + A\, 2/, ¢') and that

G° =r(x,a,s) + BE, Z TG,
k

G' = g'(z,a,s) + BE, Zm/kGyk > g
k

G = g'(2,a,s) + BE, Zﬁslk(}’gk > gl
k

In other words, the policy today is given by a non-randomized action today and a ran-
domization over all actions tomorrow, shock by shock. By Caratheodory’s theorem one only
has to randomize over at most [ actions in each state tomorrow. In order to make clear
that we randomize over a fixed set of continuation utilities, we now use 7 to denote the
probabilities of these randomization, instead of ¢, the randomization over actions which are
obviously implied by this.

4.2 A special case

A special case obtains when the sets G(v,x,s) are simple in the sense that they can be
written as the convex hull of a finite number of points. In this case, we do not have to
introduce an additional continuous state variable.

To illustrate this, we now make the following strong assumptions on the solution set of
the problem.

Assumption 2 For each admissible v,x € X,x € S, the set G(,x,s) is a convex polytope,
i.e. the convex hull of a finite set of points.

Note that for the case I = 1, i.e. the case of one agent and one principal, the assumptions
always hold since G(7, x, s) is simply a closed interval. We consider this case in some detail
in the next subsection. For more than one agent, this obviously depends on the formulation
of the problem. Even if the set of actions A is finite, it is not guaranteed that G(v, z, s) will
be a polytope — it is quite likely though. However, if the true solution set is not a polytope,
the most obvious approach to approximate it numerically is to use a polytope. Furthermore,
we will argue below that while solving the problem, one can verify whether or not the true
solution set, G is a polytope. It is clear that with this assumption, the state does not has to
be enlarged by an infinite set but simply by a finite set of discrete states.

For a given set of points, P, whose convex hull forms a polytope, let V(P) denote the
(finite set) of extreme points (i.e. vertices) of this polytope, i.e. the smallest set of points for
which conv(P) = conv(V(P)). Furthermore, let g(x,a,s) = (¢°(x,a,s),...,¢'(z,a,s)) and
let F = {(Go,...,Gr) : Gy > gi,...,G; > gl} be the set of utilities satisfying the incentive
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constraint (i.e. feasible utilities). We define a correspondence G, mapping the current state
to a finite set of points, G : [0,00)! x X xS = RI*! by requiring that it satisfies the following
functional equation equations

G(v,x,8) = (13)

V U (]-" Nconv({g(x,a,s)} + B Z (s, s)G(y+ A\, 2, s'))) ,

(a,\)EA(y,z,s)

' ={(x,a,s).

In this equation the sum of sets is the Minkowski sum with €A+ B = {aa+5b:a € A)b €
B}.

A solution exists precisely when G(v, x, s) is a polytope — in this case G(v, z, s) is simply
the set of its extreme points. The advantage of writing it like this (as opposed to the system
that defined G(, z, s) in the previous subsection) is that it becomes evident, that these sets
can be constructed relatively easily from the knowledge of the correspondence A(.).

When a solution to (13) exists an optimal policy can be constructed as follows. For each
v € G(y,x,s), define

Ay, z,s,0) = {(a,\) € A(y,z,5), (T1, ..., T3) :
v=glras) B NS Y el

v'eG(y+A,x’,s")

This gives a quasi-policy function in the following sense. The current state now consists
of v,x,s as well asav € G(v, z, s). The policy prescribes the current non-randomized action,
the current multiplier, \ as well as (a possibly degenerate) randomization over next periods
states (which in effect means a randomization over actions in the next period). There is
in general no guarantee that A is single valued, but each selection will produce an optimal
policy.

Note that in general one needs to choose a randomization for each shock s’ in the next
period, i.e. m will differ across shocks next period. We will show below that for the special
case of one agent and one principal this is not the case — there the same randomization can
be chosen for each shock. It is clear why in this general framework this cannot be expected
— there is no guarantee that the number of vertices is the same for each shock next periods,
therefore it is obviously impossible to find a randomization that does not depend on the
shock.

Note that there is only randomization if today at least one incentive constraint is binding.

Theorem 4 There is an optimal solution (a, A\, ) with each 74 being a degenerate probability
distribution if (v, ...,vr) > (g1, ..., g1)-

To prove the result, observe that in order for v to be an element of

1%

U(a,)\)GA(’Y,x,s) ({g(l‘, S, a)} + B Z H(Sv 8/>g(’}/ + A, xla S,))]

S
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it has to be generated by an action next period that is not randomized — each vertex of the
sum of polytopes must be the sum of vertices (see e.g. Fukuda (2004)). The result does not
seem completely obvious since one might have thought that it could be optimal to randomize
in two periods if a IC constraint is only binding this period.

From a computational aspect, polytopes are easy to deal with. There is a sizable literature
on polyhedral computation. For example, Fukuda (2004) discusses an algorithm for the
Minkowski addition of polytopes that can be applied to very large scale problems. For
solving problems with large I, the key problem lies in solving for the correspondence A,
if the true solution set of utilities is a polytope, the computation of G(.) and A is quite
straightforward. If one is to solve the functional equation (13) iteratively, one can easily see
if the number of extreme points grows with each iteration or if eventually this stabilizes.

4.3 A principal and one agent

If there is only one agent (in additional to the principal), Assumption 2 is trivially satisfied
and we can set up the problem somewhat more intuitively. Since G(v,z, s) is at most an
interval the sets G(, x, s) contain at most two points. We can characterize these two points as
the one that maximizes the agent’s utility and then one that minimizes the agents utility and
denote them by G (v, z, s) and GZ (v, z, s). Furthermore the probabilities over next periods’
continuation payoffs (and hence next periods actions) can now be chosen independently of
the shock.
We can consider the following functional equation.

G*(y,x,8) =
min z,a,8) + BE; (nGE(y+ N2, s+ (1 —m)GH (v + )\, 2, ¢
wpesin o 9(@,0,8) +BE, (G (v + A2 ) + (L - MG (v + 4,2, 6)
GH(y,2,5) =
_ max g(z,a,s) + BE (nG* (v + N @, s") + 1 — )G (v + N\, &, 5'))

(a,\)eA(y,z,s),m€[0,1]
subject to
g’ = C(x7g7 SI)7 a_:/ = C(QZJ (_17 Sl)? GH(V"T7 8) Z gl? GL</'}/7 x? S) Z gl'

Given a solution G*, G* to this functional equation we define

W*L(77x7 5) -

ar min Z,Q, S + E WGL* + )‘7 $,7 S/ +(1—m GH* -+ )\, x/’ 8,
& (a,\)EA(v,x,s),m€[0,1] g< ) 5 ( (7 ) ( ) (’Y ))

subject to 2’ = ((z,a, s).
and

W*H(77 xz, S) =

mX x7a78 + E ﬂ—GL* +)\7',L‘,78/ + ]-_ﬂ- GH* +>\’l’/;8,
(aNeArr ) meon ) ( )+ PE( (v )+ ( )G (v )

subject to 2’ = ((x,a, s).
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Note that w} and wj; are not policy functions in the classical sense. The policy should
specify a randomization ¢ and a transition \ as a function of the current state. But we
have seen that this is not possible. Instead we change the timing and the state. The state
now consists of (v,z,s) as well as an element of {H, L}. The timing now says that given
the state, we choose a deterministic action, but also the randomization across actions next
period. Note that this randomization will not be conditional on the realized shock next
period - but this does not matter since the (IC) holds today.

By construction, these policies are feasible. The mapping could still be set valued, but
then we can simply pick any point in that set. Since the solution is feasible, the argument
from Theorem 3 can be applied to show that it must also be optimal, i.e. an optimal solution
to the original problem can be generated from w, given an initial v, that ensures that the
(PC) holds.

Finally, note that in the solution to these functional equations wj; (v, x, s) will trivially
set m = 0 so as to put the maximum probability onto the high continuation payoff for the
agent. In the solution to wj (v, z,s), it will be optimal to set # = 1 so long as this does
not lead to a violation of the incentive constraint that G (v, x,s) > g;. If this constraint is
violated at m = 1, then it may be optimal to lower 7 since this allows the solution to satisfy
the incentive constraint at no additional cost to the overall value of the Lagrangian.

4.3.1 The optimal contract

Given these constructions, we can now characterize the dynamics of the optimal contract in
terms of (v, z, s) and an element of {H, L}.

In the initial period the initial physical state is xy, and the promised utility g, associated
with the participation constraint must be satisfied. To do so, we select v, by the requirement
that

ESGH('YO’ Z, S) 2922 ESGL('YO’ Z, S)>

and we select the initial lottery probabilities over {H, L}, ( and 1 — (, by the requirement
that
92 = CESGH(’)/Oa z, 8) + (1 - C) ESGL(/YU? Z, S)'

This then determines the full initial state (v, z,s) and an element of {H, L}. Each period
thereafter begins with this initial state.
Within each period thereafter the contract evolves as follows:

1. The element of { H, L} determines which policy function w}; and w? is used within the
period.

2. The policy function w; determines a continuation triplet (y + A, z’,s’) for next period
and a probability m for the lottery over elements of { H, L}. If the neither the partic-
ipation or incentive constraint bind, then 7 is simply 0 if the element is H and 1 if
the element is L. The participation constraint cannot bind if the element is H and if
it binds when the element is L then 7 will be less than one. If the incentive constraint
binds, then 7 is chosen so that

9(@, ai,s) + BB, (rG*(y + A2, 8') + (1 = m)GT (v + A, 2, 8)) = gu.
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where a; is the minimizing element of the solution set for actions if : = L and maxi-
mizing if 1+ = H.

3. This lottery is undertaken at the end of the period and an element is selected. This
determines the state tomorrow as (y + A, 2/, s") and the element a € {H, L}.

The key thing to note here is that the determination of the lottery probability 7 is very
mechanical and does not require solving an ex ante simultaneous equation problem such as
would be the case under the utility approach, which we discuss next.

4.4 Relation to ’promised utility’ approach

It is useful to connect the multiplier approach to the standard ’promised utility method’,
which was originally developed by Spear and Srivastava (1987), and where the state consists
of the physical states as well as of an additional endogenous state variable, promised utility,
(G. This section is somewhat less formal. We focus on the case I = 1 and we assume
that the promised utility approach has a solution and that the resulting value function is
differentiable. With this, we can demonstrate that the value of the Pareto-problem must be
identical to the value of the recursive problem of the previous section.

It is useful to change the timing and write value of the Pareto problem as a function
of (G, z) before the current shock s is realized. In a Markov setup, we then need to carry
around s_ as a state variable and we can write our Pareto problem recursively using the
promised utility approach as

V(G s-) = (ws)gl’lg)((Gé,a) 212151 s€S o) aemgp(ws) v
(T(xv a, S) + BV(G,S,GM JI;, 8) + ’7(9(]77 a, 8) + /BG/S,CL - G))
subject to (14)
v, = ((z, a5, )
p(x,a,s) 20, Va € supp(¥,),
g(z,a,8) + G, > g1, Ya € supp(i),).
Note that we have included the promised utility of the agent G through a Lagrangian mul-
tiplier formulation where 7 is the multiplier on this constraint. Obviously, at the optimal
solution it must hold that v(g(,a, s) + 8G, , — G) = 0.
Assuming differentiability, each G gives us a unique (G), since by the envelope theorem

Vo(G, x,s_) = —v. Unfortunately that the map is not invertible. For each v € I" C [0, 00),
we can define (assuming differentiability)

Viy,a,s) = min{V(G.2,5): Va(Ga.s) = =7},
VA(y,2,8) = max{V(G,z,s): Va(G, x,8) = —7}.

We can also define the associated payoffs to the agent as

GL(V’:C’S> = argmin{V(G,gg,s) : Vg<G,1’,S) = _7}7
GH(y,z,5) = argmax{V(G,z,s):Vg(G, x,5)=—~}.
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Note that that we must have that for all v, x, s,
VE(y,2,8) +9G (v, 2, 8) = VI (v, 2,8) + G (v, 2, 5). (15)

Given these functions, we can rewrite our recursive Pareto problem in terms of these func-
tions, using the insight from before that the derivative of V' in the next period must be equal
to v plus the value of the Lagrange parameter attached to this period’s (IC). Writing 7 to
denote the optimal v associated with G we obtain

V(G,z,s_) = (argf(ti(s)r(r}\ir)l I(s_,s) (16)
r(@s,as,8) + B (T VE(y + As, ) + (L= m) VI (7 + A, 2))) +

g(xs, a5, 8) + B(mG (v + Ay ) + (1= m )G (v + Ay, 7)) = G) +

Ns(g(ws, as, ) + B GH(y + Ns, 2) + (1= ) G (y + A, 7)) — 1)

subject to =, = ((xs, as, s), p(xs,as,s) >0, Vs

Note that the value V(G, x, s) is linear in G for all G that give the same value of v — i.e. we
have that

V(G, 2,5 ) ++G = constant

whenever Vg (G, z,5_) = —7.
Moreover, if we define SP(y(G),x,s-) = V(G,z,S-) +v(G)G, we obtain

SP(y,z,s_) = max min IM(s_,s 17
(res) = max min Y T(s-.5) (1"

r(ws,as,8) + Brs (VE(y + As, ) + (7 + A)GH (v + As, 7))
+6(1 — my) (VH(V + X, L)+ (Y + X)GH (y + )\S,x;)) +
’)/g(l’s, Gs, 5) + )\S(g(‘réh as, S) - gl)

subject to =, = ((xs, as, ), p(xs,as,s) >0, Vs

But note that with Equation (15) the optimal value of this problem can be derived from the
optimal value the social planning problem from the previous section. Simply note that

SP(y+As, 7, 8) = VE(y+ s, 20+ (YA GE(v+As) = VE (v M, )+ (74 X)) GE (v + A, 7).

By changing the timing in the problem of Section 3, it is now clear that we obtain the
same value.

5 Three simple examples

Here we return to our simple partnership model in which there is a principal and an agent,
and the principal must have the participation of the agent in order to run a project which
produces a pie of size 1 every period that can be split between the two of them. Each period
the principal gets to choose the amount of the pie he eats, a, and this implies the amount
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that the agent eats, 1 — a. The within period reward functions for the principal is log(a)
and for the agent is log(1 — a). Both are expected utility maximizers and both discount the
future at rate 3.

The agent has an initial outside opportunity, and then each period draws an outside
opportunity. These opportunities put an initial ex ante lower bound on his payoff, which we
call the participation constraint, and a conditional lower bound, which we can an incentive
constraint. The ex ante outside opportunity which goes into the participation constraint is
g2 = ﬁ log(1/5). Assume that in every period there are two states of the world s € {I, h}
which are i.i.d. and equi-probable. The conditional opportunity of the agent depends on
the shock, g;(l) = ﬁlog(e) and gi(h) = ﬁlog(2/3). These opportunities determine the
conditional incentive constraint.

We will assume that a is bounded between € and 1 — €, where € is a small number that
serves to bound the payoffs of the agent and the principal. We will consider two cases: (i)
the set of actions a is convex and equal to [e,1 — ], and (ii) the set of actions is not convex.
In the nonconvex case, we will allow for public randomization in order to convexify the set
of payoffs. If the set of possible actions a by the principal is convex, then one can show that
the Pareto frontier is strictly concave, however if the action set is not convex, then one can
easily construct examples in which the Pareto frontier is weakly concave but not strictly so.

5.1 Example 1: No flat spots

Assume that the set of possible actions are a € [¢, 1 — €] for some small € > 0. If we let V(G)
denote the ex ante Pareto frontier, then the Lagrangian for this problem can be written as

L(G) = maxsﬁa)E{ / llog(a) + BV (G(s, a))] dis(a, s)}

¥(a,s),G( a

tyE { / llog(1 — a) + BG(s, a)] dib(a, ) — G}

a

+ Z/a)\(s, a) [log(1 — a) + BG(s,a) — gi(s)] d(a, s)

+E {/a¢(a, )v(a, s)da} +E {gp(s) {1 - /a¢(a, s)da] } |

We have added constraints to ensure the probabilities ¢(a, s) are nonnegative and sum to one;
v(a, s) and ¢(s) are multipliers on these constraints. In addition, the incentive constraint is
multiplied by the p.d.f. over the action set to ensure that it holds for all actions taken with
positive probability. The solution to this problem implicitly determines the Pareto frontier
since V(G) = L(G). And, when we set G = g, the value of the PC, we generate the solution
to our contracting problem.

This problem leads to the following f.o.c.s with respect to the probabilities

log(a(h)) + BV(G(h,a)) + (v + A(h, a)) [log(1 — a(h)) + SG(h, a)]
—A(h, a)gi(s) +v(a, h) — ¢(h) =0,

log(a(l)) + BV(G (I, a)) + 7 [log(1 — a(l)) + BG(1, a)] + v(a, 1) = ¢(1) =0,
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and the following f.o.c.s with respect to continuation payoffs
V/(G(h,a)) + v+ Alh,a) =0, (18)

and

V'(G(l,a)) +~ =0. (19)

When the incentive constraint does not bind, as it cannot in state [, the f.o.c. for the
continuation payoff uniquely determines it as the solution to

VI(G) =1r.
Given this, the f.o.c. w.r.t. the probability implies that
a € argmax {log(a) +vylog(l —a)},

which implies that

1 1
= ) 20
o) ~ "1—a()) (20)
When the incentive constraint binds, as it can in state h, we get that
G(a) = 7" [log(1 —a)) — 4],
and using our f.o.c.s for a(h) we get that the optimal choice is a solution to
a € argmax {log(a) + BV (B~ log(1l — a) — al)}.
and hence that ) )
—+ V(B " log(l —a) — g = 0.
= V(5 log(1 — ) — g1])
This condition care be can be rewritten in terms of our multipliers as
= (4 A @) T (21)
frng a .
athy V! DT )

The solution here is unique when the choice set for a is convex,® and conditions (18-21)
determine the solution given the multipliers v and A(h), and the that A(l) = 0.

Since the continuation utility is G(a,s) next period, it follows that the multiplier on
the promised utility condition in the update problem will be v + A(h,a). Continuing in
this manner, we can construct the future sequence of multiplier values. If we denote the

8The optimal a here is unique if the action space is convex since V is weakly concave. To see this
assume that there were two combinations (a;,G;) ¢ = 1,2 which were being used with positive probability.
Then note that since each combination satisfies the IC constraint with equality, and since the agent has
concave preferences over a, then the convex combination of choices does so strictly. Furthermore, the convex
combination is strictly preferred by the principal since he too has a concave payoff function over a and at
least weakly concave one over G.
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multiplier on the PC by v, and the multipliers on the IC constraint in history state (h~1, h)
and (h'=1,1) by S'A(h') Pr(h?), we get the first-order condition for a(h?),

1 , 1
a(ht) ~ Yot Z A(R7) T—a(h) =0,

hi=<ht

where "<" means predecessor history and includes the current history. The fact that the
IC multipliers for each state along an event tree come in additively motivated Marcet and
Marimon to focus on the recursive multiplier

YT =3+ Y AW,

hi<ht=1

in which case the multiplier in h* become ~(h'™!) + A(h!) in the above expression. Since
this alternative representation is equivalent to the original representation, and since that
representation was necessary and sufficient, it follows that this representation is as well.

If we go a step further and consider a recursive planning-problem in which the state
variable for the agent is his recursive multiplier v, we get Marcet and Marimon’s formulation
F(y,s) = maxminlog(a) + vlog(1 — a) + A flog(1 —a) — gi(s)] + BELF (7 + A, 3),
where for notational simplicity we have consider only deterministic action choices. The first

order conditions with respect to a is simply
1 1 1

- — - A =0
a 7l—a 1—a

The first order condition with respect to \ is
log(1 — a) — g1(s) + BE,F = 0.

We obtain directly from these conditions that a = Hvﬁ’ if the resulting a € [¢,1 — €], which
will always be the case below. So we only need to solve for A(7, s) and as well as the period
zero 7y, which is needed to satisfy the participation constraint.

Working recursively at 7 = 2, we want to verify that A\(3) = 0, independently of the
shock. Note that we can write the utility the IC constraint promises the agent in h as
g1(h) = ﬁ log(l—%). Furthermore, under the assumption that A = 0, the value-function is
given by

F(7) = Fu(3) = —— (10g<L> n mog<i>) .

T 1-48 1+7 1+7
In shock h, the first order condition with respect to A at A = 0 becomes
g 1 gl B _ _
lo - lo + lo — log(1 + =0,
g(1+7) 5 g(1—7) 1—/3( g(7) —log(1+7))

so in fact A = 0 is the optimal policy if ¥ = 2. In shock [ it is easy to see that the A > 0
constraint becomes binding and so A = 0 is also the optimal policy.
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Working backwards, for any v < 7 it is easy to verify, by the above argument, that in
shock h the optimal policy is given by A(y) =7 — v and so a = + . The value function is
then

F) = 12 (towl ) + 7ot
— =5 (torlgm) + el

Q—ww—w%

14+75

\Q
C/
Nej

1+7

In shock [, we claim that A\ = 0 is the optimal policy, whenever v > ﬁ —1. IfA=0,

)+ S a6 + B,

1
Fz(’y)=1og(1+,y)+71g( 5

and substituting for F},(y) and 7, the value function is given by

1 s
1-6/2 —23
One can easily check that the first order conditions with respect to A give a corner solution
A=0.

Finally the initial v, is now pinned down by the participation constraint through the
value function of the agent.!”

FO) = 175 (o) + 91020 + 5

1+~ (log(1/3) +710g(2/3))).

5.2 Example 2: Flat spots

We now change the previous example and assume that a € {e} U[0.5,1 — ¢]. There is now a
potential flat spot in the Pareto-frontier at

. log(0.5) — log(e)

> 1.
log(1 — €) — log(0.5)

For an v > ~* the corner solution a = € is optimal, and the constraint that A > 0 binds,
hence A = 0, the (IC) constraint does not bind and Fi(v) = ﬁ(log(e) + vlog(1l —¢)) for
both s =1, 2.

At v = +* the optimal solutions (to the recursive Pareto-problem) are all randomizations
over 0.5 and ¢, yielding 0.5 or 1 — € to the agent. Since any 7 > v* implies the agent getting
1 — ¢ forever, the IC constraints cannot possibly bind at v* and A = 0. Note that if 3 is so
small that

log(0.5) + log(1—¢€) —

I5; 1
log(2/3) <0
= 5 loe(2/3
it will never be optimal to put positive weight on 0.5 in the h state and randomization
only occurs in the [ state. Clearly not all these randomizations are optimal solutions to the

principal agent problem (even if they only occur in the [-state).

10Marcet and Marimon don’t include an initial participation constraint and hence in their formulation,
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If we let GH(7*) denote the high payoff to the agent in state s and GL(y*) the low, then
randomizing over extreme payoffs in the appropriate manner will allow us to achieve the
efficient outcome. Clearly at v = ~*, the highest possible outcome for the agent is to set his
consumption equal to 1 — € forever, and this implies that G (v*) = ﬁ log(1 —¢€), s=1,h,
and that the ex ante high payoff G (7*) is equal to this as well.

Next consider recursively defining GL(v*) as

L%\ _ : o H/ . L/ *
GO = optm o log(l—a)+ 5 (rGH(r) + (1 -m)GH (7))

subject to
G{(7) =2 gi(s)
and where
GH(v") = 5 [Gr(v) + Gr ()] -

Clearly, we will want to make 7 and a as small as possible subject to the incentive constraint.
Since the incentive constraint has to hold ex-post, we cannot randomize over a to satisfy this
constraint. However, we can do so by randomizing over G* and G*, which means that we
are randomizing over actions tomorrow. Since the incentive constraint doesn’t bind in the
low state, it follows that 7 = 0, a = 0.5, and

* 6 * *
G (v7) = 1og(0.5) + 2 [Gr(v) + G ()] - (22)
Since the incentive constraint binds in the high state G£(v*) = gi(h). Equation (22) then

yields directly

1
Ly, * _
= log(0. 0. h)).
GF (") = 7573 108(05) + 0.563,(1)
The associated actions are clear in the low state — in the high state they depend on € and
the discount factor. If there exists a m such that

log(0.5) + B (7(0.5G} + 0.5G]") + (1 — 7)(0.5Gy, + 0.5G})) = gi(h),

then the optimal action is 0.5, otherwise it must be €. Note that there might be a region
where the action is not unique and both 1/2 and € to the job with the right probabilities.

For any 7, < 7* in shock h the (IC) constraint binds, the optimal A(vy,) = 7v* — 7, and
the associated action is w! (h) together with a randomization over next periods’ actions that
gives gy (h) for the agent. Because there is a kink in the Pareto frontier at a = 0.5 there are
two cases when v, < 7v* and the shock is [. If v, € (1,7*) then a = 0.5. If 1 > ~, > ﬁ —1
the optimal A\ = 0 and the unique policy is determined by a = ﬁ
constraint pins down 7.

The reason why one does not have to keep track of G¥ and G* for v < ~* is simple: At
h, there is initially no randomization, the v + A\ brings one to the flat spot but it is clear
that the strategy is uniquely determined as the one that yields g;(h).

Note that the randomization 7 is identical for both shocks in the subsequent period.
This is only possible because we randomize over the two extreme points of two intervals,
describing the sets G(s’) for the two possible shocks s’ = 1,2 in the next period.

The participation
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5.3 Example 3: How do Flat Spots Propagate

We now change the example by assuming that the action space can stochastically switch
from the continuous action space (c¢) to the discrete action space (d) and stay there forever.
The state space is now s € {(l,¢), (h,c),(l,d), (h,d)}, where the draws of [ and h continue
to be i.i.d. and equiprobable, and the probability of switching from ¢ to d next period is
p, while d is an absorbing state. If the state is (i,¢) for = [, h then the action space is
A(i,c) = [e,1 — €], while if it is (¢,d) it is A(i,d) = {€} U [0.5,1 — ¢]. We assume that the
initial states are either (I, c) or (I, d).

The recursive planning problem is

F(v,s) = max min log(a) + vlog(1l —a) + A[log(1l — a) — §1(s)] + BEF (v + A, 3),

and the first-order conditions are still

1 1 1
- — - A =0
a Vl—a 1—a

with respect to a and

log(1 —a) — g1(s) + BEF' =0
with respect to A, which implies that a =
aclel—e.

Clearly, when the action space is A(i,d), the solution to this problem will work just like
in the example 2, and there will be a flat spot on the conditional Pareto frontier at slope
~*. For this reason, continue to let G{ for j = H and L denote the high and low payofts
respectively in the discrete case when s = [. In state ([, c¢), the payoff to the agent, W;(y),
will be implicitly given by

Mﬁ, if the action space is A(%, ¢) and the resulting

Wiy) = log(L—aly + V) + 5 (1= p)Wily + )

0 (G (34 X) + (= WG+ V)]

P20 )+ A ().

where ) is chosen to satisfy the incentive constraint that this payoff must be at least g;(1).
If A > 0 then this payoff must be g;(/), and hence is uniquely defined. If v # +* and A = 0,
then G (v) = GF(y) and the payoff is again uniquely defined. However if v = v* and A = 0,
then the G () > GF(~) and the ability to randomize over this two continuation payoffs will
induce a flat section on the Pareto frontier today.

Similarly, in state (h,c¢) the payoff to the agent, W} () will be implicitly given by

Wil7) = log(l— a(y+ 1)+ (1 = p)Wi( + )
+p§ [(7G (v + A+ (1 —m)Gl (v + N)]

N

5 (1= p)+p] g1(h),
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where A is chosen to satisfy the incentive constraint that this payoff must be at least g;(h).
If with v =~*, A =0 and m = 1 the payoff W}, (v) > g1(h), then here too the payoff to the
agent will be indeterminate when v = ~*.

This example illustrates that flat sections in the continuation Pareto frontier do induce
flat spots in the current Pareto frontier, but only at the specific value of the multiplier.!!

6 Computational Considerations

We show in this section that the insights from the simple example above carry over to more
complicated models. For simplicity we assume that there is no physical state. For models
with a physical state variable (such as for example capital), many of the insights of this
section will still hold true as long as one makes strong enough assumptions on the law of
motion, (.

We propose a simple value function iteration to solve for the optimal policy even when
there are flat spots in the Pareto-frontier. In the case without physical state, the recursive
planner problem simplifies to

F(y,s) = i
(7,5) = maxmin > | (a)
a€supp ()

+Z g'(a,) + N(g'(a, )—ais>)+6EsF(v+Aa,s’>]

subject to (23)
pla,s) >0, Va € supp(v).

Standard arguments show that for a given s, F' is continuous in «. To see that it is also
convex it is useful to consider the non-recursive social planning problem (8).
SP(vg,S0) = max EY

I
,)EWo Zﬁ < r(ay, s¢) Zﬁ)/ig%atast))] subject to
=1

supp () CA(ht ! s,) for all Rt s,

g'(as, s1) + E Zﬁ aein, Stn) = 31 Vag € supp(hy), Vi, Vi

We proved above that SP(v,s) = F(v,s) and furthermore it is easy to see that that for any
s€s,v,7>0and e [0,1], SP(uy+ (1—p)7,s) < uSP(y)+ (1 — p)SP(). For this just
note that if (¢)}) solves the social planner problem for v* = uvy + (1 — )7, it is feasible for

1 This result is sensitive to the assumption that the principal and the agent discount at the same rate.
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both v and 7. Therefore

pSP(y,8) + (L= p)SP(7,s) =

o) I 00 I

ME;/;* Zﬁt (T(ah st) + Z %’gi(ata 3t)> + (1 — M)Eg;* Zﬁt (T(at, st) + Z %gi(ata 5t)> =
t=0 i=1 t=0 i=1

SP(uy + (1 —p)7)

Let VF(v, s) denote the subdifferential of F' with respect to . This possibly multivalued
map is (cyclically) monotonically increasing in . If F is differentiable aty, the map is single-
valued and equal to the gradient of F' (see Rockefellar (1970)). The points where F fails to
be differentiable are precisely those that correspond to a flat spot in the Pareto-frontier. It
is also standard to see that given an action a, an interior solution for A must satisfy the first
order condition

g(a, S) — J1s + BESa(S,) =0, (24)

with d(s") € VE(y + A, &) for all ¢'.

It is clear that for a given (v,s) and a given A the set of optimal actions (that are
associated with that \) can be determined without knowledge of F. If the problem is
smooth it is simply the set of zeros of the equations

Dgr(a, s) + (v + M) Dg(a, s) +nDp(a, s) =0, n;pi(a,s) =0, (25)

that satisfy p(a, s) > 0. In the strictly concave case, this system has a unique solution which
can be found with standard methods, otherwise all solutions to this system can be obtained
using Grobner bases if the reward functions are algebraic and the dimension of the action
space is not too large (see Kubler and Schmedders (2010)) — this method has the advantage
that (y+ ) can be treated as a parameter and the Grobner basis only needs to be computed
once.

If the problem is not smooth, as in the example, one needs to look first for solutions in
the smooth region and then go through all endpoints (or discrete choices) to enumerate the
support of all possible randomizations.

Note that by the first order conditions (24) for a given A, if one of the reward functions
is strictly monotone in the action, there can only be more than one solution if A = 0 or if we
are at a point where F'(y + A, s) is not differentiable for some s’

Also note that if a(y+ \) and a(y+ \) and solve Equation (25) for A and A respectively,
and if A < X, we must have g(a(y + \), s) < g(a(y+ \), s). Since VF is monotone, the first
order condition (24) then implies directly that there cannot be two different (a, \) and (@, \)
with A # A that both solve the Bellman equation (11).

These observations suggest a simple value function iteration to solve the functional Equa-
tion (11) and to implement our approach computationally.

We start with an initial guess of a single-valued policy and differentiable and convex
value function. As in standard value function iteration (see e.g. Judd (1998)), we iterate
backwards, solving the Bellman equation at a finite number of predetermined points in each
iteration. This is possible, because we can control for possibility of multiplicity in a simple
fashion. We check separately if there are solutions for A = 0. If not, we use standard methods
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to find a solution for an interior A. Only if the associated A > 0 leads to a nondifferentiability
of tomorrow value function we need to again use all solution methods to find all solutions
in a for that given A. At the same time, we perform value function iteration on the agents’
utilities G(7, s) and approximate the optimal policy A(7, s,v) For the case I > 1 it can be
verified at each stage that if there is a flat spot, the set of agents’ utility in fact does form
a polytope. For the simple case I = 1, in the case of a flat spot, we simply need to keep
track both of G and G and include into the policy the optimal randomization over next
periods’ continuation. Value function iteration can be done parallel to keeping track of the
vertices of the set G(7, ).

7 Conclusion

The recursive multiplier approach in Marcet and Marimon (1994) can be extended to mod-
els with flat spots in the Pareto-frontier. In order for our method to be computationally
tractable, the flat spots must be polytopes. This is obviously always the case if there is only
one agent in addition to the principal. In the case of several agents, this will naturally be
the case if the flat spots are generated lotteries over a finite number of actions. On the other
hand, it is clearly possible to construct problems where the flat spot is a general convex set.
For problems like this, neither the promised utility approach nor our method is likely to be
feasible.
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