Multi-Dimensional Screening with a One-Dimensional
Allocation Space.

Raymond Deneckere and Sergei Severinov *

First Version: June 26, 2004
This Version: March 9, 2009

Abstract

We develop a general method for solving multi-dimensional screening problems in which
the ‘physical’ allocation space is one-dimensional, and provide necessary and sufficient
conditions for the existence of ‘exclusion’ in the optimal mechanism. We illustrate the
application of our method to an example with quadratic utility and uniformly distributed
types. Interestingly, the optimal solution exhibits discontinuity along the boundary of the
region between exclusion and non-exclusion for a large set of parameter values.

JEL Nos: C72, D82
Keywords: multi-dimensional screening, private information.

1 Introduction

This paper studies a screening problem in which the type space is multi-dimensional and the
allocation space is one-dimensional. Such problems are common in economics, for two distinct
reasons.

First, in many important economic environments agents typically differ along several di-
mensions on which there is private information. In the area of price discrimination, consumers
differ both in demand intensity (intercept of demand) and price sensitivity (slope of demand).
For example, high demand consumers can be price insensitive (because they are rich) or price
sensitive (because they are poor and have large families). Similarly, an industrial customer’s
valuation for an input may depend both on the technology this firm uses to process the input,
and the demand for the final product. Additionally, firms often have available multiple so-
cioeconomic data that are imperfectly correlated with customers’ purchase patterns. In other
areas, multi-dimensionality of types is also prevalent. In insurance, customers differ both in
risk aversion and the probability of having an accident. In labour taxation, the government
may wish to differentially treat individuals who have low ability and those who have a high
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preference for leisure. And in the regulation of monopolies, the regulatory agency may wish
to allow a different regulatory price and access charge for firms that have a high cost than for
firms that have a low demand.

Secondly, in many of these screening environments, the principal cannot discriminate be-
tween agents along more than one dimension. In price discrimination, firms can often differ-
entially treat customers only by purchase quantity. For non-durable consumption goods there
may be no opportunity to differentiate by quality, so quantity becomes the only instrument.
Examples include soft drinks (which come in various sizes), residential electricity, and public
transportation. On the other hand, for many consumer durables customers only purchase one
unit, so then the only available dimension for discrimination becomes quality. Frequently,
there is only one (or at least one dominant) dimension of quality, such as the speed of a micro-
processor or internet connection, or the number of megapixels in a camera. In auctions, there
is often only one unit offered for sale, and the single dimension then becomes the probability
of obtaining the object. In areas other than price discrimination, the allocation space if often
also one-dimensional. In insurance markets, the allocation consists of the amount of coverage,
in labour taxation the instrument is the tax rate, and in regulation it is the regulatory price.

Despite the existence of a rather voluminous literature on screening, relatively little is
known about the type of problem we study. There are several reasons for this. First, as
we will demonstrate, one of the dominant current approaches, the method of demand profiles
(pioneered by Goldman, Leland and Sibley (1984), and further popularized by Brown and
Sibley (1986) and, most forcefully, by Wilson (1993)) fails to adequately solve the problem.
The difficulty with the demand profile method is that it requires that the derived marginal price
schedule intersect a customer’s demand schedule from below. In the one-dimensional type
case, this is assured by the condition that marginal valuation is increasing in type (ug > 0),
and that the assignment of quantities to types is nondecreasing (ensured by a monotonic
inverse hazard rate, or by ironing). In the multi-dimensional case, no such sufficient condition
is known. Furthermore, crossing from below is hard to ensure, because demand curves vary
both in slope and intercept - sufficient variation in the intercept will thus necessarily lead to a
violation of the required condition. As a consequence, the allocation will fail to be incentive
compatible: the quantity assigned to customers whose demand curve intersects the tariff
from above will correspond to a local minimum rather than a global maximum of their surplus
maximization problem. Many of the worked out examples in the literature, such as the linear
quadratic one studied in Wilson (1993, p. 196), therefore involve tariffs that are not incentive
compatible.

A closely related approach is proposed in McAfee and McMillan (1988). These authors
introduce a condition termed “Generalized Single Crossing” which ensures that any solution
satisfying the first and second order conditions of the agent’s surplus maximization problem
is globally incentive compatible. Generalized Single Crossing implies that iso-price curves
are linear in the type space, thereby permitting a reduction to a one-dimensional screening
problem. McAfee and McMillan’s contribution is considerable, but suffers from a number
of drawbacks. First, the limitation to linear iso-price curves is significant in our context.
Second, their approach implicitly assumes that in equilibrium all agent types along an iso-
price line will participate. Unfortunately, as our analysis will reveal, this assumption is often



violated.!

Lewis and Sappington (1988) adopt the Generalized Single Crossing assumption, but
instead of formulating the problem in terms of demand profiles use the direct method pioneered
by Mussa and Rosen (1978), leading to an objective based on virtual utility functions. Because
it is based upon McAfee and McMillan’s method for reducing the problem to a one-dimensional
screening problem, this approach suffers from the same drawbacks. In addition, Lewis and
Sappington’s analysis assumes that in equilibrium there is no exclusion. They do not provide
conditions for exclusion to be absent, and unfortunately, as we will show, exclusion is rather
prevalent. In particular, in the context of nonlinear pricing, absence of exclusion requires the
aggregate demand curve to be perfectly inelastic at the seller’s marginal cost of production.?
Finally, Lewis and Sappington implicitly assume that the slope of iso-price curves in type
space is constant, which (in the nonlinear pricing interpretation) can happen only if the slope
of the agent’s demand function is independent of type.3

Rochet and Stole (2001) develop the direct method for arbitrary multi-dimensional screen-
ing problems. Their approach has two drawbacks. First, because the problem is not reduced
to a one-dimensional screening problem, the associated first-order conditions require the solu-
tion of a partial differential equation, which cannot be solved analytically, except in very special
cases. Secondly, because the direct approach only imposes the local incentive compatibility
constraints, the solution typically violates the conditions for global incentive compatibility. A
general method for solving our type of problem therefore remains lacking.

Lastly, a solution method for our problem has recently become available for the special
case where the agent’s utility function is linear in type. This was made possible by two
breakthroughs in the analysis of multi-dimensional screening problems. First, Rochet and
Choné (1998) developed a “sweeping” procedure (analogous to ironing for the one-dimensional
case), which adjusts the solution derived by the direct method so as to ensure global incentive
compatibility. Rochet and Choné’s method requires that the dimension of the type space
and allocation space coincide. However, by interpreting the coefficients on consumer types
as artificial goods in the utility function, Basov (2001) was able to transform the problem
from one where the number of consumer characteristics exceeds the dimension of the physical
allocation space to one where the two dimensions coincide. While ingenious, this approach
also has several drawbacks. It requires agents’ utility functions to be linear in type, which is
great for applications such as auctions, but quite limiting in the current context. The method
also necessitates the solution of a partial differential equation, which generally can be solved
only numerically. Finally, sweeping is a complicated procedure which does lend not itself to
analytical solutions.

It is fair to conclude that because of all these issues, our type of screening problem has
hitherto remained inaccessible to most economists, and therefore failed to generate interesting

!Properly taking into account the agent’s participation constraint changes the integrand of principal’s ob-
jective function in an essential way: rather than depending only on the allocation g(t1) and its derivative q’(¢1)
it now also depends on ¢(t]) for all t; > t;. As a consequence, McAfee and McMillan’s formulation of the
problem can no longer be solved by the method of calculus of variation.

2 Armstrong (1999) already pointed out this deficiency, but was unable to either provide neccessary and
sufficient conditions for exclusion to occur, or solve the associated multi-dimensional screening problem.

3As a consequence, Lewis and Sappington’s characterization of an optimal mechanism (Proposition 1, p.
447) is generally incorrect. However, it does hold for the special example studied in Section 5 of their paper.



practical applications.

Our paper contains several methodological contributions. First, by correctly character-
izing the isoquants, the set of agent types that consume the same quantity, we are able to
reduce the multi-dimensional screening problem to a one-dimensional optimal control prob-
lem, whose solution is governed by an ordinary differential equation. Our solution method
is therefore accessible to most economists, and generates analytical solutions. Second, we
formulate the multi-dimensional screening problem as one of assigning agent types and tariff
to the one-dimensional allocation. This approach is not only natural here, underscoring the
one-dimensional nature of the principal’s optimization problem, but also avoids some of the
difficulties associated with discontinuities in the quantity allocation as a function of types that
typically arise in our problem (see the discussion in the next paragraph). Our method also
handles bunching in a straightforward and transparent way, without any need to resort to
“ironing” or “sweeping”. Finally, we present a novel condition, termed Single Crossing of
Demand (SCD), which ensures that the solution to the principal’s relaxed problem is globally
incentive compatible.

The solution to our multi-dimensional screening problem exhibits several interesting prop-
erties. First, it may or may not be optimal to exclude some consumer types from consumption.
The result that it can be optimal to have full consumer participation contrasts with estab-
lished wisdom, which holds that when the type space is multi-dimensional, exclusion is generic
(Armstrong (1996), Basov (2005)). Second the optimal quantity allocation is discontinuous
at the boundary between the region of exclusion (where the optimal quantity is zero) and the
region of non-exclusion (where the optimal quantity is generally bounded away from zero).
Finally, and perhaps most surprisingly, we find that there can be a bunching of quantities
allocated to a type located on the boundary between exclusion and non-exclusion, i.e. there
can be a discontinuity of quantity as a function of type. The consumer type on which the
quantities are bunched is then indifferent between all quantities in the bunch.

The rest of the paper is organized as follows. Section 2 introduces the model. Section
3 introduces the SCD condition, and characterizes the associated implementable allocations.
Section 4 uses this characterization to reformulate the principals’ problem to a one-dimensional
screening problem in which the density of types is endogenous. Section 5 solves the associated
optimal control problem, and presents necessary and sufficient conditions for exclusion to
occur. Section 6 studies an example with linear quadratic utility and uniformly distributed
types. Section 7 contains the conclusion.

2 The Model

A monopolist supplier of a single good faces a population of consumers. Consumers are dis-
tinguished by a two dimensional preference parameter ¢ = («, ), which is private information.
The limitation to two dimensions of uncertainty is made here for ease of exposition and com-
pactness in notation. With minor modifications, our results generalize to higher dimensions
(for details, see Deneckere and Severinov (2009a). When consuming a quantity ¢ € Ry of
the good, acquired at cost p, a consumer of type t receives net utility u(q,t) —p. Consumers’
reservation utilities are equal to zero.



The distribution function F(t) of consumer types in the population is common knowledge.
We assume that F(.) is twice continuously differentiable function, with density function f(6) >
0, and a rectangular support [a,b] X [¢,d]. Renormalizing, we can without loss of generality
take the support to be [0,1] x [0, 1].

We assume that the firm’s marginal and average cost of production is constant at the level
¢ > 0. To handle the case in which the monopolist’s aggregate cost C(Q) is an increasing
function of aggregate output @ = [ ¢(t)f(t)dt we would need one extra step. Precisely, for
any given constant marginal cost level ¢, our model would predict the corresponding aggregate
output level @ selected by the firm. Equilibrium then obtains whenever C'(Q) = c.

We maintain the following assumptions on preferences throughout the paper:

Assumption 1 The function u(q,«,8) : Ry x [0,1]? is of class C3. Furthermore,
(i) u(0,a,0) = 0 for all (0, ) € [0,1)%;

(ii) uq(q, o, 0) > 0, ug(q, v, 0) > 0 and us(q,,0) > 0, for all ¢ > 0 and («,0) € [0,1]%;
(ii1) woq(g, o, 0) > 0, uaq(g, o, 0) > 0, for all («,0) € (0,1]%and q > 0;

() ugq(q, o, 0) <0 for all §, o and q.

Assumption 1 is fairly standard. Part (iii) requires consumer’s utility functions to be
supermodular. Part (iv) ensures that consumers’ demand functions are downward sloping,.

We also make extensive use of a novel assumption, specific to the higher-dimensional type
space, which we term “Single-Crossing of Demand”:

Assumption 2 (SCD) 4% > ( for all ¢ > 0.

d_q UqH

The economic interpretation of Assumption 2 is that the inverse demand functions can
intersect at most once, as the next lemma demonstrates.

Lemma 1 Suppose Assumption 2 holds and o/ > . Then ug(q,o/,8") = ugy(q, o, ) implies
Ugq(q, 0/, 0") > ugq(q, ., 0) .

Assumption 2 should not be confused with the single-crossing condition in one-dimensional
screening problems, which guarantees that consumers’ indifference curves in (g,t) space in-
tersect at most once. In fact, the latter condition is extremely restrictive, as it implies that
consumers’ demand curves do not intersect at all, i.e. can be ranked. In the next section, we
will show that Assumption 2 has many important consequences: it implies that isoquants in
(0, @) space cannot intersect, and must “fan out”.

The monopolist’s problem is to select a nonlinear pricing schedule, i.e. a lower semi-
continuous function P : Ry — R, so as to maximize her profits subject to consumer max-
imization.?  Consumer maximization requires that if a consumer of type t consumes the
quantity ¢, then the following incentive compatibility and individual rationality constraints
must be satisfied:

u(q',t) — P(q), for all ¢ (1)
0 (2)

u(q,t) — P(q)
u(q,t) — P(q)
4The Taxation principle implies that the monopolist cannot gain by offering more complicated screening

mechanisms. Below, we show that the schedule T'(-) may be taken to be continuous, so the assumption of l.s.c.
is without loss of generality.

>
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Let T™(q) denote the set of all types ¢ for which (1) and (2) hold. Also let T7**(q) be the set of
all types who consume g or more when facing the pricing schedule P, i.e. T**(q) = Ugy>,T™(¢').
Finally, let

w(g)=1- / o 3)

denote the proportion of types who consume ¢ or less when faced with the pricing schedule
P. Then the monopolist’s problem is to solve

o0
max [ (P(q) - (T () ()
P() Jo

This formulation of the monopolist’s problem underscores its fundamental one-dimensional
nature, but comes at the cost of characterizing the potentially quite complicated structure of
the set 7**(q). Our next section shows that Assumption 2 lends a relatively simple structure
to this set.

3 Characterization of Isoquants

Let us start with an example which demonstrates the difficulties that must be overcome in
characterizing the set 7**(q). This example also illustrates where the previous literature has
gone wrong.

Example 1: Let u(q,,0) = 0q — b_TO‘qQ, with b < % Also let ¢ = 0, and let F' be the
uniform distribution on the unit square. Following Wilson (1993) define the demand profile
N(p, q) as the fraction of consumers in the population whose demand price u, exceeds p. A
simple calculation yields:

5 {(l=p—(b-1)9)* = (1-p—0g)’}, ifp+bg<1
N(pQ): 1 1 2 .
’ 2—q(1—p—(b—1)q), if p+bg>1.

According to the demand profile approach, N (p, ¢) represents the demand schedule for quantity
increment g. Thus for each increment ¢, the monopolist should select the price for increment
q, p(q) = P'(q) to solve

max{(p — )N (p )

Performing this maximization gives

p(q)_{ %_%(2b_1)% lfQS%H
s(1—(b—1)q), ifq> gy
resulting in the rtariff P(q) = [j p(z)dz
1 1_b : 2
Plg={ TG me, HiSme
6(2b-+1) +3-%¢, g5



For this approach to be correct, every consumer type whose demand price equals p(q) should
also be willing to purchase all increments ¢’ < ¢ and not purchase any increments ¢’ > ¢q. This
will be the case if the iso-price curves in type space, defined by the equation u4(q,t) = p(q),
do not intersect, for then every consumer type t will have only one solution to the first order
condition associated with her surplus maximization problem maxg{u(q,t) — P(q)}.°

Let us therefore examine the iso-price curves associated with the schedule P. Solving the
equation 0 — (b — a)qg = p(q) yields

(2b+1—4a)q, ifg<

1
_ = Z 2b+1
0(q, @) { T +3(2b+1-3a)g, ifg>

2b+1°

Figure 1 illustrates these iso-price curves. All iso-price curves are straight lines. For ¢ €

[0, %ﬂ], iso-price lines go through the point («, ) = (Lj‘l, %), rotating up form a flat line at
the level ¢ = 0 to the the quantity g = Tﬁ_l , where the northwest corner point («, 6) = (0,1)

2 (2L 1y
2b+1° 3 3/

until the quantity ¢ = lel is reached, when the north-east corner point (o, 6) = (1,1) is hit.
This means that any point («, ) in the interior of triangle the A defined by the inequalities

0 <1/2, o > 2b+1, and 0 > 1412_113%2(1 is the intersection point of an iso-price line from the

region q < Tﬂ and an iso-price line from the region ¢ > Tgﬂ. The objective function of

is reached. For ¢ > all iso-price lines rotate up through the point (a,6) =

such a type therefore has two stationary points, one at a quantity ¢_(«, ) < %ﬂ and one at
a quantity ¢ («,0) > %ﬂ. It is easy to see that q_ corresponds to a local minimum, and g
to a local maximum.

The presence of a local minimum to the consumer’s objective function has two immedi-
ate consequences. First, the demand profile approach, in which consumers are presented
with marginal price schedules p(g), is no longer equivalent to the original approach, where
consumers are presented with a nonlinear tariff P(¢q). Indeed, any consumer in the above
mentioned triangle would be unwilling to purchase any quantity increment in the interval
[0, ¢—], whereas they might purchase this increment when presented with the nonlinear pricing
schedule P. Secondly, and more damagingly, the quantity ¢, may no longer be a global
maximum to the consumer’s optimization problem. Since the only other candidate for an
optimum occurs at ¢ = 0, this raises the important issue of whether all consumer types who
are purchasing increment ¢4 under the marginal schedule p(q) would be willing to participate
in the mechanism. As indicated above, this is not an issue for consumer types with 6 > %,
since iso-price lines do not cross for such types. For consumers types in the triangle A, only
q > %ﬂ can be a maximum, and for such ¢ we have

)

g 8(0,0)) = Pla) = § (42008 - ) ~ 5o

*More formally, consider any type ¢ on the iso-price curve at the quantity ¢, i.e. uq(g,t) — p(q) = 0. Since
iso-price lines do not cross, iso-price curves at quantities ¢’ > ¢ will lie to the northeast of the iso-price curve at
quantity g, and iso-price curves at quantities ¢’ < ¢ will lie to the southwest of the iso-price curve at quantity
q. It then follows from assumption 1(iii) that us(q’,t) —p(q") > 0 for ¢’ < ¢, and uq(q’,t) —p(¢’) > 0 for ¢’ > q.
Consequently, type t’s objective function is strictly quasiconcave, implying that ¢ is a global maximum.



Setting this expression equal to zero yields

@ - L1
AU = T T3 1 202
14 (14 2b)g

b49) = ZaTam)y,

These equations trace out a strictly decreasing a curve in type space, which may equivalently
be expressed as

Dle) — L V(1 +2b)(1+ 2b — 3a)
fa) =3 3(20+ 1)

Note that the participation constraint is violated for all types in A that lie below the curve
0. As a consequence, the demand profile approach necessarily fails whenever when b < %

The crossing of iso-price lines also implies that the methods of McAfee and McMillan and
Lewis and Sappington are flawed. Indeed, since a consumer type can lie on two distinct
iso-price lines u4(q,t) — p(¢) = 0, merely being located on an iso-price line generally cannot
identify the quantity purchased by a consumer.

There are several approaches to resolving these difficulties. One could try to identify
conditions under which iso-price curves never cross. This is a useful approach, and we pursue
it elsewhere (Deneckere and Severinov, 2009b). The main drawback of this approach is that
it fails to solve some of the most rudimentary examples, such as the one presented above.
For this reason, the present paper concentrates on the more difficult question of solving the
multi-dimensional screening problem when iso-price curves are allowed to intersect.

Since consumer participation is problematic under these conditions, let us start by ensuring
that the non-exclusion region takes on a simple form. The main ingredient that will make this
possible is the supermodularity assumption 1(iii). Let s denote the consumer’s equilibrium
surplus under tariff P(-), and let Q* the associated argmax correspondence:

s(t) = mgX{U(q,t)—P(Q)}
Q(t) = argmgx{U(qJ)—P(Q)}

Then we have:

Lemma 2 Suppose Assumption 1 holds. Then s is an absolutely continuous function, and
the envelope condition Vs(t) = Viu(q,t) holds for a.e. t. Furthermore, Q*(t) is a non-empty
closed-valued u.h.c. correspondence, and every selection of Q*(t) is an increasing function.b

Let ¢(t) = maxQ*(t). An immediate consequence of Lemma 2 is that if type ¢ is willing
to participate, i.e. ¢(t) > 0, then any type ¢’ to the northeast of ¢ is also willing to participate,
i.e. has s(t') > 0. As a consequence, the boundary between the region of participation and
non-participation,

0(a) = inf{f|s(c,0) > 0}

5More precisely, if ¢’ is a selection from Q* then ¢'(6',a’) > ¢(f, a) whenever ' > 6 and o/ > a.



is well defined, and is downward sloping:”,

Lemma 3 The function §(«) is continuous, non-increasing in «, and strictly decreasing in o
whenever q(a, B(c)) > 0 and O(a) > 0.

Lemma 3 and 2 jointly imply that if ¢(c,0(cr)) = 0, and « > 0 then it is possible to have
(/) = 0(d) for all & < a, i.e. the lower boundary may have a flat segment [0, a]. Note that
at the right endpoint of such a flat initial segment, there can be an upward jump in ¢(«, 8(«)),
as is illustrated in Example 1. Flat sections can also be present because § hits the lower or
upper boundaries of the type space.

Let us now turn to the structure of isoquants associated with quantities ¢ > 0. The two
main ingredients that allow us to characterize these isoquants are the supermodularity of the
agent’s payoff function and SCD.

Lemma 4 Suppose Assumption 2 holds, and q1 € Q*(01,a1). Then for all (02, 2) s.t. oy >
az and ug(q, 02, a2) = ug(q1, 01, 1), one has g1 € Q* (02, a2).

Lemma 4 says that for any point («, @) in the participation region, the portion of the iso-
price curve at the quantity g(«, #) that lies to the northwest of the point (a, #) belongs to the
set the set T*(q(a, 0)). Accordingly, for any point (o, ) in the participation region, define
I(a, 0) to be portion of the iso-price curve through the point (o, ) at the quantity g(«, @) for
which ¢(a, 6) is an optimal choice, i.e.

I(a,0) = {(c/,0") : ug(q(cv, 0),a,0") = ug(q(er,0), , ) and q(c,0) € Q*(c/,6')}

We will refer to the set I(a, 6) as an isoquant at the quantity g(c, ). Our next lemma shows
that isoquants associated with quantities ¢ < g(«,#) cannot intersect the isoquant I(«, 6) at
any point other than («, 0):

Lemma 5 Suppose Assumption 2 and 1(iii) hold. Let (o, ) be any point in the participation
region. Then q € Q*(a,0’) and q < q(«,0) imply 0" < 0. Furthermore, if 0’ = 0, then neither
I(a,0) nor I(q,a,0) contain a point (o, 0") with o' > a.

In addition, except when ¢(f,«) = 0, the isoquant I(a,f) cannot intersect the lower
boundary at any point to the northwest of the point (0, «):

Lemma 6 Suppose that Assumption 2 holds. Let q(0,a) > 0. Then I(0, ) does not intersect
the boundary 0(-) at any point to the northwest of (0, a).

"We adopt the convention that the infimum of the empty set equals 1.

81t follows from Lemma 2 that g(c,8) = 0 for all § < §(«) and that g(a, ) > 0 for all § > 9(«). Thus we
may equivalently define (a) = inf{0|q(a, §) > 0}.

9For (o, ) where Q*(a,0) is multi-valued, which is a set of measure zero in type space, there may be
isoquants emanating from (a, 6) at quantities ¢ € Q*(«, 0) s.t. ¢ < ¢(,0). We will denote those isoquants by
I(q,,0).



In general, this is as far as a characterization of isoquants can go. Indeed, isoquants may
emanate from the interior of the participation region, and may touch in the interior of that
region, as the next example demonstrates:

Example 2: Let u(q,«,0) =0q — (1 — %)q2 . Consider the following tariff:
é if g <3
Plg)={ % if3<q¢<}

00 ifq>%

Then the lower boundary consists of two parts:

19 a i<l
_J) 3% "1 Haz3
0(e) { § — % if o > %
Consumers types along the curve
7 « 1
0 =———=, a< =
@) =5 -5 9=3

are indifferent between consuming ¢ = % and gqg = %. All isoquants associated with the

quantity g1 = % emanating from the portion of the lower boundary with o < % end up along

the curve a = 0, and so do all isoquants associated with the quantity qo = % emanating from
the portion of the lower boundary with oo > % All remaining isoquants at g; and g2 emanate

from the curve 01s.

To simplify and complete our description of isoquants, we will therefore make one addi-
tional assumption:

Assumption 3 (Continuity) The allocation q(a, 0) is continuous on the interior of the par-
ticipation region.

Our justification for making this assumption is the following:

Lemma 7 Suppose the tariff P(-) solves problem (4). Then the associated allocation satisfies
Assumption 3.

Under Assumption 3 no isoquants can emanate from the interior of the participation region.
As a consequence, isoquants are entirely determined by the behavior of the allocation ¢(«, )
along the curve
L={(e,0(c)): 0<a<1}U{(1,0):0>0(1)},

which traces out the lower boundary and the right boundary of the participation region.

Theorem 1 (Necessity) Suppose Assumptions 1, 2 and 3 hold, and suppose that sup %(q, a, )

o0o. Then for any tariff P(-) there exists (&,@) with either @ = 0 or 0 = 1, and two non-

~ o~

decreasing functions q(-) : [0,1] — Ry and q(-) : [0,1] — Ry with q(1) = ¢(0), such that

10



(i) The lower boundary 0(«) is an absolutely continuous function, satisfying 6(«) > 0 for
all o <& and () =0 for all o« € [@,1). Furthermore, for almost every a s.t. 0 < f(«r) < 1

we have
B g0, B(). . 0() )

Ug

(ii) () = min Q* (v, 8(v)) for every o € [0,1], and q(0) = min Q*(1,0) for every 6 € [5, 1].
(iii) P(q) is an absolutely continuous function, with

(maH(D if ¢ € [4(0),¢()]
P(q) = U(Q(A ), @ 8(@)) + [ @) ua(z &al2)) a(2))dz if g € g(@), g(1) 6)
(a(6)) f(g) ug(z,1,60(2))dz if g € [g(1),q(1)]

If, in addition Assumption 3 holds, then:

(iv) Q* (v, 0(c)) is convex-valued for every o € [0, 1],and Q*(1,0) is convex valued for every
0 6,1].

(v) I(a,0) N L is a singleton, for all (e, 0) such that s(a, ) >0

Part (i) of Theorem 1 links the lower boundary to the allocation along the lower boundary.
Part (ii) shows that the allocation is nondecreasing along the boundary L. Part (iii) links
the tariff P(-) to the allocation along along the boundary L. Part (iv) says that any point
(a, 6) € L where the allocation jumps up, type («, #) is indifferent between all quantities in the
interval [min @*(«, ), max Q*(a, 0)]. Part (v) asserts that every isoquant in the participation
region must emanate from a unique point in L. The final result of this section provides a
converse to Theorem 1:

Theorem 2 (Sufficiency) Suppose Assumptions 1, 2 hold, and sup M(q, a,0) < co. Suppose

we are given (Q, 9) with either & = 0 or 0= 1, and two non-decreasing uppersemicontinuous
functions q(-) : [0,1] — Ry and q(-) : [0,1] — Ry with q(1) = 7(6). Let

(i) O(a) = mln{@ + fa “a(g(a),a,8(a))da} for a <@, and O(a) =0 for a >
(ii) q(cv,0) = q for any q > 0 s.t. ug(q, o, 0) = uq(q,a(q),6(q)), where

(0.6(0)) if 0 = supfa: g(a) < g}, and g < g(1)
(a(q),0(q)) = { ( ,0)  iff= su}i){T : (%(T) < ;]}, and Z > g(l) (7)

and q = 0, otherwise

(ii)

u(q, o (Q)ﬁ(q)) if ¢ < q(@)
P(q) = u(g(@),a,0(a)) f ) Uq(z,a(2),0(2))dz if ¢(@) < ¢ < q(1)
if ¢ > q(1)

Then the allocation ¢(-) is incentive compatible for the tariff P(-), and satisfies Assumption
3. Furthermore, @ is the lower boundary associated with the tariff P(-).
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Theorems 1 and 2 imply that the set 7%*(q) takes on a very simple form: it is the region of
type space bounded by the upper envelope of the lowest isoquant associated with the quantity
¢ (emanating from the point (a(q),0(q)) and the lower boundary 6.

Before proceeding with the solution of problem (4) we need to address one more technical
issue. Note that flat sections in the allocation along the boundary L of the participation region
are associated with discontinuities in the function (a(-),6(-)). Such discontinuities generate
discontinuities in the set 7%*(q), and hence the measure u(q). This complicates the solution
of (4).

For simplicity, we will henceforth assume that the function («(q),0(q)) is absolutely con-
tinuous on the interval (¢(0),g(1)]. This approach is justified by the following reasoning.
Suppose there exists a solution to problem (4) when (a(-),8(-)) is restricted to be absolutely
continuous. Because absolutely continuous functions are dense in the set of measurable func-
tions, such a solution must also be a solution to the unrestricted problem. Our analysis below
will identify conditions under which the restricted problem has such a solution. These exis-
tence conditions automatically identify circumstances under which “ironing” of the allocation
along L will not be needed. When ironing is necessary, a more complicated approach using
impulse control is appropriate. We pursue this route elsewhere (Deneckere and Severinov,
2009¢).

4 The Reformulated Problem

In this section, we use Theorem 2 to reformulate the monopolist’s problem (4) into an optimal
control problem. Suppose therefore that we are given a point (@, #) with either & = 1 or
0 = 0, and two strictly increasing functions ¢ : [0,1] — R4 and ¢ : [@, 1] — Ry, satisfying
7(0) = q(1). Let (a(q),0(q)) be defined by (7). Also, for any point (a,6) let the function
o(q,a, 0, -.) represent the iso-price curve through («, ) at the quantity ¢q. Thus o solves the
equation

uq(q,0,a) = uq(q, 0, a).

We may now state:

Theorem 3 Suppose Assumptions 1 and 2 hold, and suppose that (a(-),0(-)) : [0,g(1)] — R%
is piecewise continuously differentiable. Define the functions

h(g,c,0,d/,0") = / flo(g, @, 0,a),a)o4(q, @, 0,a) + 09(q,,0,a)0 + 0u(q, ., 0,a)d]da
0

and

1 0o
Hg.o0)= [ [~ fla.0)asda
0 Jo(q,0,0,a)

12



Then the monopolist’s profits are given by

4(@)
/O u(q, (q),0(q))h(q, a(q), 0(q), ' (q), 0 (q))dq

~ —~ a(1)
+u(q(a), @, 0)H(q(a),a,0) + ' H{(g, a(q), 0(q))uq(g; (q), 0(q))dg

q(@)

Theorem 3 says that the monopolist’s profits can be split into two parts, one part that
depends only upon the allocation (a(q), 6(q)) for ¢ < g(@), and another part that depends only
upon the allocation (a(q),8(q)) for ¢ > q(@). Over the first interval the tariff P(g) equals
the gross utility of the type (a(q),0(¢)) along the lower boundary that consumes ¢. The
number of types from which P(q) is collected is given by h(q,a(q),0(q),’(q),0'(q)), which
represents the density of types located on the isoquant through the point (a(q),0(q)). Over
the second interval, profits equals the sum of two terms. First, from each type that consumes
more than g(@), of which there are H(g(&),&,@) = 1— p(q(@)), the monopolist collects the
price paid by type (&,@), ie. u(q(&),&,@). Second, the monopolist collects the marginal
price P'(q) = uq(q, a(q),0(q)) from each type that consumes more than g, of which there are
H(g, a(q),0(q)) =1 — p(q).

A consequence of Theorem 3 is that the monopolist’s optimization problem can be split
into three stages. First, given ¢ € R4 and (&,/H\) € [0,1]? such that either @ = 1 or 0= 0,
solve the following problem: Select ¢(1) and (1) € Ry, and functions « € Lip([q, ¢(1)]) and
0 € Lip(Jq(1),3(1)]) to maximize -

/(q),0'(q) = 0
In the second stage, select ¢(0), and functions o € Lip([0,q]) and 6 € Lip([0,q]) to maxi-
mize R
~ q ~
V(7. a,0) = /(0) u(q, e(q),0(q)h(q, (q),0(q), o' (q), 0'(q))dg + W(q, @, 0) (9)
q
subject to the constraints

__ Finally, in the last stage, select ¢ € Ry, and (aﬁ) € [0,1]? such that either @ = 1 or
6 = 0 to maximize V(q, @, ).
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5 Solving the Control Problems

In this section, we solve the optimal control problems (8) and (9).

5.1 Solving the Variational Problem (8)

First, let us consider the calculus of variations problem (8), with fixed left hand and right
hand boundaries, fixed initial “time” @, and free right hand “time” ¢(1). Our next theorem
describes the solution to this problem

Theorem 4 Suppose that the functions

¢(Q7 9) = uq(% 1a G)Ha(q’ 1a 9) + u@q(q’ 17 H)H((L 1a 0)
s(q,0) = uglg,a,0)Ha(g, @, 0) + uag(q, @, 0)H(g, @, 0)

are increasing in q and decreasing in o and 0. Let o*(q) denote the solution in « to the
equation »(q,a) = 0, and let 0°(q) denote the solution to the equation ¢(q,0) = 0.

Then if a = 1, we have 0°(q) < 0 and the solution 0(q) to problem (8) satisfies 0(q) =
max{6%(q ),0}. Ifoz < 1 then q(1) solves ¢(q,0) =0, and o (q) < a. Furthermore, over the
interval (q,q(1)] the solution a(q) to problem (8) satisfies a(q) = max{a*(q),a}, and over

the interval [q(1),q(1)] it satisfies 0(q) = 0°(q).

Under the conditions of Theorem 4 the monotonicity constraints o/(¢) > 0 and 6'(¢) > 0
can be ignored, and problem (8) is solved by pointwise maximization under the integrand. The
conditions (g, @) = 0 and ¢(q,0) = 0 are a multi-dimensional version of a condition familiar
from the one-dimensional type case, that at the optimum marginal virtual surplus must be
equal to zero.!?, 11 Using the facts that limg_,51) H(q,q,0(q) = 0 and limg_51) He(q, q,0(q) <
0, we also obtain the familiar condition that the allocation of the “top” type (1,1) must be
undistorted.

uq(q(1),1,1) = 0.
When the monotonicity constraints are binding, we must associate Lagrange multipliers A(q) >
0 and v(q) > 0 with the constraints o/(¢) > 0 and 6'(¢) > 0. Our next result describes how
to obtain an ‘ironed’ solution:

Corollary: The solution to (8) satisfies A\(q)a/(¢) = 0 and v(q)0'(g) = 0. Over any
interval in (g, ¢(1)] on which A(q) > 0 we have X'(¢) = »(q,a(q)), and over any interval in
[q(1),q(1)] on which v(q) > 0 we have v'(q) = ¢(q,0(q))-

We can use Theorem 4 to establish necessary and sufficient conditions for the absence of
exclusion in the optimal screening mechanism:

0More explicitly, letting ¢ denote the type parameter in the one-dimensional screening model, and letting
F(t) denote its distribution function, the optimality condition is ugF’ 4 uq:(1 — F(t)) = 0.

'Note that when the monopolist selects 0 < 0(q) or & < «(q), there is a non-empty right neighborhood of ¢
over which all isoquants emanate from (aﬁ). We shall show in Theorem 7 below that it is never optimal to
do so.
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Theorem 5 Suppose the conditions of Theorem 4 hold. Then a necessary and sufficient
condition for the absence of exclusion is that there exist & > 0 such that

“  f(a,0) _
—uq(O,a,O)/O e H(0,0,0) =0 (10)

and such that uga(0,a,0) =0 for all a € [0, &].

Theorem 5 sheds considerable light on how multi-dimensionality in customer types affects
the monopolist’s incentive to exclude some customers from the market. To this effect, let us
start by giving an economic interpretation to equation (10). Consider the aggregate demand
curve for the first increment, N(p,0) = #{t : u4(0,t) > p}. Let a(p) be such that the demand
price of type (a(p),0) equals p, i.e. uy(0,a(p),0) = p. Then we have N(p,0) = H(0,a(p),0).
Thus equation (10) says that the marginal price for the first increment must maximize the
profits from that increment:

ON

Exclusion will occur if and only if at the monopoly price for this increment some consumers
decide not to purchase the increment, i.e. if there are some types o < & for which (0, o, 0) <
ug(0, &, 0). The condition 1y (0, e, 0) = 0 for all o € [0, &] rules this out.

As in the one-dimensional type case, absence of exclusion requires the demand curve for
the first increment to be perfectly inelastic at a price equal to marginal cost. Indeed, if there
is no “gap” between the lowest demand price for the first increment and marginal cost, i.e.
if ug(0,,0) = 0, then equation (5) can hold only if [;* f(a,0)da = oo, i.e. if and only if
%—]g(O, 0) = co. On the other hand, if the gap between the lowest demand price for the first
increment and marginal cost is sufficiently large, then like in the one-dimensional type case
there can be no exclusion, provided u4q(q,,0) = 0 for all @ € [0,&]. Our next example
shows that this can indeed happen.

Example 3: Let u(q,a,0) = Fk, bfTO‘QQ for some kK > 0 and b > 1, let ¢ = 0, and
let f(a,0) =1 for all (a,6) € [0,1]°. Then (10) becomes —(1 + k)a+ 1 = 0, so we have
& = 7, € (0,1].

Armstrong (1996) has argued forcefully that exclusion necessarily occurs types are multi-
dimensional. Since our other assumptions are consistent with those put forth by Armstrong,?
Theorem 5 indicates that Armstrong’s conclusion is specific to cases where the allocation space
and the type space have the same dimensionality. Nevertheless, our theorem also demonstrates
that there is a sense in which non-exclusion is harder to obtain when the type space is multi-
dimensional. In considering raising the marginal price for the first increment above the level
where all consumers are included, the monopolist trades off the extra dollar gained on all
existing customers (measured by the term H(0,«,0)) against the loss in revenue caused by
some consumers dropping out of the market (measured by the term in (10)). The number of
lost customers is measured (roughly) by the length of the isoquant emanating from the point

12Tn particular, our type space is a strictly convex set with non-empty interior. Also, the utility function in
Example 3 is convex and homogeneous of degree one in types.
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(&,0). If we had & = 0, then the number of customers dropping out would be negligible, and
exclusion would always pay. This is essentially the effect identified by Armstrong. On the
other hand, if & > 0, then for no customer to be excluded at the price u4(q, &, 0) the isoquant
through (&,0) at the quantity ¢ = 0 must be flat. If it were the case that w4 (0, o, 0) > 0 for
all (o, 0) then exclusion would necessarily occur.

5.2 Solving the Optimal Control Problem (9)

To solve (9), we formulate it as the following optimal control problem: Find piecewise contin-
uous control functions v(q) and w(q), and associated continuous and piecewise differentiable
state variables 6(g) and «a(q), defined on the “time” interval [¢(0), g], that solve

Wo@a )= e [ a0l 0600 00 0w 01
subject to the state evolution equations
= v, (12)
0 = w,

initial conditions a(0) > 0, terminal conditions () = @ and (g) = 6, and control variable
restrictions
(v,w) € U(q, e, 8) = {(v,w) : v > 0 and w + vg(q, 8, a) = 0}

To solve this control problem, let
F(q,a,0,v,w) = u(q,,0)h(q,,0,v,w)
and form the Hamiltonian
H(q,o,0,v,w,\, u) = F(q,a,0,v,w) + pv + Aw

According to Pontryagin’s maximum principle, the optimal controls (v, w) must maximize H
over the set U, i.e. must be stationary points of the Lagrangian

L(q, o, 0, v,w,\, 11,€,x) = F(q, o, 0,v,w) + pv + dw + {(w + vg(q, o, ) + xv

and the costates variables © and A must satisfy the evolution equations

L oL
H= Oa
. oL
N o= ==
o0
Our next theorem summarizes the solution, using the following notation:
hU(Qaayg) = /( 0 f(U(Q7a7Q> a),a)aq(q,a(q,a,ﬁ, a),a)da (13)
a(g,0,0
hl(Q7a7Q) - /( ) f(J(Q7a7Q7 CL),Q)O’Q(Q,O’(Q,O(,Q, CL),CL)CZCL
a(g,a.9
h2(Q7Q7 Oé) - / f(J(Q7a7Q7 a),a)aa(q,a(q,a,ﬁ, a)aa)da‘
a(g,o.0)
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and

UsU,
W(g, o, 0) = (g, ,0)h1 (g, , 0)
Ugh

Theorem 6 (i) Over any nondegenerate interval on which « is strictly increasing, and hence
0 is strictly decreasing, the solution to (11) satisfies

wlq) = —uhz+1g
Ag) = —uhy+
g = ¢
x(g) = 0

On such an interval, the state variables o and 0 satisfy the pair of differential equations
ugho — ugha + 1,

ufog +1ge + Vg — o — ug(ha — gha)

0'(q) = —go.

(ii) Over any nondegenerate interval on which o (and hence) § are constant, we have

(14)

é = ughg — ugh1, and
X = —(W+8g
0
L
K 804” 0
: 0
A = —8—Quh0

11) The functions A and are continuous, except possibly at a point ¢** where
(iii) q), (g q , except p y at a point q

U(Q? a(Q),Q(Q), 0) =1
(iii) The solution satisfies «(q(0))q(0) = 0.

Theorem 6 tells us how to construct the solution (a(q),8(q)), for ¢ € [0,g]. Starting from
the point (@, d) run the differential equation system (14) backwards, for as along as o/ > 0.
Remain at any point («, ) for any interval of ¢ for which the constraint o/(g) > 0 is violated,
then resume running (14) backwards, and continue this process until either a(q) =0 or ¢ = 0.

The reason for a potential discontinuity in the costate variables is that function h(q, o, 8, v, w) =
ho(q, @, 8) + h1(q, v, 0)v + ha(q, a, 0)w, and hence the objective F(q, o, 8, v, w), is not continu-
ously differentiable at a point ¢** at which the isoquant trough («(q), 6(¢)) hits the northwest
corner point (0,1). The reason for this can be gleaned from equation (13): a(q,«,0) > 0
for any ¢ > ¢**, but a(q,«,0) = 0 for any ¢ < ¢**. The derivatives of «, and hence of the
function h, will therefore exhibit a discontinuity at ¢ = ¢**.1?

Our next lemma states some mild regularity conditions which yields more structure to the
solution of (11):

3Optimal control theory requires the objective function to be continuously differentiable in the state. To
handle the discontinuity at ¢**, we split the single ‘time’ interval [¢(0),¢™"]
[4(0),¢""] and [¢"", g(1)].

into to two separate intervals,
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Lemma 8 (i) Suppose that u—uj—qj)q >0 forallq >0 andt. Then a(q(0)) > 0 and g(0) = 0.
. q 4q
(ii) Suppose that %{ueho —ughy +1,} <0. Then there is at most one interval on which

the constraint o > 0 1is binding. If there is such an interval, then it contains q = 0.

Lemma 8 reveals some important qualitative properties of the optimal mechanism. First,

whenever u— zﬁf—? > 0 for all ¢ > 0, the monopolist finds it optimal to sell quantities arbitrarily
q

close to zero to some consumer types. The required condition holds for most commonly

specified utility functions, and is satisfied whenever u — ulfuq is strictly increasing in q. A

sufficient condition for the latter property is that u,. > 0.1* Second, over any interval [q—, q+]
on which o/(q) is constant, all isoquants associated with ¢ € [¢—, ¢+] emanate from the same
point (¢, é) on the lower boundary. In other words, there is a discontinuity in the allocation
assigned to types on the lower boundary at the point (&, é) Unlike in the one-dimensional
type case, such discontinuities are not associated with gaps in the consumption schedule.'®
Our regularity condition in (ii) ensures that there is at most one point on the lower boundary
where this can happen, in which case it is necessary that ¢_ = 0.

5.3 Transversality Conditions for (@,6) and §.

It remains to determine the transversality conditions for (@,5) and g. Recall that there are
only two free variables, since either @ = 1 or § = 0. Our first result establishes that at
the optimum there is a one to one relationship between (@, #) and g, effectively reducing our
optimization problem to the determination of a single parameter.

Theorem 7 Suppose that the functions ¢(q,0) and (q, ) are increasing in q and decreasing
in a and 0. Then at the optimum, 6 = 6°(q) whenever & = 1, and a@ = o*(q) whenever
6 =0.

Define ¢° to be the unique solution to the equation #(q,0) = 0. According to Theorem
7 whenever § > ¢° it must be that § = 69(3), and whenever § < ¢"we have & = (7). It
remains to determine the optimal value of ¢. Our next theorem addresses this issue, using
the notation p_(¢**) = limgyg=+ p(q) and p, (¢**) = limg g pu(q), and similarly for A_(¢**)
and A\ (¢*):

Theorem 8 Suppose that the functions ¢(q,0) and s(q, ) are increasing in q and decreasing
ina. Then:
(i) If a(q,@,0) > 0 and o/(q) > 0 the following transversality condition must hold:

(14 (a™) = p—(¢"™)] dgqi* + (@) - A_(q**)]% =0;

UgUqq
m .

""In the one-dimensional type case, if there is an interval of [¢—,q+] on which ¢(q) is constant, then no
consumer other than ¢(g_) purchases quantities in the interval [g—, g+].

"We have (%(quu — UGUG) = UggoU — UsUgq > 0 whenever ugqo >
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(i) If a(q, a,é) =0, orif a/(q) = 0 for all ¢ < @, the following transversality condition
must hold:'6

AN@) = (@1,0°@) —u(@1,6°@)m(a.1,6°@), if 6°(@) > 0
@ = ¥ a7(9),0)9(q,a"(9),0) — u(@,a”(q),0)h2(q, (1), 0), if «*(q) <

To interpret Theorem 8 note that in case (i) the transversality condition only has bite if
a/(q) > 0 in a right neighborhood of ¢** but &/(¢) = 0 in a left neighborhood of ¢**. Theorem
8 therefore suggests that at the optimum, whenever ¢ > 0 or a(g, aﬁ) > 0, there will be an
interval of quantities (a left neighborhood of ¢** in case (i), and a left neighborhood of ¢ in
case (ii)) for which isoquants emanate from the same point (the point (a**,0™) in case (i),
and the point (@, ) in case (ii)). Our next lemma simplifies the task of applying Theorem 8,
under an additional regularity condition:

Lemma 9 Suppose that ai{tho —ugh1 +¢,} < 0, and suppose that o/(q) = 0.  Then
M) = — f§ L5 (2. ala), 8(a))dz and p(q) = — [ 2522 (2, a(q), 6(q) )dz.

We can use Theorem 8 to derive necessary conditions for the demand profile approach to
yield the correct optimal screening mechanism:

Theorem 9 Suppose that the functions ¢(q,0) and »(q,«) are increasing in q and decreasing
m « and 0. Then for the demand profile approach to yield the optimal screening mechanism
it is mecessary and sufficient that ¢ = 0 in the optimal mechanism.

The conditions of Theorem 9 are extremely stringent, as our example below will illustrate.

6 A linear-quadratic example

In this section, we derive an explicit solution for a parametrically specified example. Let

b—a 4

u(q, o, 0) = g — —5d (15)

where b > 1. Furthermore, let (o, ) be uniformly distributed on the unit square I =
[0,1] x [0,1]:
fla,0) =1 for all (a,0) € 1. (16)

Note that since u,4(0,«,0) = 0, by Theorem 5 there will always be exclusion in the optimal
mechanism. The solution to this example takes on a different qualitative form depending
upon whether b > % orb < % We start with the case b > %, which was previously analyzed
by Laffont, Maskin and Rochet (1987).

Theorem 10 The optimal screening mechanism for the linear-quadratic uniformly distributed
example (15)-(16) with b > 3/2 is as follows:

'5The proof of the Theorem states a more complicated condition that must hold if o/(g) = 0, but o/(¢) > 0
for some ¢ < q.
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Let ¢* = %ﬂ’ 0 = %, and ¢ = bfll. Then a(q) =1 for all g € [0, ] and

14201 g q€lqg*,q
0(q) = { 3 "

Z3
w, for ¢ € [0, ¢*].

Thus the optimal nonlinear tariff is given by:

2—(b—1 .
P(q) = 6(2l}+1) + 2 (6 Ja) , for q € [q*,q]
§(4—(2b - 1)g), for ¢ € [0, ¢*].

When b > %, we have ¢** = ¢ = 0 so the region associated with 9 is empty. All isoquants
therefore emanate from the portion of right hand boundary o = 1 above 6 = %, i.e. the
interval of points {(1,6) : # € [3,1]. Note in particular that the isoquant associated with
g = 0 is a flat line segment at § = %, i.e. the collection of points {(a,3) : @ € [0,1]}.
Figure 2 illustrates the isoquants for this case. None of the iso-price lines associated with
this mechanism intersect each other in the type space. As a consequence, the demand profile
approach properly identifies the optimal mechanism. Since « varies from b — 1 to b, large
values of b are associated with low variability in the slope parameter. Thus, one way to
interpret this result is that when the uncertainty is (sufficiently) close to one dimensional, the
demand profile approach is valid. We now turn to the significantly more complicated case
where b < 3/2.

Theorem 11 The optimal screening mechanism for the linear-quadratic uniformly distributed
example (15)-(16) with b < 3/2 is as follows:
Let o* = %b, o =1 — 2 q** the unique non-negative root to the equation

3 2
3 5
(1+bg = be*(5 +20))° = (1 = bg) (1 + bg — ba’ (5 +))°, (17)
and
5 _ 1+ —bg)(4(1 + bg) — 20425 + 20)
_ : ;
Oz**7 fO?" q€ [0’ q**]
0@ = ¢ @+ FE -\ 1= Z =P, foracla]
, for q g, g
and
9**’ fOT’ q c [0, q**]
0) =4 §-3\/1-a5 foracle™.q
L for q €1q, g
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where the constants cg and c1 are related to 0 as follows:

= 46— 1) and (18)
(1-6)(30 —1)%’

~2 ~
4b) — 6(2+ 4 1

W o D) B 1 19)
(30 — 1)2

Thus the optimal nonlinear tariff is given by:

pig— | 10a@.0@). forq €10,d]
P 42— (b~ 1a). forac[0.q]

S

| —~

For b < 2, in the optimal screening mechanism the isoquants for ¢ € [0, ¢**] all emanate
from the point (a*™*,0*) on the lower boundary. In particular, for ¢ = 0 the isoquant is the
flat segment at the level § = 0™ with o = o**, i.e. the collection of points {(a, 6*™) : a €
[0,a**]}. For q € [¢**, q] the lower boundary is strictly decreasing, and given by the equation
a = cg+ c10(1 — 0)2.  For this segment of ¢ values there is a unique isoquant associated
with every point on the lower boundary. Note that since all types («,0**) along the lower
boundary with a@ < o** are assigned a quantity 0, and since all types along the lower boundary
with 8 > 6** are assigned a quantity g > ¢**, there is a discontinuity in the optimal quantity
assignment along the lower boundary. Finally, for ¢ > g, all isoquants emanate from the
portion of the right hand boundary o« = 1 with § > 6. Figure 3 illustrates the lower boundary
and the isoquants for the case b < % It is important to observe that while the isoquants
associated with the optimal mechanism never intersect in the interior of the participation
region, the corresponding price lines would intersect in the region of non-participation. Thus
in accordance with Theorem 9 for every value of the parameter b with b < 3/2, the demand
profile is incapable of correctly identifying the optimal mechanism.

7 Conclusion

In this paper, we have shown that the traditional method for identifying an optimal screen-
ing mechanism, the demand profile approach, generally fails when there is multi-dimensional
uncertainty. Only under rather extreme conditions on the type distribution, essentially re-
ducing the problem to one with single dimensional uncertainty, will the chosen mechanism
be optimal. We identified the reason for this failure: with multi-dimensional uncertainty,
a consumer’s demand schedule must generally intersect the optimal marginal price schedule
multiple times, thereby wreaking havoc with the global incentive compatibility requirement.

We introduced a novel condition, termed single crossing of demand (SCD), under which
global incentive compatibility can nevertheless be assured. This condition guarantees that if a
quantity g > 0 solves the surplus maximization problem of an agent of type («, 6), then ¢ must
also be a global optimum for any type on the portion of the iso-price curve at the quantity
q going through the point («, @) that lies to the northwest of this point. As a consequence,
isoquants are the portions of isoprice curves that lie above a lower boundary defined by the
individual rationality constraint.
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Correct identification of these isoquants then allowes us to reduce the problem to a one-
dimensional screening problem, all be it a rather complicated one. We were able to reduce
the resulting optimization problem to an optimal control problem, and identify its solution.
We also illustrated application of our methodology to an example with quadratic demand and
uniformly distributed types.

Our methodology has already identified some relatively robust properties of optimal screen-
ing mechanism with multidimensional types. In particular, the allocation to an agent may
be discontinuous in type along the boundary of the participation region. We also showed
that the optimal mechanism may or may not exclude some types from participation. We
hope that our paper will stimulate new research into several of the applications cited in the
introduction.

While the present analysis was confined to the case where the (physical) allocation space
is one-dimensional, our approach should prove useful in analyzing more general screening
problems in which the dimensionality of the type space exceeds the dimensionality of the
allocation space.
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8 Appendix A

Proof of Lemma 1: Observe that, for a fixed g the relation u, (g, ', o) = uq(q, 6, @) implicitly
defines a function (a). Note that qu(q, (), a)%+uqa(q,§(a), a) = 0. Hence ug(q,0',a)—

uqq(Q797a) = fa [uqu(Qa 0( ) )da +uqqa(Q70(a)va)]da = f(;l [_uqqoqu: +quo¢]da > 0, proving
the desired result. Q.E.D.

Proof of Lemma 2: That Q* is a non-empty closed-valued u.h.c. correspondence, and that
s is a continuous function follows from the Generalized Theorem of the Maximum (Ausubel
and Deneckere, 1993). The Generalized Envelope Theorem (Milgrom and Segal, 2002) implies
that the envelope condition Vs(t) = Viu(q(t),t) holds a.e. Monotonicity of Q* follows because
u is strictly supermodular. Q.E.D.

Proof of Lemma 3: We start by showing that s(a,6) > 0 for all § > 0(a). We also argue
that g(a, 0) = 0 for all # < §(«) and ¢g(«,6) > 0 for all > f(«). By definition of §(«), we have
s(a,0) =0 for all < @(«). It then follows from the envelope theorem, and Assumption 1(ii)
that g(«,0) = 0 for all § < §(«). The monotonicity of Q* implies that for all § > 6(«) we have

q(a,8) > 0. Application of the envelope theorem then yields s(«, 0) fa (@) ug(q(a, 0'),0")do’
> 0 for all § > §(a).

Next let us show that o/ < « implies 8(c’) > 6(«). Since q(f, ) =0 for all § < 0(«), it
follows from monotonicity of ¢ in « implies that ¢(6,a’) = 0 for all o/ < « and all § < §(«),
implying the required inequality.

Finally, let us show that (/) <
of ¢ yields g(a,8(a)) > (e, 0(a)) >
s(e,0(a)) = s(a, () + [ Ua( (a,
of s then implies that 0(a’) = inf{l|s

6() whenever o > « and g(«, 8(c)) > 0. Monotonicity
> 0 for all @ > a. From the the envelope theorem, we have
(), a,0(a))da > s(a, B(a)) for all &/ > «. Continuity
0, a

0,0') > 0} < 6(a). Q.E.D.

Proof of Lemma 4: If ¢; € Q*(a1,61) then u(qr,a1,601) — T(q1) > u(q,a1,601) — T(q),
for all q. Rearranging, we have T'(q) > u(q,a1,01)— u(q1,a1,01) + T(q1), for all ¢. We
now claim that u(q, a1, 601)— u(q1,01,01) > u(q, ag,02)— u(q, e, bs), for all ¢ and (ao, 62)
satisfying the hypothesis of the Lemma. It then follows from the previous inequality that
T(q) > u(q, az,02)— u(qi, az,02) + T(q1), for all ¢ so that g1 € Q* (a2, 62).

To prove the claim, we need to show that wu(q,a1,601) — u(q, az,02) > u(qi,a1,01)—
u(q1, o, 02), for all ¢ € Ry, i.e. that ¢; minimizes ¥(q) = u(q, a1,01) — u(q, az,02). Now by
assumption q; is a stationary point of 1, and SCD implies that ¢; is a strict local minimum
(see Lemma 1). In fact, single crossing implies that there is no other point ¢ € R, such that
Y'(q) = 0, i.e. that ¢ is a global minimum of v, as was to be demonstrated. Q.E.D.

Proof of Lemma 5: By monotonicity of Q, if 0 > 0 we would have ¢ > ¢(«, ), a contra-
diction. Next, for any o > « let us define 6(a/) so that type (o/, 6()) is indifferent between
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g and ¢(«, ). Thus 5(0/ )/solves the equation
'LL(Q(CZ, 0)7 Ck,,bv) - u(‘]v al75) = P<Q(Oé, 9)) - P(Q)

By the implicit function theorem, we have

~ ~ ~ .l n
Ao ua(q(a,0),a/,0) —ua(q,’,0) _qu( )uqa<2,a/,9)dz

do/ ug(q(a,ﬁ),a’,g) —u@(q,a’,g) B qu(a,o) ugo(z, o ,0)dz

It follows from Assumption 2 that

uga(9(0,0),0/,0) _ d _ uga(g,0,0)
Ugalg(e,0),0/,0) — da' (g0, 0)

Thus the iso-price line through the point («, ) at the quantity ¢ is flatter than the curve 5,
which is in turn flatter than the iso-price line through the point (a, 8) at the quantity ¢(«, 0).
It follows that for o’ > « types along the iso-price line through the point («, ) at the quantity
q strictly prefer ¢(«, 0) to g, so such types cannot belong to I(g, o, 6). Similarly, types along
the iso-price line through the point (a, ) at the quantity g(a, 0) with o/ > « strictly prefer ¢

to q(«,0), so such types cannot belong to I(a, ). Q.E.D.
Proof of Lemma 6: We first show that Assumption 2 implies that % - Z—z > 0 whenever
g > 0. Forfixed (6, a) define ¢(q) = 2 (¢, &, 0)—2(q, @, 0), s0 that ¢'(q) = 522 ~0(q) (F2).

It then follows from Assumption 2 that for any ¢ > 0 s.t. ¢(q) < 0 we have ¢'(¢) > 0. Thus
©(q) < 0 for some ¢ > 0 would imply ¢(¢') < ¢(q) for all ¢ < ¢, and in particular also
that limg_o¢(¢’) < 0. But since u, and ug both converge to zero as ¢ — 0, it follows
from I’'Hospital’s rule that lim, .o ¢(¢) = 0, a contradiction. We conclude that we must have
©(q) > 0 whenever g > 0. N

_ Next, let (a,0) be s.t. g(a,0) > 0. Let (a,0(a)) parameterize the isoquant I(«, ), i.e.
6(a) solves uq(q(c, 8),a,0(a)) = uq(q(e,0),a,8). Then we have

~/

By the envelope theorem s((o/, 8(c)) = s(a, 9)+fsl{ue(q(oz, 0),a,0(a))d (a)+ua(q(e, 0),a,0(a))}da.

Since s(a, 6) > 0, and since g(«, 0) > 0 and Assumption 2 imply that z—*; — % =—p <0, we
have s((o,0(a’)) > 0 for all o < . It follows that 6(a’) > 8(a) for all o/ < a. Q.E.D.

Proof of Lemma 3: It follows from the results of Rochet and Stole (2003) and Basov (2001)
that the optimal allocation g(a, 8) must satisfy an elliptical partial differential equation. It
is well-known that solutions to elliptical partial differential equations on a domain with a
piecewise smooth boundary are continuous on the interior of that domain. Q.E.D.
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Proof of Theorem 1: (i) To prove absolute continuity of §(«), observe that incentive com-
patibility implies

s () = ulg(e,0(e)), @, 0(e)) = T(q(e, 0())) < ulg(e, 6(c)), o, B(ev)) — T(g(e’, 6(cr)))
s(o/,8(a')) = u(q(e/,8(c)), o', 8(c")) = T(q(e, 8(c)) < ulg(a, 8(a)), o/, 8(c)) — T(g(r, B(x))

Q

Consequently, we have

u(q(c, 0(c)), o, B(ar))—u(gq(e’, 8(e')), o, B(cr')) < s(ex, B(e))—s(e, 0(e)) < u(g(ev, b)), v, B(ex)) —ulg(er, (),

Using the mean value theorem, and the fact that s(a, 8(«)) = s(/,0(a’)) = 0, we obtain

ug(q(e, 8(c)), o, B(cx0)) (0(ax) — B(c)) + ualq(e, (e)), a0, B(ax0)) (e — o)
ug(q(a, 0(a)), a1, 0(en)) (0(ex) — () + ualq(a, 0(ar)), ar, B(en)) (o — o)

for some ap and «; between « and o'. If a < o then inequalities (20) and (21) imply

< 0
> 0

_Z—:(Q<a’7g(a/))7ag,ﬁ(ao)) < %{Q){Ea,) < Z:

(q(e, 0()), o, 8(ar))

If o/ < « then inequalities (20) and (21) imply

_Z—:(Q(a,ﬁ(a)),al,ﬁ(al)) < w - _Z—:

(q(’,8(a)), a0, 8(a0))

Define L = maxgq,9) 32(q,,6) < oo. The previous two inequalities show that 0(c) is
Lipschitz continuous with Lipschitz constant L. It follows that f(«) is absolutely continuous.
Furthermore, at all continuity points of ¢(«, 8(«)) (which in part (ii) we shall show excludes
all but at most a countable set of «) taking limits in the above two inequalities yields

Uq

8'(e) = —U—Q(Q(Q,Q(Oé)),a,ﬁ(a))-

(i) First, we shall argue that the correspondence " is nondecreasing along L. To this
effect, define an artificial type A € [0,2— 0] along L such that A = aifa < land A =14+ (60— 0)
if @ = 1. Lemma 6 implies that ug = ugf (@) + uge > 0 for A < 1 and ¢ > 0, and
Ugh = Uge > 0 for X > 1. This supermodularity implies that every selection from Q*(\)
must be non-decreasing. Hence Q*(\) is single-valued for almost all A, and any selection from
Q*(\) is a non-decreasing function. Since changing the allocation on a set of measure zero of
A does not alter the monopolist’s expected profits, we may select ¢(«) = min Q*(a, 8(x)) and
q(0) = min Q*(1,0). N
~ (iii) It follows from incentive compatibility that if ¢ € Q*(cv, 8(r)) and ¢ € Q*(c/,8(c/))
then:

u(Q7a7Q(a)) - u(q/7 a,Q(a)) < P(Q) - P(q/) < u(Q? a/,Q(O/)) - u(q',o/,Q(o/))
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Using the mean value theorem, we obtain:

ug(20,8(ex), @)(q — ¢') < P(q) = P(q') < ug(21,8(), 0')(q — ¢) (22)

for some zp and z1between ¢ and ¢/. Let M = max(g q)efo,1]?> Ug(0,0, ). Then it follows
from (22) that P is Lipschitz continuous with Lipschitz constant M, and hence absolutely
continuous.

If ¢ € [q(0),q(@)], then ¢ € Q*(e,0(cr)) for some . Hence we have s(a,8(a)) = 0,
implying u(g, @, 0(a)) — P(q) = 0.

Next, suppose that @ < 1, and ¢ € [g(a),q(1)]. First, consider any « € [a, 1] at which
q(a) is discontinuous, so that Q*(a,f(c)) is multi-valued. Let ¢; = min Q*(8(a), ) and
4> = maxQ*(8(0), a). By (ii) we have u(g, @, 6(a)) — P(g) = u(qr, a.8(0)) — Plar) for all
q € [q1,¢2], implying uy(q, o, 0(a)) = P'(q) for all ¢ € (q1,¢2). Next, consider any « € [a, 1]
at which ¢(a) is continuous and strictly increasing. Dividing (22) by (¢’ — ¢) and taking
limits as o’ | «, it follows that P'(q) = ug(q, @,0(v)). We conclude that the Stieltjes integral

P(q) = u(q(a),a,0(a)) + fgq(a) uq(2,8((2)), a(z))dz holds. For ¢ € (¢(1),¢(1)] the argument

is analogous.

(iv) We show that Assumption 3 implies that @*(\) is convex for every A\. Suppose that
(a, 0) € L is such that g1, ¢2 € Q*(a, ) with q1 < g2, and let q € (q1,¢2). For &' € (0,0 +¢),
let a1 and g be such that (ay,6) € I(q1,a,0) and (ag,0') € I(g2,,0); such values of «
exists by Lemma 4. By Assumption 3 there exists o/(6) € (a1, as) such that ¢ = q(a/ (), 8').
Since this is true for all 8’ € (6,0 + ¢), it follows from u.h.c. of the correspondence Q* that
q € Q*(e, ).

(v) It follows from (ii) that the correspondence w : L — R defined by w(a, 0) = {u,(q, @, 0) :
q € Q*(a, 0)} is convex valued and hence that w(L) is a closed interval. Furthermore, we claim
that for each (o, 0) ¢ L s.t. s(a,0) > 0, there exists some (o/,0') € L and ¢’ € Q*(/,0")
such that ug(q', @, 0) = ug(q’, o/, 0"). Indeed, since ug > 0, we have ugy(g(a, (), o, 8(ar)) <
ug(q(a, 0(e)), o, 0), and since ugo > 0, we have uq(q(1,6),1,6)) > ug(q(1,60),,0). Hence
there exists (o/,6’) on the segment of L connecting (o, 8(r)) to (1,0) and ¢’ € Q*(/,0’) such
that ug(¢', o, 0) = ug(q’,a/,6'). Finally, (o, §) can lie on at most one isoquant emanating from
L, for otherwise isoquants would intersect in the interior of the participation region, violating
Lemma 5. Q.E.D.

Proof of Theorem 2: First, we establish that the allocation ¢(«, @) is incentive compatible
along L. It follows from (ii) that g(a,f(a)) = g(c) for all a € [0,1], and ¢(1,0) = ¢(#)
for all 6 € [@, 1].  Hence the allocation is nondecreasing along L. Since ugy > 0, it fol-
lows that the allocation is incentive compatible along L. Lemma 4 then implies that g(c«, )
is incentive compatible for all (a,6) in the participation region. It remains to be shown
that Q*(a,0) = {0} for all (a,0) such that § < 0(«). Note that for any ¢ > 0, we have
u(q,0,a) — P(q) < u(q,0(a),) — P(q) < s(f(a),)) = 0. Thus for any such type it is
uniquely optimal to select ¢ = 0. That (iii) holds follows from the proof of part (iii) of
Theorem 1.. Q.E.D.
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Proof of Theorem 3: It follows from Theorem 2 that
T*(q) = {(e,0) € [0,1]* : 6 > 0(cx) and 0 > o(q, (q), 0(q), )}

Using (3) then yields

wg) =1- /0 1 / h f(a,6)dbda,

max{0(a),o(q,2(q),0(g),a)

Thus over the interval [0, g(@)] is absolutely continuous, and

a(q) d
' (q) :/0 f(ff(q,a(q},9(Q),a)d—q0(q,a(Q)»G(Q),G)da = h(q,(q),0(q), ' (q),0'(q)).

Moreover, over the interval [g(a),q(1)] we have

1 [ee)
g =1 / / f(a,8)dbda = 1 — H(q,o(q), 6(q))-
0 Jo(q,a(q),0(q),a)

Using (6), we may re-write the monopolist’s profits as

q(Q) q(1) N q
/ u(q, a(q),0(q))p' (q)dg + / {u(g(a), a,0) + / ug(z, a(2), Q(Z))dz} du(q)
0

q(@) q(@)

Integrating by parts, and using the fact that ;(g(1)) = 1, the second integral may be re-written
as

N N a)
H(q(@),a,0)u(q(@),a,0) + / . H(q, a(q),0(q))uq(a, alq),0(q))dq

Q.E.D.

Remark: We may compute

Ugq(4; A, U(Qa a, 97 a)) - uqq(% a, 9)

0.a) =
oq(q, @, ,a) uw(q,a,a(q,a,e,a))
Uu, a(q7 a? 9)
oalq,,0,a) ugo(q,a,0(q, @, 0,a))
0
oo(q, a,0,a) = ug0(9, . 9)

uq9(Q> a, U(qa a,0, a))

It follows from Lemma 1 that o,(q,a(q),0(q),a) > 0. Also, using (5) and the fact that
Uga — 32 Ugp > 0 (see the proof of Lemma 6) we have

, oo Ugal(q,a(q),0(q)) — 42 (g, alq), 0(q))uqe(q, a(q), 0(q))
090'(q) + 000/ (q) = w000 000, (@) 0@ @) >0

29



We conclude that diqa(q, a(q),0(q),a) > 0.
Proof of Theorem 4: Define

F(q’ Oé, 0) = uq(Qa Oé, G)H(CL Oé, 0)

First, let us consider the case where @ = 1. The first order condition for (8) then becomes

Fo = 4o Fy = 9(4.0) =0
If ¢, > 0 and ¢y < 0, then application of the implicit function theorem to the equation
#(q,0) = 0 establishes the existence and strict monotonicity of the function Hf(q). If 0°(q) >
6 then the boundary condition 6(q) = 0 is necessarily violated. If #%(g) < 6, then we must
set 0(q) = 0 for all ¢ such that 69(q) < 6. R
Next, let us consider the case where & < 1 so that # = 0. Analogously to the proof in
the previous paragraph, we may establish the following. First, we must have 9¢(g(1)) <0,

and that 0(q) = max{6(q),0} for all ¢ € [§,q(1)]. Second, we must have o(q) < @
and a*(g(1)) > 1, and on the interval [, ¢(1)] we have a(q) = max{a*(q),a} whenever
a”(q) <1, and a(q) = 1, otherwise. It remains to be shown that q(1) must be chosen so that
a”(q(1)) = 1, or equivalently that 9¢(g(1)) = 0. We shall establish below that ¢(q,0) = 0

if and only if 5(g,1) = 0. This will imply the desired result, since 6?(g(1)) < 0 requires
q(1) < @, and since g(1) < ¢ would imply a**(¢(1)) < 1 and hence a(g(1)) < 1.

We will now show that Hy(q,1,0) = Z‘]LZ((?, 1,0)H4(q, 1,0), so that ¢(q,0) = ZT‘ZZ(QN, 1,0)5(q, 1),

implying the desired result. Observe that

1 1
H(g,1,0) = / / f(a,0')d0/ da (23)
a—(q,0) Jo(g,1,0,a)

where a_ (g, 0) is the solution in a to the equation o(q,1,0,a) = 1 if a nonnegative such a
solution exists, and a_(q, @) = 0, otherwise. Hence

1
HO(Q: 17 9) = - / f(a7 U(Qv 17 07 G)UQ(Q> 1> 91 a)da (24)
a—(q,9)
Observe also that
a 1 1 1
H(g,,0) = / / f(a,6/)d6'da + / / F(a, 6)d8da (25)
a—(g,0) Jo(g,1,0,a) a Jo

where, with some abuse in notation, a_ (g, ) is the solution in a to the equation o(q, o, 0,a) =
1, if a nonnegative such a solution exists, and a_(q,a) = 0, otherwise. Hence

1

Ha(g 0, 0) = — / F(a, (g, @,0,a)0a(q, @, 0, a)da (26)
a_(q,9)
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Finally, application of the Implicit Function Theorem to the defining equation u,(q,a,0) =
uq(q, o, 0) yields

oalq,a,0,a) = (27)

o9(q,,0,a) = (28)

Combining (24), (26), (27) and (28) then yields Hy(q, 1,0) = (q, 1,0)H,(q,1,0). Q.E.D.

Proof of Corollary 5.1: On the interval [¢(1),(1)] form the Lagrangian

The first-order conditions associated with this variational problem are:

Lo—diqLe' — $(q.0) N =0 (29)
AMq)¥'(q)
Aq)

0'(q)

In addition, the transversality condition for the free ‘terminal time’ g(1) is

1)71) =

(
Since H(g(1),1,1) = 0, and since Hp(q(1),1,1) < 0, the transversality condition yields
uqg(q(1),1,1) = 0.  From (29), we have N(q) = Fa(q,a(q),0) = »(q,a(q)). The proof
for v/(q) is analogous. Q.E.D.

AV,

0

L - LGIQI == ¢(q

Proof of Theorem 5: As a preliminary to the proof, note that (23), (24 and (28) imply
d)(q’ 0) = uq@(Qa 17 H)U(q, G)a where

1
f(aaa(Q7179’a)
v 70 = —U 71’0/ da+H ,1’9
(q ) q(q ) (q 6’) Uq@(qy(Z?O-(q?l’H’a)) (q )

Also, it follows from (25), (26) and(27) that s(q, @) = uga(q, @, 0)p(g, @), where

« f(a,U(Q7aaO7a))
, ) = —U y O 0
o(q, @) q(q )/a(q@) qu(q, a,0(q,,0,a))

da + H(q,,0)

First, we argue necessity of condition (10). Suppose first that p(0,&) = 0 for some & €
(0, 1] but uga (0, e, 0) > 0 for some o € (0, ). Since 04(0, @,0,a) = ug (0, @, 0)/ugw(0,a,0(0,,0,a)),
it then follows that ¢(0,,0,0) > 0. Thus a positive measure of types must receive a zero
quantity. Next, suppose that w4, (0,,0) = 0 for all «, but there exists no & € (0,1] such
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that p(0,a) = 0. Since p(0,0) = 1, we must then have p(0,a) > 0 for all a. Because
#(0,0) = ug(0,1,0)p(0,1) > 0, and because by assumption we have ¢, < 0, it then follows
that ¢(0,6(0)) = 0 for some 6(0) > 0. Therefore all consumer types («, ) with 6 < 6(0) are
excluded.

Next, we will argue that the if the conditions of the Lemma hold, then the associated
mechanism is optimal, and no consumer is excluded. Let the monopolist select (@, 8) = (&, 0)
and ¢ = 0. With these choices, it follows from Theorem 4 that ¢(1) is the solution to the
equation »(q,1) = 0, that on the interval [0, ¢(1)] the solution a(q) solves »(q, ) = 0, and
that on the interval [¢(1),g(1) the solution 6(q) solves ¢(q,0) = 0. This mechanism has no
exclusion, because the isoquant emanating from the point (&,0) is flat, i.e. 04(0,&,0,a) =

_0(000) _ Q.E.D.

ug0(0,a,0)

As a preliminary to the proof of Theorem 6 we prove the following lemma:

Lemma 10 We have

ho = Johor = 1@ @)a(0,0.8,0)2(0) (30)
ha-gchy = (@ a)oa(e,a.80)a(a) (31)
Proof : Since
h(q, o, 8,0/ ,0") = /j ) )f( o(q,,0,a) {O’q+096 e }da (32)
a(gd.a
we have
hog = —yfsqla=a + /a foopsqda + /a f{oq0 + 0900 + 0090} da,
a(q) a(q)
e ot = [ flola.0.0.0.000.0.0 0
a(gd,a
and
a%hgf =a'fog la=a — {a, + 2l + 2@} f00 |a=a +/;q) fgsqagda+/g?q) f{og0 + 0008 + gapc}
SO p
ho = ol = —a fog la=a + {lag + andlog — aylog + 0ad']} f.
Now

[Qq +Qa06/]0'g - Qe[aq + UaO/ =0.

This is obvious over any interval of ¢ where & = 0. Over any interval where a > 0 it is
defined as the solution in a to the equation o(q, 8, «,a) = 1. Thus we have o, +0aa, =0 and
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g +0ary = 0, implying a,09 — agog = 0. Furthermore, we have o, + o40, = 0, so
Q.09 — @y = 0. Thus (31) holds. Next, we have

«

ha = qu |a:a _Qaqu |a:g +/ f00a5qda + / f {Uqa + UQaQ, + O'aon/} da,
a(q) (9)

alqg

ho = / flo(q,8,a,a))o4da, and
a(g,0,@)

d ey o
d_ha’ = faoaal |a:o¢ _faagl ‘a:g +/ fgSanda +/ f {an + UQaQI + Uaaa,} da.
q a(q) a(q)
Hence
d o / /
ho — d_qha’ = {Sq — Ot }f ‘a:a +f {Uag - Qasq} ‘a:g

oq+ UQQ/} f ’a:oc _fga {UQQ, + Sq} ’a:g
{
= {oq+ 000} f la=a

where we used s, = 04 + 098 + 0,0’ and the fact that s(q, a(q)) = 1 implies s, + o0’ = 0.
The identity o(q, 8, o, o) = 0 implies 04(q, 8, @, ), so we conclude that (30) holds.  Q.E.D.

Proof of Theorem 6: We will start by showing that the solution to problem 11 satisfies

£(q) = (.0, 8) — X (33)

9q '
The derivation of this equation is long and intricate. Maximization of the Lagrangian L w.r.t.
v and w yields

OF

@(q7a,é,a/,ﬁ’)+u+£g+x =0
F
oo 8)+r+e = 0

and so we have

oF

= _w((baaﬁa O/agl) _é.g - X (34)
oF
= _W(qa OC,Q, O/vgl) _f

Differentiating (34) w.r.t. ¢ then yields

. . d d OF

u+x+—dq€g = T dow (35)
. . daF
AT Twor
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Multiplying the second equation in (35) by g, and subtracting from the first yields

d OF d OF

o+ x+Eg—Ag dqaa,Jrgdan,

Substituting in the costate equations

. OF
o= —5a " £gac! (36)
. 0F ,

and simplifying, we obtain

oF d oF OF d OF

X+§9q:(%—d—qw)—9(a—g—d—qa—gl) (37)
Now
OF _doF  OF doF,
B dgoa’’ 900~ dg ol
d d
- (uah + uhoz) - d_q(Uhv) - g(uﬁh + Uhe) + gd_q(th)
d d
= h(ua - gu@) + u(ha - d_qha') + uqha’ - gu(hﬁ - d_qhQ’) + guqhe/
= ulhe — Lho) — gulhy — Lhy) — ug(har — ghy)
= o dq o guing dq o' Ug(Na! — Glog!
= ufog(l +ga') — ug(ha — ghy)
= _UCI(ho/ —ghe')
= —Ug /( . )f(O-(Q) aan CL), CL) {O-Oc((L aaQa a) - JQ(q: OZ,Q, a)g} da
g q7_7a
Uga Uq,
q { Ugp ug } 1 ( )

where the fourth equality follows from (30) and (31), and the last equality follows from the
fact that

0
JQ(Q? Q, a, CL) — uqe((L v, Od)
qu(q, g, Cl)
0
oa(q,0,,a) = w'
Uqgh (q7 g, CL)
Now we may compute
du u Ut wr .
R P 7R it (39)
dq ug Ug ug o ug o

Substituting (39) and (38) into (37) then yields the desired formula for £(q).
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(i) Over any non-degenerate interval on which a(q) is strictly increasing, we have x(q) = 0
and hence x(¢) = 0, so (33) becomes

Furthermore, substituting this expression for £ in (??) we obtain
ulg) = —uhz+1g
Mg) = —uhi+9

Next, we derive the expression for o/(q). Equating the two expressions for A in (35) and (36)

yields
oF d OF

N ,_ ¢ —
Using
OF d OF d
0~ dgog ~ ol tulhe — hy) —ughy
and (31) then yields .
ugh — ufoga + £gpa — ughy — € =0 (41)

Finally, since £(q) = —¢(q, a, ), we have
€=~y — ol —vac. (42)
Substituting (40), (42) and h = hg + h18' + hao into (41), and solving for o’ then yields
{ugho — ugh1 + ¢, } — &/ {ufog +1¥gg + g9 — 1o — ug(ha — gh1)} =0

(ii) Over any interval on which the constraint ¢/ > 0 binds, we have

X =—W(g, o, 0) +£(q))gq (43)

Furthermore, it follows from (41) that
ugho — ught —£=0 (44)

(iii) Let H(q) = H(q, a(q),8(q),v(q), w(q), A(q), 11(q)). The transversality condition asso-
ciated with the free left hand ‘time’ ¢(0) is H(g(0) = 0. Since F'(q, o, 0, v,w) = u(q, o, 0){ho(q, o, 8)+
hi(q, a,0)v + ha(q, a, 0)w}, it follows from (34) that H(q) = u(q, a(q),8(q))ho(q, a(q),8(q)).
Hence we must either have u(g(0), a(g(0)),8(¢g(0))) = 0, implying ¢(0) = 0, or ho(g(0), a(¢(0)), 8(¢(0))) =
0 implying a(gq(0)) = 0. Q.E.D.

Proof of Lemma 8: (i) First, we will prove that a(q(0)) > 0. If a(q, a(q),8(q)) > 0 for all ¢
in a right neighborhood of ¢(0), then the result is immediate, since a(q(0)) > a(q, a(q),8(q)) >
0. Hence we may assume that there exists ¢ > 0 such that a(q,a(q),8(q)) = 0 for all
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q € [q(0),q(0) +¢). We shall argue that in this case there exists & > 0 such that for any

q € (q(0),¢(0) +¢) and a < & have o/(g) < 0, thereby implying that a(q(0)) > d.

To prove the existence of such an & > 0, we must first compute the numerator and

denominator of o in some more detail. We claim that:

Numerator (14) = ug/ f(a,0) qu(qaa,_) qu<q7a7 o) da +
0 uq@(Qa a, 0)
wou a fauqe — fuqae uqq(q,Q, ) — uqq(q, o,a) da
! 0 ug@ uq@ (Q7 07 Cl)
(6%
Denominator (14) = <U» - uaul}) f+ 2(ugouia — ugatig) / _f@o) g,
Uqp 0 uq@(Qa a, O-)
* fouqo — fuqoo
g (UghUa — UgaUp) ; %(q, a,o)da
q0
To establish (45), observe that
Ugq\ 4, &, Q — Ugg\4,Q, 0
UQ(Qa Ol;Q? (Z) = qq( " 9)(q - iq-)( )
q ) b
and
U Q(Q7 Oé,Q)
UQ(Qa a7Q> a) = m
q s Yy

a(q,a(q),0(q)) = 0 imply that

tala, 0) ) = [ flola.00.0)0) "G LS

qu(q,a,Q) d
uq@(Q: a, U(Qa «, Q> a))

h(0,6(q), a(a)) — /Oaf(ff(%oz,ﬁ,a),G)

Furthermore, since

f(a,0)

w(%a,ﬁ) = uq(q, a,Q)uo(q, a,Q) /Oa Wda
we have
Uqq(q, @ O)uo(a: @, 0) [0 0 p) uqJ;((Zg)a) da
Ye Fitg(0,0, D (0:0,0) [ty ) Ty
+g(0, 0, O)ua(q, . 0) [ e et raaltb el da

Using (47), (48) and (49) then yields (45). To establish (46) note that:

U @ a,o
gy = Ug(Uas — —uea)/ Mda
Ug 0

uq@(Qa a, U)
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@ fa,a af@ a, o )ugpl\q, a, 0 —fa,O"U,Qg q,a,0
¢Qg:(uq9u9+u99uq)g/ #da_i_uqueg/ ( ) q ( 2) ( ) q ( )
0 Ugh (Q7 g, G,) 0 uq@ (Q7 a, U)
L] G et
- = f( ) ) ( )Yy )_f( ) ) ( )Y )
“ —UqUg oa mRe qZ§Z(q,U,Z)a 0072 o o da
Ug *“  fla,0)
—ug(ha — gh1) = —ug(tUga — —Uqo / ———" " _da.
( ) ( “ Ug ? ) 0 Uqo (Q7 a, 0)

Combining these four terms then yields (46).
Now consider any ¢ € (¢(0),¢g(0) +¢). Since

Oléig%]{“qq@a ,0) —ugq(q,a,0)} =0

and since ugq(q, @, 0) it follows that (45) < 0 for a sufficiently small. Also since (u - %) >
0, it follows that (46) > 0 for « sufficiently small. Hence o/(¢q) < 0 for all « sufficiently small.
It follows that o must remain bounded away from zero.

(ii) Let us consider any interval over which o/ = 0. Then

é = wughg — ughy, and

X = —(W+8gq

Differentiating y and using (??) then gives

X" = —{v+Ergy - v, + '} gq (50)
X" = —{Y + &€ 990q — 2{¢q + fl}gqq - {wqq + fll)gq

Let ¢ be the left endpoint of an interval over which o = 0, and suppose that contrary
to the claim we had ¢ > 0. Since the constraint o/ > 0 is not binding at ¢, we have
£(q) = —v(q,0(q9),a(q)). Furthermore, since o/(q) = 0 we have ¢, = —upho + ugh1, and
s0 1, +&'(q) = 0. We therefore have x(¢) = x'(¢) = x"(¢) = 0, and x"'(q)) = —{vyq +&")9q-
From (44) we have 1, + " = (%{uahg —ugh1 +,} < 0. Since g; > 0, we conclude that
X" (q) > 0. A Taylor series expansion then yields u(q) = %u”’(@(q —q)? < 0 for q in a left
neighborhood of ¢, contradicting that the constraint o/ > 0 is binding over this neighborhood.
We conclude that ¢ = 0. Q.E.D.

Proof of ‘Theorem 7: There are several cases to be considered, depending upon whether
a = 1or 6 = 0, whether a(g,@,0) > 0 or a(g,@,0) = 0, and whether a(0,«(0),6(0)) > 0
or a(0,a(0),0(0)) = 0. Here, we will treat the case where a = 1, a(q,a@,0) > 0, and
a(0,(0),0(0)) > 0. The proof for the other cases is analogous.

First, let us establish that there is a unique value ¢ = ¢** such that o(q, a(q),0(q)) = 1.
Applying the the implicit function theorem to the equation u4(q,a, o) = u4(q, o, 8) yields:
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“ q7a7Q —u q,a,0
o4(¢,,0,a) = gq( uqe)(qa?)( )
Uga(q, @, 0
7t 00) = quEQ a U))
q s Uy
0
Ua(ané,H,a) — qu(q,a, )
qe((LGI,O')

Now
a(a) g
s (0.0(0),800)) = vg(0.0.0) = [ Sugg.0.0(0,0().800), 0)do

a(q)
= / (Ugga — Uggo0a) da
0

- a(q) Uga ) o
= Ugqa — Ugq)—— a >
0 Uqh

were the final equality follows from (SCD). Hence o, > 0. In the proof of Lemma 6 we also
established that g, — Z—zqu > 0 whenever ¢ > 0. It then follows that

diqa(q, a(q),0(¢),0) = o4+ (00 —gog)d!

= ot %m - ) g, ),600) > 0

Therefore ¢** is uniquely determined.
Defining o** = a(¢*), 0™ = 0(¢**) and

ok

Wi(g™, o, 0™) = /Oq u(q, a(q), 0(q))h(q, alq),0(q), &' (q),0'(q))dq

Walg™, o™, 0°,3,0) — / u(g, (), 6(a)) (g, o). 6(q), o' (q), () da

we may re-write (9) as

V(G 1,0) = Wi(g*, o™, 0%) + Wa(q*™, o™, 60",3,0) + W(q, 1,0)

-~

where it is understood that ¢**, a** and 0** are functions of (q,0). The partial derivatives of
the value functions W; and W5 are given by (Seierstad and Sydsaeter, p. 213):

g?:i — u(q**7 Ck**, 9**)h0(q**,a**, 9**)
an — O 8W1 _ ok
Ao = —H- (q )7 o0** - _A*(q )

38



OWs

8(]**
aWQ _ *% 8W2 _ *k

OWy o e OWy ~

- =Uu ,1,9}1 ,1,9,—/\:—)\
5 (¢.1,0)ho(q, 1,0) 7 (@)

Furthermore, since

L P C) _ _ a1)

q q

where q¢(§) is the unique solution to the equation #%(q) = 5, we have

ow RN RN
8_/q\ - u(Qa 17 Q)Hq(% 17 9)
oW PP o Rt a®(9) .
% = UQ(Q7 ]-7 Q)H(qv 179) + u(Qu ]-7 H)HQ(Q7 179) +/\ ¢(q79)dq
q

Observe that since ¢y < 0 is decreasing in 6, the value of the integral in the previous equation
is negative. Also, because

1 1
H@10)= [ [ fab)isda
Q(Zjvlvg) 0'(&,1,9,0,)

we have

1

HQ(ZI\a 17/9\) = - /( A) f(avo-((@ 1>/év a))UQ(Q> 1701 a)da = _hl(av 175)
a(q,1,0

and
1

m@L%——/(@ﬂmd@L@m%@La@m——M@L%
Oé 6717

Suppose now that contrary to the statement of the theorem we have 0> 9¢(Z]\). Consider the
following perturbation: lower 6 by the amount df, and adjust ¢ by an amount dgq < 0 so as to
keep o™ and 6** (and hence ¢**) unchanged. Since W remains the same, the total effect on
the monopolist’s profit then equals

OWs 8W> " (8W2 8W> ~
—_— + —=— d + | —= +—= do 51
( o7 03 )" \op T o oy
Now oWy OW
2 —_—
o7 g o

39



We also have

—2 4 = MG +up(@ 1, 0)H(G1,0) + u(G,1,0)Hy(q, 1,0) +/ ¢(q,6)dq(53)
ol 00 q
. PN @0
— U@+ w@LDHGLD + [ ola. )y
q
q?(0) ~
< [ g <o
q
where the second equality follows from we used A(q) = —uhy + v, and the penultimate in-

equality follows because ¢(q, 0) is decreasing in 6 yields:
$(@,0) = ug(@.1,0)Hy (7, 1,0) + ugy(q, 1,0)H (7, 1,0) < $(.6°(@)) = 0

and so
ugughy

up(q,1,0)H (g, 1,0) < G 1,0) = ¢(7,1,0)

Ugp
Combining (51), (52

~

and (53) established that the perturbation is profitable, contradicting
the optimality of (g, 0).

)
0). We conclude that optimality requires ¢(q, ) = 0. Q.E.D.

Proof of Theorem 8: (i) There are two cases to be considered: @ =1 and 6=0. We give

a proof for the case & = 1. The proof for the case 0 =0is analogous. According to Theorem
7 we have 6 = 69(q). Hence

a(1)
W (q,6°(a)) —U(@LH‘Z’(?J\))H(@LW(FJ\))+/A H(q,1,0%(q))uq(g,1,0%(q))dg

q

Thus we have

L@ 09@) = uH,+ (upH +uHp) 2
[

UYUqg de

= —uho+ —u)h1—

0 <uq9 Yhi a7

where the final equality follows from ¢(gq, b\) = ugHgp+ugyH = 0, and the definition ¢ = —uf;g hi.
q
Furthermore, we have

oWy  OWo do® do?®
— 4 = = uhg— \—
dq 00 dq dq
Hence
oWy | OWadf®\  d dg®
J— _— _— = — — _— = 4
(8(] + 29 dq>+quW(q,0 (@) = (¥ —uhy — N) a7 0 (54)

where the ultimate equality follows from the assumption that /() > 0 and the expression
for A in Theorem 6.
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Next, observe that

oW, W, _0
8q** 8(]** -
and
g | g | M+ B4
8Wl 8W2 o Kok *k
20~ T o = A (™) = A-(¢™)

Since at the optimum we must have

d
—_— a. (z) q =
daV(q, 1,6°(q)) =0

it follows that we must have

™) = i ) - A

=0

(ii) Again, there are two cases to be considered, @ = 1 and 6 =0. We give a proof for
the case @ = 1. The proof for the case § = 0 is analogous. If o/(g) = 0 then (54) still holds,
but we no longer have A(q) = ¥ — uhy. Hence if a(q, @, 0) < 0 then

d

L] d?
aq

V(qu 17 9¢(Z]\)) = (—¢ —uhy — >‘) dq

It follows that we must have A(q) = 1 — uhy. If a(0,a**(0),0(0)) > 0, then V (g, 1,0%(q)) =
Walg™, o, 0, 3,0°(@)) + W(7,0°(q) we have

4
dq

d9¢ do** dor* dq**
3.1,0%(9)) = (¢ — uhy — \)— A —uh
VI(7,1,0°(9) = (¢ — uh )dq + u(0) " (0) T Utz

The desired conclusion then follows from the transversality condition for problem (11): 1(0) =
A(0) = 0, and the fact that u(0,a,¢) = 0 for all (a,f). We are therefore left with the case
where a(q, @,0) > 0 and a(0,a*(0),6(0)) = 0. We then have

do® da** do**

d & +[A(d™) —)\—(q**)]d—a

a7V @ 0%(q)) = (v—uhy —/\)’q=qu—q(Q)+[M+(q**)—lL(q**)]

The desired result then follows because o/(¢) = 0 and the regularity assumption a%{uaho -
ughy +1,} <0 imply o/(q) = 0 for all ¢ € [0,q]. In that case y and A are continuous on the
interval [0, g], and so the last two terms in the above expression equal zero. Q.E.D.

Proof of Theorem 9: First, let us establish that it is necessary that o/(q) = 0 for all ¢ < q.
Suppose instead that in the optimal mechanism there existed an interval [¢_,qy] of ¢ < ¢
on which o/(¢) > 0. Then for any ¢ € [g—,q4+) we have § > 0. It follows that the iso-
price line o(q, a(q),0(q),a) trough the point (a(q),8(q)) at the level ¢ contains points (those
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with coordinates a € (o, «(q)]) which violate the individual rationality condition. Types
(0(q,(q),0(q),a),a) with a € (o, (q)] will therefore not consume the the increment g, or
any of the increments z < ¢, as is assumed in the demand profile approach.

Next, we establish the necessity of ¢ = 0. Suppose to the contrary that we had ¢ > 0.
Let us now assume that 0¢(0) > 0; and entirely analogous argument treats the case where
9¢(q)A = 0 for some ¢ > 0. It follows from Theorem 7 that /9\A: (), and so we have
#(q,0) = 0. Furthermore, since ¢ is decreasing in ¢, we have ¢(q,0) > 0 for all ¢ < g, and so

uq(Q7 17/0\)H9(Q7/é) + uq@(Q> 175)H(q75) > 0. (55)

Now recall that N (p, g) is be the measure of types («, #) for whom u4(q, o, §) > p. Thus, letting

8(p,q) be the solution to u4(q,1,0) = p, we have N(p,q) = H(q,0(p,q)). The optimality
condition for the problem max, pN(p, q) can thus be written as

ON
N - —
(p,q) +p o (p,q) =0, (56)
or equivalently that
uge(q,1,0)H (g, 0) +uq(q, 1,0)Hp(q,0) = 0 at 6 = 0(p, q). (57)

It follows from (55), (57) and the fact that ¢ is increasing in 0 that 6 > 6(p,q). Con-
sequently, the optimal mechanism must differ from the mechanism selected by the demand
profile approach.

Next, let us establish sufficiency. If ¢ = 0, then in the optimal mechanism we have
#(q,60%(q)) = 0 for all ¢ € [0,G(1)], implying that (56) holds at p = u4(q,1,60%(q)). Further-
more, the monotonicity of ¢ in 6 implies that there is no 6 # 9¢(q) for which (57) holds, so p =
uy(q,1,0%(q)) is a global optimizer of (56). We conclude that the demand profile approach
identifies the optimal mechanism. Q.E.D.
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9 Appendix B

In this appendix, we prove Theorems 10 and 11. Observe that v — 2% = (b;f‘)q2 > 0 for all

Ugh

q > 0. It then follows from Lemma 8(i) that ¢(0) = 0. We start by analyzing the solution to

(8).

Lemma 11 Consider the problem of quadratic utility and uniformly distributed types, (15)-
(16). Let g* = %er 0* = %, and § = bTII. Then when q > q* the solution to problem (8)
equals:

_14+2(b—1)q
N 3

When q < ¢* the solution to problem (?7) is as follows. For b > % we have

6%(q) , for q € 13, (58)

. forqelq*,q]

9¢(Q) = { 3 N
M; for q € [q,q"].

142(b—1)q
3

For b < 3/2 we have
142(b—1 . -
9¢(q)_{ L2CWa - for g € [¢*, 4]

0", forq € g, q].
Proof: It follows from the definition of ¢ and (15) that
J(Qv 9) 1,&) =0+ (1 - a’)q

Let ¢* be the solution to the equation a(g,1,0%(¢q)) = 0. Whenever ¢ > ¢*, a is the solution
in a to the equation o(q,0,1,a) = 1, so we have:

1—
a(q.0)=1- -2 (59)
q
Thus
1 1
H(g,0) — / / dtda (60)
a(q) Jo(g,6,1,a)
o 1(1-0)?
= 37
and hence ¢(q,0) = 0 yields
1+2(b—-1 ~
0(q) = 2O g e g

Here § is determined by the condition 69(g) = 1, i.e.

1

1=y
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Substituting the expression for 9¢(q) into (59) then yields the values for ¢** and 0**.
For ¢ < ¢* we have a(q,1,6%(¢)) = 0, and so

(g*,0" )
H(g,0) — / / : dtdo + H(g",0(q")) (61)
= 1—9—§q

Thus for g < ¢* the condition ¢(q,6) = 0 yields:

1+(b—3)q

0%(q) = 5

, for q € [q,4"]. (62)

whenever this expression is non-decreasing in ¢, i.e. whenever b > 2. When b < %, the

2
constraint §'(q) > 0 is binding, and so we have 6%(¢q) = #* for all ¢ < < qr. Q.E.D.

Lemma 11 has an important immediate implication: if b > 2 then 0= 0%(q) > 6%(0) = 1,
and if b < % then § = 0 > % Hence regardless of the value of b, we will never be in a case
where a < 1.

Next, we investigate the solution to (9). We start by characterizing the solution over the
region ¢ € [¢**, q], when ¢ is not so chosen so large that the constraint o/(¢) becomes binding
at a value of ¢ € (¢**,¢l:

Lemma 12 Suppose ¢* < g < ¢, where ¢ = (‘3?::1?, and 0™ is the unique real root in the

interval [0*, 2] to the equation
—27(1 — 0)(1 — (24 4b)0 + (5 + 4b)9*) =

Then the interval [¢**,q] is non-empty and the solution to (9) satisfies o'(q) > 0 for all
q € [¢**,q]. It is given by

alg) = ot (2~ 1_%)(1+ 1—%)2 (63)
0(q) = g—% 1—% (64)

where the constants cy and ¢y chosen so as to satisfy the two boundary conditions at q = q,
i.e. 0(q) = 0%(q) and a(q) = 1:

¢ = 4A(b _Al) , and
(1—-0)(30 —1)2
~92 ~
4b) — 0(2 + 4 1
o = 0 (5+ b)A9(+b)+ <0

(30 — 1)2
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P
0 = 1 (-=2)3 (65)
Cc1
9
o = 3c0+c1(—?)% (66)
1
_2c0\3
;- (—52) (67)

Proof: In order for the middle region [¢**, q] not to be empty, the indifference curve
emanating from the point (a,¢) = (1,0) must intersect the upper boundary 6 = 1 at some
a > 0, i.e. we must have a(q,1,0) > 0. Since a(q,a,0) is the solution in a to the equation
o(q,,0,a) =1, and since o(q, @, 0,a) = 0 + (o — a)q, we have

1-6
a(q,a,8) =a— T_ (68)
The requirement a(q, 1,5) > 0 can therefore be rewritten as § > 1— g. By Theorem 7 it
must be that § = 6%(q). Using (58) and simplifying then yields § > ¢*.

Next, let us derive the functional form for (14) over the region [¢**, g]. Using (68) we may

compute

Mg, a,8,8,a') = / {oq+ 090 +0ad} da
a(g,0,a)

) (e

Thus
1/1-6\2
ho(q, o, 8) = §(T_>
1_
hl(Q7a7Q) = <TQ> =«
h?(Q7a)Q) = 1_Q
Also
UgU
U(ga0) = —L(q,a,0)hi(q, ., 0)
qu

= (1-9)@—(b—a)qg)

and so (14) becomes

oy (1=0)(1—360)
Let us now proceed to solve (69). Separating the variables produces
d 2(2 — 36
dg _ _2(2-39) .,

g  (1-9)(30-1) "
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Upon integrating both sides, we obtain:
Log(q) = —Log(1 — 40 + 36%)

and so

(1-0)(30 1) = g (70)

for some constant &k > 0. Solving for #, and setting k& = 2/¢; then produces (64). The

boundary condition k = % is derived as follows. Evaluating (70) at ¢ = ¢q yields k =

PN ~ 3 —0)(30—1)2
(1-6)(30 —1)q, where g = %. It follows that k = % = %

Let us now proceed to derive (63). Define the function a(6) implicitly through a(q) =
&(0(q)). Then o'(q) = &'(0(q))¢'(q) so

~ 2
&(0(q) = 2 (71)
2
all 9 q —
(&) ¢*¢'(q)
Then using (69) to substitute for §'(q) yields
a” 2(2 — 30)

& (1-9Be-1)
which may be integrated to obtain
a(0) = —c1(1—6)(30 — 1). (72)
Integrating once more then produces
a(f) = co + c10(1 — 0)2. (73)

Setting 6 = 6(q), and using (64) then produces(63).
To find 6**, invert (71) to yield

2 2
1) =50 " al—0Es -1 (74)

Now the initial boundary condition o(¢**, 8(¢**), a(¢**),0) = 1 can be rewritten as
0+ q0)a(d) =1 (75)

Substituting (74) and (73) into (75) and solving yields (65). Substituting (65) into (73) and
simplifying produces (66). Finally, it follows from (75) that ¢** = (1 —6**)/a™* , which yields
(67). Next, let us derive the equations fro ¢y and ¢;. From (75) we have
2
(1 —0)(30 - 1)
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Using the equation ¢ = % then yields the required formula for ¢;. It follows from (73)

that ¢g + clg(l — 5)2 = 1. Solving for ¢y, and substituting in the formula for ¢; then yields

~

A0 -1a — )
(30 —1)2

co) =

It remains to be shown that o/(¢) > 0 for all ¢ € [¢**,q]. From (69), this will be true pro-
vided % <0(q) < % Since 8 is decreasing in ¢, to establish these inequalities it suffices to
show that 6 > % and 6" < % Now 6 = 6°(q) > 0%(¢*) = 0*; the inequality 0 > % then
follows because 6* is increasing in b, and because §* = 1 at b = 1. Form (65) the inequal-
ity 6** < 2 holds if and only if (—%) > L. Using (19) and (18), and rearranging yields

—27(1 — 6)(1 — (2+ 4b)0 + (5 + 4b)6%) > 1, which holds if and only if § < 6™, Q.E.D.

Our next lemma characterizes the solution over the interval [0, ¢**] when ¢ > ¢*, and over
the interval [0, ] when ¢ < ¢*.

Lemma 13 (i) Suppose that ¢ > q*. Then the solution to (9) satisfies &'(q) = 0 for all
q €1[0,¢*). Thus we have a(q) = o™ and 6(q) = 6**.

(ii) Suppose that § < q*. Then_the solution to (9) satisfies o (q) =0 for all g € [0,7).
Thus we have a(q) =1, and 0(q) = 6.

Proof: Theorem 6 is applicable to these regions, but since a(q,8(q),a(q)) = 0 for all
q < q**, the formulae 1 and h need to be adjusted. We may compute:

W0, 0.0, ¢)) = /0 af<a<q,g,a,a>,a>§qa<q,g<q>,a<q>,a>da (76)
1

= 50[2 + a8 + qa)
and
f(U(Q7 Qv «, a)> CL)
uq@(Q> U(qa Q; Q, CL), a)

P(g,0,a) = —uy(q,0,a)uy(q,0, ) /Oa da
= —q@—(b—-a)ga

Using these formulae, we (14) becomes

p a(3a — 2b)
=——" 7
o0) = G (77)
(i) We divide the analysis into three cases. First, consider the case where o** > %b.

Suppose that contrary to the statement of the Lemma there existed a ¢© < ¢* such that
a(qt) < a**. Without loss of generality, we may assume that a(qt) > %b. We now claim
that for any ¢ € (¢, ¢**) it must be that o/(q) = 0, yielding an immediate contradiction to
the assumption that a(¢™) < o**. Indeed, if we had o’/(q) > 0, then from Theorem 6 equation
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(77) would hold. But (77) yields o/(¢q) < 0 whenever a(q) € [%b, a**), a contradiction to the
assumption that o/(¢) > 0. We conclude that whenever o** > %b we must have a(q) = o™
for all ¢ € [0, ¢™].

Next, consider the case where a™* < %. Suppose that contrary to the statement of the
lemma there existed a ¢~ < ¢* such that a(¢7) < o**. Let ¢© = min{z : a(z) = o**}. We
now claim that for any ¢ € (¢~,¢") we must have o/(¢) = 0, contradicting the assumption
that a(¢™) < a**. To establish the claim, suppose to the contrary that we had o/(q) > 0 for
some ¢ € (¢, q"). Then equation (77) must hold. But since a(q) < 2, it follows from (77)
that o/(¢) < 0, a contradiction. We conclude that whenever o < % we have a(q) = o** for
all g € [0, ¢**].

Finally, consider the case where o™ € (g, %b] First, we claim the constraint o/(¢) > 0
must be binding somewhere on the interval [0,¢**). Indeed, if this were not the case, then
from Theorem 6 equation (77) would hold for all ¢ € [0,¢**). Separating by variables, this
equation can be rewritten as

dg 1
= _Zn 2% —
p 2d n(a(2b — 3a))
Integrating both sides yields
b 1 5
al(g) = - + 54/b% — 3c3q2 (78)
3 3
or equivalently that
2
== 79
1 a(2b — 3a) (79)

The constant cg is chosen so that the boundary condition a(¢**) = o™ is satisfied, i.e.
ca = ¢/ a**(2b — 3a**)

If o™ = %, then co = 0 and so (78) yields a(q) = %b for all ¢, contradicting the presumption
that o/(q) > 0 for all ¢ € [0,¢™). If a** € (%, %b) it follows from (78) that a(q) > % for all g,
and so from (79) we obtain a bound
2
qz /3
below which (77) no longer has a solution, also contradicting the presumption that o'(¢) > 0
for all g € [0,¢**). This establishes the claim that we cannot have o/(¢) > 0 for all g € [0, ¢**].
The same proof also establishes that there cannot exist a neighborhood of ¢ = 0 on which the
constraint o/(¢g) > 0 is never binding,.

Next, suppose that contrary to the statement of the lemma, there existed an interval
(g=,q") C (0,¢**) such that o/(¢) > 0 for all ¢ € (¢~,¢"). Without loss of generality, let g_
= inf{z : o/(¢) > 0 for all ¢ € (¢,¢")}. Then since p(q) = 0 for all (¢~,¢"), we would have
w(g™) = p/(¢7) = 0. By the previous claim, there exists a sequence {g,} with ¢, T ¢~ such
that p(gn) > 0. By Theorem 6, we have 1i/(g,) = (¥ — N)gqlg=q,. Taking limits as n — oo it
follows that 1/ (¢7) = (¢ = A)ggly=q- = 0. Now gy = 2 > 0, so we must have (1) — A)|,—,~ = 0.
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Furthermore, we may calculate that at ¢ = ¢, :
d
1'a) = (g—XN)gg+ (¥ — N gg%

d
= (¥q —ugho — ugh1)gy + (¢ — A)d—ng

Therefore
M”(q_) = (wq - u9h0 - uth)gq‘q:q*
qo
= I(Qb — 30é)|q:q—

Since a(q™) < a** < 2 we therefore have p”(¢~) > 0. But u(g~) = 0 and p(g~) > 0 implies
that there exists € > 0 such that u(q) < 0 for all ¢ € (¢~ —e,¢7). This contradicts that
w(gn) > 0 for all n. We conclude that we must have o/(q) = 0 for all ¢ € [0,¢™].

(ii) The proof for this case is analogous to the proof for case (i). Q.E.D.

Proof of Theorem 11: According to Lemma 11 we must have 6 > 6*. Since Theorem 7
we must have 6 = 6(q), it follows that we must have § > ¢*. Lemmas 11, 12 and 13 then
characterize the solution as a function of the parameter g, as g ranges over the interval [¢*, ¢"].
We shall prove that over this range the profit function V(g,1,6%(q)) is strictly quasiconcave
in g, attaining a maximum at the unique value of g for which o**(q) = %b:”

d ~ AN kk

From the proof of Theorem 8(i), we have

d

LV@LD) = (07— 0 e+ ™) A7)

Let us first calculate p_(¢**) and A_(¢™*). Since 11 has free left hand endpoints a(0) and 6(0),
it must be the case that ©(0) = A(0) = 0. Furthermore, since by Lemma 13 the constraint

o'(g) > 0 is binding on the interval [0,¢**), it follows from Theorem 6 that i = —%uho
and A = —%uhg on [0,¢™). Furthermore, the proof of Lemma 13 also established that
u(q, a(q),0(q)) = u(gq, &, 0") and ho(q,a(q),0(q)) =. %(a**)Q. It follows that

: 1

A= —5(01**)241

jo= —%(49** + (3™ — 2b))

Integrating then yields

1 o *k Kk

5@ [ adg = (2

Tt is straightfowrward to characterize the solution when ¢ > ¢™, and to show that
d%V(qA, 1,0°(q)) < 0 for ¢ > ¢™. For the sake of brevisty, we omit the details here.

A-(¢7) =
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CE** (q**)2
12
Next, since o/(q) > 0 for all g € (¢**, q), it follows from Theorem 6 that

p(q) = — ((2b = 3a™)g™ — 66™)

A (@) = —uhi+ 9
pe (@) = —uha+1g
By Lemma 12 we have hi(¢**, o™, 0™) = o** and ha(¢™*,a*,0™) = 1 — 0 =
Furthermore
¢(q , & 70 ) = q_(q y & 79 )hl(q , & 70 )
Ugh
Hence (b **)
ok sk [k -«
A (g™) = —a™(¢")——
Kok a**<q**)2 *%
ﬂ+(q ) = _Te
and so ( )2
A7) = A (07) = L (30 — 20)
i) — (g™ = L b~ 30)

kk

q

kK

Now over the considered range, we have % < 0 and % > 0, so (80) follows. Furthermore,

since % < 0, (80) implies that

d

d—aV(@ 1,0°(q) 20as 7S g

where § solves (17). Thus V(q,1,6%(q)) is strictly quasiconcave in g over the range [¢**, ¢"],

attaining a unique maximum at ¢ = q.

Proof of Theorem 10: .For the case b > %, Lemmas 11, and 13 characterize the solution

Q.E.D.

as a function of the parameter g, as ¢ ranges over the interval [0,¢*]. We shall first prove

that over this range the profit function V(g, 1,0%(q)) is strictly quasiconcave in g, attaining a

maximum at the unique value of ¢ = 0:'®

d
d—qAV(é\, 1,0°(9)) < 0, with equality only if § =0

(81)

8Tt is straightfowrward to characterize the solution when ¢ > ¢*, and to show that

d%V(é\, 1,0°(q)) < 0 for ¢ > ¢*. For the sake of brevisty, we omit the details.
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