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ABSTRACT

Government procurement of a new good or service is a process that usually
includes basic research, development, and production. Empirical evidences indicate
that investments in research and development (R&D) before production are significant
in many defense procurements. Thus, optimal procurement policy should not be only to
select the most efficient producer, but also to induce the contractors to design the best
product and to develop the best technology. It is difficult to apply the current economic
theory of optimal procurement and contracting, which has emphasized production, but
ignored R&D, to many cases of procurement.

In this thesis, I provide basic models of both R&D and production in the pro-
curement process where a number of firms invest in private R&D and compete for a
government contract. R&D is modeled as a stochastic cost-reduction process. The
government is considered both as a profit-maximizer and a procurement cost-
minimizer. In comparison to the literature, the following results derived from my
models are significant. First, R&D matters in procurement contracting. When offering
the optimal contract the government will be better off if it correctly takes into account
costly private R&D investment. Second, competition matters. The optimal contract
and the total equilibrium R&D expenditures vary with the number of firms. The
government usually does not prefer infinite competition among firms. Instead, it prefers
free entry of firms. Third, under a R&D technology with the constant marginal
returns-to-scale, it is socially optimal to have only one firm to conduct all of the R&D
and production. Fourth, in an independent private values environment with risk-neutral
firms, an informed government should select one of four standard auction procedures
with an appropriate announced reserve price, acting as if it does not have any private

information.
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CHAPTER 1

PROCUREMENT CONTRACTING: AN OVERVIEW

1.1 PROCUREMENT: AN ECONOMIC APPROACH

Procurement of goods and services is a process of economic exchange. In this
process, there is usually only one buyer, often the government (or government agency),
but one or more potential suppliers. The buyer is interested in selecting an efficient
supplier to provide goods or services with some specified technological requirements at
the lowest cost. Defense procurements are examples in which the Department of
Defense purchases military weapons systems from private companies. The key features
in these procurements are the degree of technological requirements and the related risk
and uncertainty in research, development, and production processes. Peck and Scherer
(1962) and Scherer (1964) offer many examples of defense procurements and describe
their key features in detail.

This type of exchange is different from exchange in traditionally perfect com-
petitive and complete markets. First of all, the transaction occurs among a small
number of parties (one buyer and a few suppliers), in which one party’s action will have
a positive effect on the prices of the goods being transacted. On the one hand, the
government is generally the sole buyer, so that it has the bargaining power of a monop-
sonist. On the other hand, the supply curve is not as well defined as that in an imper-
sonal market system. There are many situations where the goods (e.g., new weapons)
being procured are unique so that only one supplier is necessary. The selected supplier
then also has some bargaining power as a monopolist. Since it is very costly to

develop a new weapon, for instance, the government usually pays a large amount of



money to the supplier up front. In the later stage of the development, the supplier may
simply say that he cannot complete the goods without further funds. The government
can either negotiate a settlement with the supplier or lose what it has already spent.
Therefore, prices in government procurement transactions are not determined as in a
competitive market.

Second, due to the uncertain nature of the goods to be procured, investment in
research and development (R&D) before production is necessary. In defense procure-
ments, especially, both the government and suppliers finance a large amount of money
up front. Some of the investments are specific to government procurements and hence
are relationship-specific types as argued by Williamson (1985). The government and
suppliers may be linked for a long period of time and it may be difficult for the govern-
ment to switch to competing suppliers. A better procurement policy should then govern
such a long term relationship, encourage private investments in R&D, and improve the
government’s welfare.

Thus, exchange in government procurement cannot be performed through a
traditionally conceived impersonal Arrow-Debreu market, but rather by bargaining and
contracting. The economics of the exchange is then governed by the type of contract.
Examples are fixed-price contracts or cost-plus contracts that are commonly used in
government procurements. It is possible to design contracts to achieve certain desired
outcomes subject to incentive and informational constraints. For instance, a Pareto
optimal contract can be obtained by maximizing one party’s expected utility subject to
incentive and informational constraints and subject to the other party (or parties) receiv-
ing a minimum expected utility level. A better contract should also give the contractor

enough incentive to invest in research and development and to limit production costs.



Based on the bargaining and contracting approaches, recent advances in the
economic theory of optimal procurement have provided a basic framework for under-
standing many interesting features of procurement, of which I will give a brief review
in the next section.! Three issues have been extensively discussed: The selection of the
most efficient contractor, inducing the chosen contractor to produce in an efficient way,
and efficiently allocating risk between the government and the contractor.

These theories of optimal procurement and contracting have emphasized the
production of the goods being procured. However, the design of the products and the
development of the technologies that produce them have been ignored in the literature.
Procurement of a new good, as a process, usually includes not just the production stage,
but also the basic research and development stage. As we will see in Section 1.3,
investments in research and development (R&D) before production are very significant
in defense procurements. Optimal procurement policy should not only select the most
efficient producer, but also induce the contractors to design the best product and
develop the best technology. It is difficult to simply apply the current theory without
considering R&D to many actual cases of defense procurements. A more general
theory that links the different stages of the whole procurement process is needed. My
thesis develops a unified economic theory of optimal procurement that covers the

research, development, and production processes.



1.2 PROCUREMENT CONTRACTS

IN PRINCIPAL-AGENT MODELS

Contracts, such as insurance contracts, labor contracts, production contracts, and
even incomplete contracts, have been extensively studied by economists. Hart and
Holmstrom (1985) offer a nice survey on the economic theory of contracts. As they
argue, the rapid development of this theory "is partly a reaction to our rather thorough
understanding of the standard theory of perfect competition under complete markets,
but more importantly to the resulting realization that this paradigm is insufficient to
accommodate a number of important economic phenomena."

Many situations of economic exchange can be characterized by a principal-
agent relationship. The agent usually chooses an action that affects the welfare of both
the agent and the principal. The principal sets a rule or a contract that, for instance,
specifies the fee to be paid to the agent. There are three important phenomena that
appear in determining the terms of the contract between the principal and the agent: 1)
adverse selection; 2) moral hazard, and 3) risk-sharing. The first two effects result
from asymmetry of information (hidden information and hidden action) between the
principal and agent?> The latter is due to the nature of uncertainty and the parties’ risk
aversions. These three effects have been the subject of a large number of studies and
commonly recognized by economists.?

Government procurement can also be simply described as a principal-agent rela-
tionship, in which the government is the principal and the suppliers are the agents.
More than one agent may be involved. The government cannot directly observe any
supplier’s level of productivity or expected production costs. Thus, it does not know

which supplier is more efficient. This hidden information causes an adverse selection



problem. On the other hand, after a contractor is chosen, the government is unable to
observe how much effort the contractor is making to reduce production costs during the
production process. This hidden action (effort) may result in a moral hazard
phenomenon. Furthermore, if the contractor is risk averse, there is an optimal risk shar-
ing problem as shown by Cummins (1977) in national defense contracting. It is in the
government’s interest to offer a contract in which the government bears some of the
risk of unpredictable costs.

In procurement contracting, however, there exists another phenomenon that may
not be so significant in other contracting issues. That is, there is a significant competi-
tion effect in procurement contracting.

4) Bidding-competition effect:

In the provisions of many goods to be procured, usually, there exist economies
of scale, so that efficient production requires only one supplier. When several suppliers
are possible candidates to develop and build the goods, it has been argued, first by
Demsetz (1968) in the natural monopoly context, that competitive bidding should be
used.* When offering a procurement contract the government usually calls for bids
from a number of potential suppliers and selects the lowest bidder. The rules of con-
tracting are closely related to the initial competition for the contract. A better contract-
ing rule may encourage initial participation in the bidding, and more competition may
improve the government’s welfare. Holt (1980) discussed the competition for procure-
ment contracts to provide a unit of the good under different auction procedures. He
focused on the effect of changes in procurement procedures and the number of bidders
on expected procurement costs. In the case of risk averse suppliers, the expected pro-

curement cost is lower in a sealed-bid auction than in an English auction. In both bid-



ding procedures, more competition helps the government reduce the expected procure-
ment cost.

When the government demands many units of the good, Riordan and Sapping-
ton (1987) and Dasgupta and Spulber (1989) discovered that the optimal quantity
schedule for the government, not the price, is independent of the number of competing
firms. This is a nice feature of variable-quantity procurements. The more firms that
participate in the bidding process, the lower the expected procurement costs. Once
again, more competition reduces the total cost of procurements. Therefore, competition
is good for the government. These results may not hold when the firms have to search
for information about production costs.

Competitive bidding for a contract is generally viewed as a way to elicit accu-
rate information about suppliers’ costs when each supplier is privately informed about
its production cost. For instance, if a Vickrey auction procedure is used, it is a dom-
inant strategy for each supplier to submit its true production cost. Competition cer-
tainly helps the government to select the most efficient supplier and hence to lower the
expected procurement cost. If it is possible for the supplier to exert some effort to limit
production costs in the production stage, however, moral hazard occurs and competition
may not give the winning supplier enough incentive to reduce production costs. It has
been shown by McAfee and McMillan (1986) that there is a tradeoff between stimulat-
ing more competition in the initial bidding stage and giving the winning contractor
more incentives to reduce costs in the production stage. They also showed that, in
determining the optimal linear form of contracts, this bidding-competition effect works
in the same direction as the risk-sharing effect and, together, these two trade off against

the moral hazard effect. The bidding-competition effect is positive for all finite



numbers of competing suppliers and vanishes as the number of suppliers goes to
infinity.

When the production cost is ex post observable to the government, it can be
used for contracting. McAfee and McMillan (1987a) and Laffont and Tirole (1987)
showed that if the suppliers are risk neutral then the optimal contract should take the
linear form. That is, the optimal incentive contract is linear both in the ex ante
predicted cost and in the ex post observed cost. This is a combination of fixed-price
contract and cost-plus contract, which overcomes both the hidden information and the

hidden action problem.



1.3 EMPIRICAL OBSERVATIONS

AND FAILURE OF THE THEORY

Previous contractual approaches take government procurement as a standard
principal-agent relationship and catch some interesting features of procurements. But
they greatly simplify the problem of procurement as a process. At the beginning of
many procurements, neither the government nor the potential contractors have much
information about the goods to be procured or the technology that produces them. The
government either must find this information by itself or ask the contractors to find it.
For example, United States defense acquisitions are generally characterized by the fol-
lowing three-stage process: concept design (or research), development, and production.
These three stages are closely related. Usually, many firms invest for concept design, a
few firms are chosen to be the developers, and then one firm is selected to be the sup-
plier of the goods. During these stages, each interested firm invests lots of money in
research and development (R&D).

According to the Independent R&D budget data published by the Department of
Defense, a significant fraction of company-sponsored R&D is procurement-related and
largely defense-related. An example from Lichtenberg (1988) showed that in 1983
major defense contractors reported having spent $3.9 billion dollars in IR&D costs,
which is 9.2 percent of company-funded R&D ($42.6 billion dollars) in that year. Con-
tractors were reimbursed for $1.6 billion dollars of this expenditure by DOD and
NASA. Thus, the private contractors actually spent $2.3 billion on the military pro-
jects. In other words, 60 percent of total R&D expenditures were from contractors’

own funds.?



Most of the time, the government is buying not only the goods, but also infor-
mation about the goods and the technology. An important feature of defense procure-
ments is that they often generate information for the government about improving the
technical performance and lowering the manufacturing cost. As Lichtenberg found, a
$1 increase in competitive procurement is estimated to induce 54 cents of additional
private R&D investment. In other words, competitive procurement stimulates consider-
able private R&D investment. Thus, private R&D investments are significant in
defense procurements. Meanwhile, since R&D is extremely uncertain and very costly,
only a small number of firms can afford it. Some firms even drop out during the R&D
process. Overall, the following three issues are significant and important in government
procurements: R&D, especially precontract R&D, a small number of bidders, and the
government’s information about its demand.

(i) Precontract R&D:

In order to compete with rival bidders, potential contractors actually conduct
some R&D before contracting, to collect information about demand and technology, to
reduce production costs, or to develop better products. An example is the government
procurement of a new generation of jet fighters, one of the few big weapons contracts of
the 1990°s.® There are two teams, one led by the Northrop Corporation with the partner
McDonnell Douglas, the other by the Lockheed Corporation including partners Boeing
and General Dynamics. The two teams compete for a contract to build new jet fighters.
The Air Force is paying $691 million dollars to the two teams that will each design and
build two prototypes. In fact, each team has spent almost as much of its own money as
the Air Force’s in the program, more than $600 million dollars. This is considered one

of the riskiest competitions ever. The example indicates that private R&D investments
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before contracting are significant and that they should certainly affect the government
design of the optimal production contract.”

Given this precontract R&D behavior, should the procurement contract be dif-
ferent from that without R&D? For instance, suppose the government offers a cost-plus
contract, should it cover R&D costs? If the R&D costs are covered by the government
contract, the contractor may not have an incentive to lower R&D costs. On the other
hand, if the R&D costs are not covered, the contractor may not have enough incentive
to invest in R&D because R&D is costly. Perhaps the solution would be for the govern-
ment to subsidize part of the cost of private R&D investment through procurements.
The question is: what should be the optimal procurement contract in the presence of
precontract R&D, and does competitive procurement encourage private R&D and lower
the costs to the government?

(ii) A small number of bidders:

It has been argued by Besen and Terasawa (1987) that in many important cases
of defense procurement the assumption that there are numerous bidders competing for a
procurement contract may be a poor one. There are some situations in which only one
or a small number of suppliers are plausible candidates to the prime contractor. In other
words, only a small number of firms find the procurement contract interesting or
profitable given the current technology and other available information. Because of the
high degree of uncertainty and the high costs of precontract R&D, some firms cannot
afford to invest in R&D and to make bids. In the example of government procurement
of new jet fighters above, only two joint venture teams of defense contractors are
interested in the development of the projects and competing for the contract.?

The number of bidders in competitive procurements may depend on the R&D
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technology and the contracting rules that the government offers. After observing the
contracting rules, each firm makes the following decisions: whether to invest in R&D,
how much to spend, whether to submit a bid, and what to bid. These decisions are
simultaneously determined and depend on the R&D process, the costs of R&D, and the
type of competitive procedure. Several questions are of interest: How is the number of
informed firms determined under free entry and what policies encourage participation
in R&D and bidding? Is free entry of firms an optimal policy for the buyer and for
society?

(iii) Informed buyer:

Another important issue that has been ignored in the procurement literature is
that the government may be well informed about its demand. Very often the govern-
ment knows how many units of the goods it is going to purchase and how much it is
willing to pay. This private information can be used strategically by the government in
its design of procurement contracts. Also, if certain information is valuable to the
government, it may invest in R&D and collect the information by itself. It would be
important to understand how the government should use its demand information and
whether it should collect other valuable information.

Wilson (1977) first discussed the information acquisition problem in a discrimi-
natory sealed-bid auction model with common values. In his model, each bidder
obtains, exogenously and costlessly, private information in the form of a realization of a
random variable that is correlated with the value of the object. He showed that the ran-
dom sale price converges almost surely to the object’s true value as the number of
bidders becomes arbitrarily large. That is, bidding can serve as a basis for competitive

price formation. Milgrom (1979) generalized this result by offering some necessary
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and sufficient conditions. Matthews (1984) considered the amount of information
obtained as a choice variable and proved that an equilibrium sale price converges to the
true value if and only if small amounts of information are costless. But all these infor-
mation acquisitions were not productive.

Rob (1986) modeled R&D activity in the procurement context as a seraching
behavior. He actually emphasized the second-sourcing problem. In other words, he
examined whether awarding the whole project to a single supplier is a good policy for
the government. Suppose that the chosen contractor agrees to disclose the technologi-
cal information that results from its R&D effort. This is the key assumption in his
model. Then he showed that it is optimal for the government to award only a fraction
of the project to a single supplier while the remainder is competitively purchased.
Therefore, second-sourcing is optimal for the government. But some experimental
results by Guler and Plott (1988) indicate that second-sourcing actually raises the costs
to the government. The first winner will have less incentive to produce a cost-effective
product. For one thing, the company will be reluctant to put a great deal of effort into
developing new technology for potentially commercial use. In addition, the company
does not want to release any technology information.

Guler (1990), in a recent study, compared two forms of sealed-bid auctions
(first-price and second-price) when bidders make investment decisions prior to the auc-
tioning of a fixed price production contract. He distinguished observability and unob-
servability of investment decisions and showed that the two auctions are equivalent
under symmetric equilibrium, but not the same under asymmetric equilibria. He also
found many interesting features of investment and bidding equilibria. Some experi-

mental results are also reported.
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1.4 RESOLUTION: A SUMMARY OF MY RESULTS

The rest of my thesis will be devoted to the analysis of the three significant
issues that I described in Section 1.3. The main results are the following.

In Chapter 2, I provide a basic model of both R&D and production in procure-
ment processes where an exogenously fixed number of firms invest in private R&D and
compete for a government procurement contract. The R&D stage is modeled as a sto-
chastic cost-reduction process. Since the R&D outcome is only observed by the firm,
this model can actually be viewed as an endogenous hidden information (adverse selec-
tion) model. I characterize the incentive procurement contract that maximizes the
government’s expected welfare. Explicit consideration of the R&D process changes the
standard results of contracts in several ways.

First, I consider the case of one firm that conducts R&D and produces. If R&D
is costly and if the traditional Baron-Myerson (1982) contract is used, then the govern-
ment will buy too little from the contractor and pay too little. Potential gains from the
R&D and production process are not fully realized under the traditional contract. Rais-
ing the price paid encourages private R&D investment and also raises the government’s
expected welfare.

Second, the contractor eamns positive expected profits under the optimal incen-
tive contract. In other words, the government awards a production contract to the most
innovative firm, which will allow the firm to earn positive economic profits at the pro-
duction stage. It is such positive profits that encourage the firm to invest in costly R&D
activity,

Third, in the case of many firms, the number of firms matters due to the

endogeneity of R&D investments and the endogeneity of R&D rewards (production
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contract). Unlike the invariance results found by Riordan-Sappington (1987) and Sah-
Stigliz (1987), the optimal procurement contract, the total equilibrium expenditure on
R&D, and the pace of innovation depend on the number of competing firms in the
industry.

Finally, the government prefers more than one firm to invest in private R&D
and to bid for the production contract. Too much competition, however, may
discourage private R&D investment and lead to a reduction in government welfare.
The implication of my analysis in this chapter is that when offering a procurement con-
tract the government gains if it correctly takes into account the firms’ pre-contract
costly R&D behavior.

In Chapter 3 I intend to explain why the number of bidders in many competitive
procurements is small and how it is determined. I also study whether free-entry is an
optimal policy both for the buyer and for society. The key features of the model in this
chapter include pre-contract R&D, an endogenous number of firms, and a first-price
sealed-bid procurement auction. The process is analyzed from the point of view of both
the buyer and society. I also compare two types of R&D technologies: a fixed-scale
process, either R&D is done or it is not, and a variable scale process with constant mar-
ginal returns to R&D expenditure.

I first characterize the unique symmetric perfect free-entry equilibrium that
includes a number of active firms in R&D, an R&D investment strategy tuple, and a
bidding strategy tuple. As the buyer’s reservation price increases, both the equilibrium
number of active firms and the total R&D investment increase. That is, raising the
reservation price encourages participation both in R&D activity and in the bidding pro-

cess, and also stimulates more R&D investments.
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Meanwhile, the equilibrium number of active firms always decreases with the
fixed cost of R&D. With a positive fixed cost of R&D, only a finite number of firms
decide to invest in R&D. As this fixed cost approaches zero, there will be an infinite
number of firms interested in R&D activity. If the fixed cost of R&D is very high then
only a few firms find R&D and production profitable. This is why the number of
bidders is very small in many cases of defense procurements.

I also find that, under the variable constant marginal returns of R&D technol-
ogy, it is socially optimal for only one firm to do all of the R&D and production. How-
ever, since the buyer considers only his own costs of procurement, the buyer will prefer
to allow free entry, and the number of firms will usually be larger than is socially
optimal. For the fixed scale R&D technology, the buyer’s choices are socially optimal
if the buyer’s opportunity cost is high (for example, when there are no substitutes avail-
able). On the other hand, if the opportunity cost is low, the buyer will choose a reserva-
tion price lower than the socially optimal value and a number of firms no larger than the
socially optimal number. That distortion will be lower when the R&D cost is higher.
These observations imply that the type of R&D technology plays an important role in
determining optimal R&D and procurement policies both for the government and for
society.

Since the buyer prefers a free-entry policy and since under free-entry the buyer
ex ante expects to pay all of the R&D costs through the optimal production contract, it
may be a good idea for him to do R&D himself. Meanwhile, the buyer may also have
superior information about his demand. The question is how the buyer should use his
private information when offering procurement contracts. This is a mechanism design

problem by an informed principal that was first studied by Myerson (1983) in a general



16

context.

For comparison with past literature, in Chapter 4 I study the optimal selling
scheme for an informed seller instead of procurement with an informed buyer.” The
qualitative results will hold in the procurement setting. I show that, in an independent
private values model with many symmetric risk-neutral buyers, the seller should choose
one of the four standard auction schemes with an appropriate preannounced reservation
price just as if he is not privately informed. In other words, it is in the seller’s interest
to reveal his private information through an announced reservation price.

This result will also hold in the variable quantity bargaining model discussed by
Spulber (1988). However, Vincent (1989) finds an example of common values model
in which the auctioneer has an incentive to keep his private information secret. The
seller never announces any reservation price in the auction. It still remains an open
question under what conditions in a general model an informed principal should signal

his private information in the mechanism design.
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NOTES

Besen and Terasawa (1987) provide a nice survey on this literature of procure-
ment and contracting and also discuss the difficulties of directly applying the les-
sions of these theories to the acquisitions of major weapons systems.

The terms adverse selection and moral hazard have been borrowed from the prac-
tice and theory of insurance. As Arrow (1985) argued, these terms are "really

applicable only to special cases." He suggested to use more informative names:
"hidden information" and "hidden action.” In the hidden information models, the
agent has made some observation, which the principal has not. The agent usually
uses that information strategically in making decisions. In the hidden action
models, the agent exerts some effort that cannot be observed and verified by the
principal. Effort is a disutility to the agent, but has a value to the principal.
These two types of models differ both in their economic implications and in their
solution techniques.

For example, adverse selection effect has been studied in a market context by
Akerlof (1970), Rothschild and Stiglitz (1976), and Maskin and Riley (1984a), in
a regulatory policy design context by Baron and Myerson (1982), Baron and
Besanko (1984), and Laffont and Tirole (1986), in the design of optimal auctions
by Myerson (1981), Matthews (1983), and Maskin and Riley (1984b), and also in
a general mechanism design literature. Moral hazard and risk-sharing effect have
been studied by Ross (1973), Holmstrom (1979), and Shavell (1979), Grossman
and Hart (1983), and surveyed by Hart and Holmstrom (1985).

Demsetz (1968) suggested that competitive bidding for the franchise to supply a

good or service could solve the traditional natural monopoly problem. Since the
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winning firm may charge a monopoly price, which will cause inefficient produc-
tion, regulation on pricing policy is required. This argument is the basic idea of
the regulatory mechanism design followed by Loeb and Magat (1979), and Baron
and Myerson (1982). For a survey on the recent development, see Caillaud et al.
(1988).

It should be possible to identify empirically how much money the private contrac-
tors spent on R&D investment before contracting and how much after contract-
ing. Investments (effort) after the contract is signed have been studied in the
literature of contract theory. Examples are Laffont and Tirole (1986, 1987) and
McAfee and McMillan (1986, 1987a). Precontract R&D investments or informa-
tion acquisition, however, have not been modelled and hence are not well under-
stood by economists.

An article in the New York Times on December 27, 1989, reported this govern-
ment procurement story.

Similar observations are also available in other contexts. Hendricks, Porter, and
Boudreau (1987) studied federal auctions for leases on the Outer Continental
Shelf from 1954 to 1969. They considered the first-price, sealed-bid, common
values model of auctions. They found that potential firms do make decisions on
how much information to collect before participating in competitive bidding.
Also, as Hendricks et al. (1987) indicated in the study of federal auctions, only a
fraction of the set of potential bidders typically choose to submit bids in the auc-
tions and the number of bidders is positively correlated with the value of a tract.
If the contractual commitment is not an issue and it is possible to specify a com-

plete contract, then a procurement contract auction is the same as the standard
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auction problem. As Spulber (1989) argued, however, the effectiveness of the
auction mechanism is limited by the extent of the contractual commitment. Com-
petitive bidding for contracts involve both a price and a promise to perform the
services. He showed, in a simple model, that without proper incentives for per-

formance, hidden information causes the auction to unravel.
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CHAPTER 2
INCENTIVE PROCUREMENT CONTRACTS

WITH COSTLY R&D *

2.1 INTRODUCTION

It is commonly believed that there is a serious cost overrun problem with
defense procurements in the United States when a sole supplier is chosen. It is also
commonly believed that the introduction of competition among suppliers could gen-
erate substantial price reductions. For most defense procurements, a costly research
and development (R&D) effort is required of the competitors before production of the
product. After a competition, winning contractors may include their R&D costs in the
price of the product, but losing contractors must absorb their R&D costs. Thus, requir-
ing competition to reduce costs may actually discourage R&D and lead instead to
higher costs. How do we deal with this problem? This chapter is concerned with the
design of the optimal incentive procurement contract when R&D is an important prior
condition to production.

Recent advances in the economic theory of optimal procurement mainly deal
with only two issues. The first concerns the selection of the contractors to produce the
item being procured at the lowest cost. The item could be manufacturing facilities, new
weapons systems or electricity generation plants. The second concerns attempts to
induce the chosen contractor to produce the item at the lowest cost. Asymmetry of
information between the buyer (the government) and the potential firms is often
emphasized. It is usually assumed that potential firms have some private information

about production costs at the time they are chosen and that many of the decisions made
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at the production stage by the chosen contractor are too costly for the buyer to observe
or audit. These decisions affect the final cost of production and hence influence both
the buyer’s and the contractor’s welfare. Potential contractors are allowed to bid for an
incentive contract or bid from a menu of incentive contracts. Since the nature of the
item is known by both the buyer and the contractors in advance, incentive procurement
contracts are usually designed either to minimize the buyer’s total cost for a fixed level
of output or to maximize the buyer’s surplus when the purchase quantity is variable. In
both cases the contracts also give the firms incentives to reveal their private information
and/or make desirable decisions at the production stage. The earlier literature on this
topic can be found in Demsetz (1968) and Loeb and Magat (1979). It was extended
later on by Baron and Myerson (1982), Laffont and Tirole (1986), McAfee and McMil-
lan (1986, 1987), and others. In particular, Riordan and Sappington (1987) and Dasg-
upta and Spulber (1989) have argued that because of competition, more efficient out-
comes are possible than if there is only a single supplier. Research and development
issues have not been analyzed in this literature on procurement. Besen and Terasawa
(1987) have recently provided a selective survey of the literature.'

At the beginning of many procurements, neither the buyer nor the potential con-
tractors have much information about either the technology or the item itself. There-
fore, the buyer must find this information by himself or ask the contractors. For exam-
ple, United States defense acquisitions are usually characterized by a three-stage pro-
cess: concept design, development, and production. Most of the time, what the govern-
ment is buying is not only the item itself, but also information about the item and the
technology. Procurements generate information for the government about improving

the technical performance and lowering the manufacturing cost. There is usually a
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tradeoff between encouraging production efficiency and encouraging R&D. These
features of procurements make it very difficult to apply the current theory, which only
considers the production stage, to many actual cases of defense procurements. We need
to link the different stages of the procurement process and to investigate R&D behavior
in procurements.

There exists a large literature on R&D races for a patent with a fixed rent in
private markets (Loury (1979), Lee and Wilde (1980), Dasgupta and Stiglitz (1980),2
and recently Sah and Stglitz (1987)). Using stochastic racing models and dynamic
game theoretic models, they emphasize the effects of market structure on private margi-
nal returns to firms from innovations, and investigate the relationship between marginal
private returns and social returns from innovations. In particular, Sah and Stiglitz
(1987) have provided a set of conditions under which the total expenditure and the pace
of innovation in an industry are invariant to the number of firms. These approaches
cannot be applied to procurement cases directly because, in procurements, the govern-
ment is able to manage and control the supplier’s R&D behavior indirectly through the
choice of the prize for innovation.? Traditional R&D models treat the prize as exo-
genous, but the government can offer a production contract as the prize for which the
firms compete. The marginal private returns and social returns from R&D depend on
the quantity to be procured, which is specified in the production contract. The results of
R&D races in private markets may be changed in the procurement case.

We will link the R&D stage and the procurement stage and concentrate on the
use of R&D to reduce production costs. The outcome of such R&D is information
about‘thc production technology. This information is stochastically related to the R&D

effort. We first consider a principal-agent model of the procurement process in Section
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2.2. The production stage is characterized by a linear-cost technology with an unknown
marginal cost. The R&D outcome is the potential marginal cost that the firm can affect
by exerting some effort. The procurement process is modeled as follows: first, the
government announces a menu of production contracts and commits itself to offer the
same contracts at the latter stage. Second, after observing the general contracts, the
firm invests in R&D. Third, the firm observes the marginal cost outcome and selects a
contract it prefers from the contract menu. Finally, the firm produces and gets paid
according to the contract it has accepted. We have assumed that the government makes
a full commitment before R&D. If the government can not make a credible commit-
ment, both the firm and the government might have incentives to renegotiate after the
R&D is done and change to different contracts. We do not consider the renegotiation
issue in detail in this chapter.*

As a benchmark, the first-best solution is briefly discussed in Section 2.2.2. In
Section 2.2.3, we discuss the nonobservability of the R&D investments and the R&D
outcome by the government and characterize the incentive compatible procurement
contracts. We show that under any incentive compatible contract, the larger the quan-
tity procured, the more effort the firm exerts in its R&D activity. Thus, increasing the
procured amount is one way to encourage R&D activities. Section 2.2.4 characterizes
the optimal incentive procurement contract that maximizes the government’s expected
welfare. Moral hazard exists in this situation due to nonobservability of R&D invest-
ment by the government. R&D has an effect on the optimal production level opposite
to the adverse selection effect. With costly R&D, the government offers a higher and
steeper payment schedule, compared to the traditional Baron-Myerson (1982) contract

where R&D is costless. Also, the optimal contract generates positive expected profits
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for the firm. It is such positive expected profits that encourage the firm to do R&D.

Section 2.3 extends the analysis to the case where there are many identical firms
competing for procurement contracts. The potential R&D outcomes by different firms
are assumed to be independent. We first discuss Nash equilibrium behavior with
respect to R&D expenditures given an arbitrary incentive production contract. When
the R&D technology exhibits constant marginal returns to expenditures, we find an
invariance result similar to Sah and Stiglitz (1987). But when the R&D technology
exhibits diminishing marginal returns to expenditures, we find that Sah and Stiglitz’s
invariance result does not hold and that more competition could reduce the potential
marginal production cost to its lower bound. The specific nature of R&D technology
plays an important role in determining the relationship between R&D and the structure
of the industry.

We then characterize the optimal incentive production contract and the optimal
level of R&D investments for the competition case in Section 2.3.3. When the R&D
technology exhibits constant marginal returns to expenditures, we show that the
optimum procurement quantity schedule is dependent on the number of competing
firms. This contrasts with Dasgupta and Spulber (1989) and Riordan and Sappington
(1987) who find that the optimal quantity schedule does not depend on the number of
the firms. No R&D behavior was considered in their models. We also find that total
expenditure on R&D and the pace of innovation depend on the number of firms because
of the buyer’s control of the prize for innovation. Thus, Sah and Stiglitz’s invariance
result does not hold when the prize is endogenous. In other words, the number of firms
really matters to the optimal procurement. We also find that the government prefers

more than one firm to participate in private R&D activity and to bid for the production
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contract.

In summary, we have provided a model of both R&D and production in procure-
ment processes where one or more firms invest in private R&D and compete for a
government procurement contract. The optimal incentive procurement contract has
been characterized to maximize the government’s expected welfare. We have found
the following interesting results: 1) If the traditional Baron-Myerson (1982) contract is
used where there is costly R&D, the government buys too little from the contractor and
pays too little. Raising the price paid encourages private R&D investment and raises
the government’s expected welfare. 2) The contractor earns positive expected profits
under the optimal incentive contract. It is such positive profits that encourage the firm
to invest in private R&D. 3) Unlike the invariance results found by Riordan and Sap-
pington (1987) and Sah and Stiglitz (1989), the optimal incentive production contract,
the total equilibrium expenditure on R&D, and the pace of innovation in our model
depend on the number of competing firms in the industry. 4) The government prefers
more than one firm to invest in private R&D and to bid for the production contract. But
too much competition may discourage private R&D investment and lead to a reduction
in government welfare.

Before proceeding to our formal analysis, we would like to discuss several
recent papers that have tried to link R&D and production in procurements. Rob (1986)
has included the R&D process in his model of procurement contracts by viewing R&D
activity as searching behavior. The optimal stopping rule allows him to derive the aver-
age actual production cost, which depends on the unit searching cost and the cutoff
level. The government prespecifies a quantity and price for the project to minimize its

outlay on the project. The chosen contractor agrees to disclose the technological infor-
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mation that results from its R&D effort, which is the key assumption in his model. As a
result, it is optimal for the government to award only a fraction of the project to a single
supplier while the remainder is competitively purchased. This is called "educational”
or "learning” buy. We will see in Section 2.3.1 that Rob’s model of R&D behavior as a
search process can be viewed as a special case of our model. The R&D technology in
his paper exhibits constant marginal returns to expenditures.

Besen and Terasawa (1988) have also developed a simple and different model
of research and development and production that captures some features of defense
acquisitions. In their model, the level of technical performance and the amount of
hardware to be procured are fixed. In addition, the target cost in the production contract
will be the maximum level acceptable to the government. The contracts in both stages
are linear functions of target cost and actual cost, and are exogenously given. They find
that production will not be carried out efficiently, that cost overruns will be common-
place, and that contractors can be expected to incur losses during research and develop-
ment. Our paper differs from theirs in that we will design the optimal incentive pro-
curement contract instead of assuming a linear contract exogenously.

Dasgupta (1987) also considers a two-period procurement model with one buyer
and n identical firms. Given a second-period sealed-bid auction, each firm chooses an
investment level and the buyer chooses the reserve price simultaneously. At the Nash
equilibrium, there is underinvestment relative to the social optimum (cooperative solu-
tion) because of "opportunistic" behavior. But for most defense procurements, the
government and suppliers need not move simultaneously. In our model, we consider a
Stackelberg game in which the government is the leader. In this case the government

has indirect control of the supplier’s R&D decisions through the optimal choice of pro-
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2.2 A PRINCIPAL-AGENT MODEL

2.2.1 The Model

In this section, we consider only one firm and model (defense) procurement as a
two-stage process. In the first stage, research and development (R&D) is conducted by
a firm, but no goods are procured or acquired. The outcome of this stage is better
knowledge about the cost of producing the item. In the second stage, the item is pro-
duced by the firm. The output of the item can be observed by both the firm and govern-
ment. We assume that there is no uncertainty in the production stage.”* We will refer to
the government as the principal and the firm as the agent in this section.

The agent produces a good at a constant marginal cost that is unknown to both
the agent and the principal in the first stage. But the agent can take an action x in the
R&D process and find out what the marginal cost is, where x can be either money spent
or a level of effort such as assigning the best engineers in the firm to this R&D project.
Let x e [0, x], where x >0 is the budget. The R&D outcome (marginal cost) is uncertain,
so we represent it by a random variable Y. We assume that ¥ is generated according to

the following production function:
Y=f(x,9Q),

where Q is a random variable with known support, Pr(Q<w)=G (), f,<0, f;,#0,
f1120. The realized R&D output is y = f (x, ®). The more effort the agent spends, the
lower the marginal cost it may find.

Individual actions directed towards innovation cannot be observed by the princi-
pal and hence cannot be contracted upon. The agent may not have an incentive to

invest much in the R&D stage. Thus, there may exist a moral hazard problem due to
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the incongruity of the incentives of the agent and the principal.

Both the principal and the agent are assumed to be risk-neutral. Thus the prob-
lem of risk-sharing is not an issue. The utility for the principal from procuring an
amount @ and paying P will be W =B(Q) - P, where P and Q are nonnegative real vari-
ables and B (Q) is the benefit function, B(Q)>0, B'(Q)<0. The utility U for the agent
is a function of the income R (or the profit R =P - yQ) and the level of effort x, which is
assumed to be additively separable. Thatis, U =R - cx, where cx is the R&D costSc 20
is a known constant. Everything except o and x is common knowledge.

The timing of the game is the following. First, the principal announces a menu
of general contracts and commits itself to offer the same contract at the latter stage.
Second, after observing the general contracts, the agent invests in R&D. Third, the
agent observes the R&D outcomes and selects a contract it prefers from the contract
menu (announces its type). Finally, the agent produces and gets paid according to the
contract it has accepted (see Figure 1).

Since it is too costly for the principal to observe or audit the R&D output, the
agent may not want to submit true information about the R&D output. This asymmetry
of information results in another incentive problem. By the revelation principle (see the
Appendix), we can concentrate on the mechanisms for which the principal asks the
agent to report its R&D result and which lead the agent to report its private information
truthfully. Based on this marginal cost information, the principal will offer the agent a
procurement contract that specifies an amount Q (y) to be procured and a total payment

P(y) to the agent.
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I: R&D II: PROCUREMENTS
+ : + ] - - > I
P announces A A | A A P
a menu of invests observes chooses produces pays
contracts in R&D  the results a contract A

P — Principal A — Agent

FIGURE 1: The Timing of the Two-stage Game
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To proceed formally, we introduce the following notation. Since Y is a random

variable, let

H(ylx)=Pr(¥ <y)=]

f(x’m)sde (w)
be the cumulative distribution of ¥ and h(y Ix) = H,(y 1x) be the associated density with
the support [y,5], 0<y <y. We assume the support does not move with x. We also
assume that for every x € (0,x), H,(y Ix)>0 for all y e(y,¥), so that a change in x has a
nontrivial effect on the distribution of y. Specifically, it will shift the distribution of y
to the left in the sense of first-order stochastic dominance (see Figure 2). The more
effort the agent spends, the higher the probability that the agent will find a marginal
cost less than y.

It is also assumed that #,, <0 for all x €(0,%) and y € (y,¥), and that H(F Ix)=1
for any x, so y represents the current common knowledge of the marginal cost. That is,
both the agent and principal know that the good can be produced at the marginal cost y.
We also assume that H(y 10)=0 for all y <y. If the agent does not spend any effort on
R&D, the current marginal cost § won’t be reduced. The principal can always procure
Q 20 at the marginal cost 7 such that B'(Q)=y. The principal gets the total surplus
§ =B(Q)-7y Q while the agent earns zero. It is easy to see that § >0 since B(Q) is con-

cave function. We can assume Q > 0 for simplicity.
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An example of a distribution that satisfies the assumptions is
H(ylx)=1-(1-y), ye [0,1], x € [0,X]. Let x be the integer number of times the agent
draws its cost from a uniform distribution on [0, 1], then H(y |x) represents the distribu-
tion of the lowest-order statistic. That is, the agent chooses the lowest cost from the x
drawings. In this case, the R&D process is like searching behavior and thus the optimal
investment level x is the optimal stopping level of the drawing. This is similar to the
optimal stopping approach of Rob (1986). Another example of a distribution that
satisfies our assumptions is H(y lx)=1—-e~**? y e [0, =), and x =0, where o(x) is a posi-
tive, increasing, and concave function. Here, the R&D outcome is subject to an
exponential distribution and the R&D technology exhibits decreasing marginal returns
to expenditures. Since E (Y |x) =1/ a(x), the more effort the agent exerts, the lower the
expected marginal cost the agent observes. This is the distribution of innovation that
appears in the literature on stochastic R&D races (see Loury 1979, Reinganum 1988,
and others). The difference is that in their models y represents the uncertain date at

which the R&D project will be successfully completed.

2.2.2 The First-Best Solution

Before analyzing incentive procurement contracts, we look at the first-best solu-
tion. Suppose that the effort x is observable to both the principal and the agent, and the
R&D outcome y can also be observed by both parties at the end of the R&D stage. A
Pareto-optimum [ Q*(y), x*] can be computed by maximizing the principal’s expected
welfare given that the agent’s expected profit is no less than a certain level =. We
assume n =0 without loss of generality. The first order conditions give the following

equations:
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B(Q*() =y (D

[ 0*om. o 1xmay - ¢ =0. )

Since the R&D output is observable, the principal can procure efficiently. That is, the
procurement amount Q* is chosen such that the marginal benefit equals the marginal
cost. For this optimal quantity Q*(y), the marginal social benefit of investment x, which

is f Q*(y)H,(y 1x*)dy, equals the marginal cost of the investment x. Therefore, we have
bO;h production efficiency and investment efficiency when investment and R&D out-
comes are observable to both parties. The optimal payment transfer P*(y) to the agent
is determined such that the agent earns exactly zero profit. The principal gets the total

surplus § + §*, where §* = f Q*(y)H (y Ix*)dy — cx* is the surplus from the R&D under the

efficient arrangement of production. We assume that $* is positive, that is to say, the

R&D is meaningful.

2.2.3 Unobservable R&D Investment and R&D Outcomes

It is a common phenomenon that R&D outcomes cannot be observed or verified
by the principal directly. It is also costly for the principal to audit the agent to get this
information. Thus, each agent has private information about the R&D outcome and
reports this information strategically (e.g., the agent may not tell the truth). This results
in an adverse selection problem. Also, the principal can not observe the agent’s invest-
ment level. This results in a moral hazard problem.

If the principal only cares about efficiency, then he can delegate the production
decision and R&D decision to the agent and allow the agent to keep the entire social
surplus. Loeb and Magat (1979) have discussed this situation in detail without R&D.

The result is also true in the case of costly R&D. The agent will choose the quantity
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and investment level for R&D to maximize the sum of its expected profits and the
principal’s expected welfare. Since both the agent and the principal are risk neutral,
this full delegation results in the first-best solution. The principal does not get any
benefit. This solution is not employed in practice for obvious political reasons.

If the principal’s objective is to maximize its own expected welfare, the full
delegation of decisions is not optimal. The principal should behave monoposonisti-
cally. An incentive procurement contract is needed to maximize the principal’s
expected welfare such that the agent wants to reveal its private information and to
invest in R&D. By the revelation principle,” we need only to consider incentive compa-
tible direct revelation mechanisms. Given a revelation contract [Q (v), P (y)], the agent
chooses effort x and gets a realized R&D output y = f (x, ). Then the agent reports y’,
which depends on y: we can denote y =¢(y). The expected utility for the agent if it

chooses ¢(y) and x is

EUG.yix)=["[P@0) -y 00 )] Ay 1x)dy - ex,

where R(y,y)=P(y)—-yQ (y) is the profit for the agent from reporting y* given that y is
the true R&D output. The agent will choose its R&D strategy x and its reporting stra-
tegy ¢(y) to maximize its expected utility.

We can consider the agent’s optimal choice of the reporting strategy ¢(y) first.
Given any x, the agent will choose ¢ to maximize the above expected utility subject to
®(y) e [y,y] for any y €[y,y]. We are interested in incentive compatible contracts
[Q (), P(y)] that give the agent an incentive to report the true R&D outcome. That is,
we want ¢(y)=y for all y to be the agent’s optimal strategy under this contract

[Q (»). P(¥)]. Solving this simple optimal control problem, we obtain the following
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Lemma 1: A contract [Q(y), P(y)] is incentive compatible if and only if Q'(y)<0 and

R()=-Q) forally ely, ], where R(y) =P (y) - y2 ).

The proof is standard and is given in the Appendix. Lemma 1 offers a necessary
and sufficient condition for a production contract [Q(y), P (y)] to be incentive compati-
ble. We can see that incentive compatibility requires the monotonicity of Q(y) and
P(y). The lower the marginal cost the agent finds, the bigger the procurement amount it
will produce, and the higher the payment it gets. We also have a decreasing, convex
compensation rule R (y). Reducing the marginal cost results in a greater profit share at
an increasing rate. This gives the agent an incentive both to reduce the marginal cost
and to report the true R&D outcome. From Lemma 1, we can also calculate the com-
pensation rule R (y) =R () +1;Q(jv‘)dy‘ foranyy. If 9(y)=0 (y) for all y and R (5) 2R (),
then R(y) =R (y) for any y <j. Thus, under an incentive contract, a higher procurement
amount generally gives the agent a higher profit share.

We now consider the agent’s optimal R&D strategy. Let EU(x) be the agent’s
expected utility under the truthful reporting of the R&D output given the effort level x.

That is,

EU(x)=£yR(y)h(y 1x)dy — cx.

Integrating the right-hand side by parts and using Lemma 1, we get

EU(x)=R()7)+fQ(y)H@ Ix)dy — cx.

At the beginning of the R&D stage, the agent chooses an investment level £ € [0, %] to

maximize ex ante profit EU (). That is, the optimal investment strategy x satisfies

x € argmax R(;T)+£;Q(y)ll(ylf)dy-cf. (3)
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X € [0,X]

Assume that Inada’s ‘derivative conditions’ are satisfied; that is, lin}J H.(ylx)=+¢% and

lim H,(y Ix)=0 for all y € (y,y). Then for any ¢ >0 and Q(y) such that Q(y) 20 for all y

X=X

and Q(y)>0 for a nonzero measure subset of [y,y], the solutions for (3) are interior
solutions. The Inada conditions mean that there is a great potential to increase the pro-
bability of finding the marginal production cost less than y in the initial investment, and
the increasing rate of that probability diminishes when the investment level reaches a
certain upper bound x. Thus, a certain level of investment between zero and the upper
bound x is optimal for the agent.

For these interior solutions of (3), the first order condition gives

[ eom.o 10 -c =o, (4)

x € (0,x). Since we assume that H,, <0 for y e(y,y), EU(x) is strictly concave in x if
Q(y)=0and Q(y)#0 on a nonzero measure subset of [y.y]. The second order condition
for (3) is satisfied and the interior solution of (4) is unique. Therefore, we can use the
first order approach and substitute (4) for (3). In the extreme case where ¢ =0, the solu-
tion for (3) is the boundary x. Remember x is known by the principal.

Before considering the optimal procurement contract, we discuss the effect of
the quantity Q(y) on the R&D strategy. Given Q(y)=0 and Q(y) #0, let x*(Q) be the
solution for (4) and EU = EU (x*(Q)) be the agent’s expected utility under [Q (y), x*(Q)].

Then we can show the following.

Lemma 2: Given any two incentive compatible contracts [Q (y), P (»)] and [@ (), P ()],

suppose Q(y)=0 (y)=0 for all y e [y.¥). Then i) x*(Q)=2x*(Q), and ii) if R =R )
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then EU 2 EU .

The proof is by contradiction and is given in the Appendix. Lemma 2 implies
that a bigger procurement project, in the sense of higher Q at every y, makes the agent
invest more in the R&D process and earn a higher expected profit. The agent always
prefers a larger sized project. Therefore, a simple way to encourage R&D is to increase
the size of the project or to procure more from the same agent. Another obvious impli-
cation of Lemma 2 is that, relative to the first-best solution, underprocurement results in

underinvestment in R&D.

2.2.4 The Optimal Incentive Procurement Contract

Now, we are ready to look at the principal’s optimization problem and charac-
terize optimal incentive procurement contracts when the principal’s objective is to max-
imize its own expected welfare. The principal will choose Q(y), P (), and x to maxim-
ize its expected welfare subject to the incentive compatibility constraint, the ex ante and
interim individual rationality constraints, and the agent’s R&D decision constraint. We
will initially ignore the global incentive compatibility constraint Q'(y)<0. If the final
solution does not satisfy this global incentive constraint, we need to use Guesnerie and
Laffont’s (1984) technique to get the optimal incentive contract. We do not repeat their
arguments here. Under the local incentive compatibility constraint, the payment P (y)
can be solved in terms of Q(y) by using P(y)=yQ () +R(y) and R (») =R (7)) +fQ(y)dy.
Thus, the optimal incentive contract is determined by solving the following optimiza-

tion problem:

y H(ylx) o
(P) Max { [B(Q()’))-QO’)[)"" h(ylx)]]h(ylx)@—n(y)



QO)LR(G).x
s.t. (lIR) R®+£;Q@)df 20
(R&D) rQ(y)H,(y lx)dy —¢ =0 (4)

(EIR) fQ(y)H(ylx)dy +RG) —cx 20 (5)

The principal will choose R (7) as low as possible under the interim individual rational-
ity constraint (/I[R). In other words, R (y)=0. The agent earns zero profit if its marginal
production cost is the publicly known 7. The principal offers a contract [P, Q] and gets
the social surplus § =B (Q)—-y @, where P =5 Q and Q is determined by B(Q)=75.

Since the objective function EW is concave and differentiable in Q(y) and x, and
since EU is linear in Q(y), concave and differentiable in x, the sufficient conditions for
(P) are satisfied (see Theorem 8.C.5 in Takayama 1985). Let Q(y), R(7), and £ be the
solution to the optimization problem (P) and EU =[;Q (y)H (y 1£)dy + R(¥)—ci be the

agent’s expected profit under the optimum contract. Then, because of the (//R) con-

straint, R () = 0. We can show the following:
Proposition 1: Suppose ¢ >0, then 0< £ <x and EU > 0.

Proof: First, we want to show £ >0. Suppose £ =0. Then EW =§. We know Q*(y)>0
for all y and Q*(y) is decreasing in y. There exists at least one @ (y) > 0 such that § (y) is
decreasing in y and a little lower than Q*(y) for y <y and the same as Q*(y) at y =5.
Then B'(Q (»))>B(Q*(y))=y because B(Q 1is strictly concave. Let £ satisfy

fQ‘ ()H,(y 1£)dy = c0 and fg" (0)H(y 1%)dy — c% 20. Then £ >0 since lim /1,(y |x) =+ <.

Thus,
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EW =S'—f[a’(é (y))-y] Q' W)H(y 1% )dy >§ =EW.

That is, the principal could choose [ (v), %1, which gives him higher welfare than §.
Thus, £ =0 cannot be the optimal solution to (). Therefore, £ >0.

Second, we claim ¢ (y) is positive at least on a non-zero measure subset of . ¥l
Otherwise, we will have f-Q'(y)H,(y I1£)dy =0. Then from the (R&D) constraint, c£ =0
and hence ¢ =0. This cont_radicts the assumption ¢ >0. Thus the claim holds. Further-
more, using Inada’s ‘derivative conditions’ and the assumption ¢ >0, we know x <x.

Finally, we can show EU >0. From the (EIR) constraint, EU >0. We only need
to show EU #0. Suppose EU =0. Let §(x) =£;Q‘(y)ﬁ(y Ix)dy —cx, then 8(x) is continuous
over [0, 51, 8(£)=0, and §'(£) =0. Since O (y)=0 for all y and ¢ (y) >0 on a nonzero meas-
ure subset, and since H_ <0 for all x €(0,x) and y €(.y), 8x) is strictly concave in x.
Thus, £ is a maximum point of 8(x). For x €(0,£], 8(x)<&x*)=0, and §0)=0. In sum-

mary, we obtain 8(£) =0, 8(0) =0, and 8(x) <0 for any x €(0, £). These together contradict

the continuity and strict concavity of 8(x). Therefore, EU =8(%) > 0.
Q.E.D.

The principal offers a production contract that allows the agent to invest a posi-
tive amount in R&D and to earn positive expected profits . This is a nice way to reward
the agent for innovation since the R&D outcome cannot be observed or verified directly
by the principal. It is easy to show that the result in Proposition 1 will not be true when
either the R&D investment or the R&D outcome are observable to the principal. The
principal will be able to extract the full surplus from the agent in these cases. There-
fore, it is the interaction of the non-observability of the R&D investment and non-

observability of the R&D outcome by the principal that allows the risk-neutral agent to
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earn positive profits.

The interim individual rationality (//R) constraint also played a key role in Pro-
position 1. If the (/IR) constraint is relaxed, R (y) can be negative. Since the choice of
R(y) does not affect the solution of Q(y) and x, the principal could choose
RO = fQ(y)H (y1£)dy —ci. The agent earns a zero expected profit. The principal
extract_s the whole surplus. The agent with a higher cost observation will end up with a
negative ex post profit if it accepts the contract, and hence will drop out before produc-
tion unless the principal can force the agent to produce.

Let A and p be the multipliers associated with the constraints (E/R) and (R&D),
respectively. At the optimum [0 (y),R(#).£], AEU =0. From Proposition 1, EU >0.

Thus, A=0. Then the optimal quantity ¢ (y), optimal investment level £, and p are

simultaneously determined by the following equations:

[ 6om,o10dy - c =0, (4)

B Goy-y=HeD H0l%) (6)
hy %) hiy %)’

[[[8@0»-5 00w, 10y =i [ 600 10)dy. ©)

Consider the extreme case when ¢ =0. In this case, R&D is costless. The more
the agent invests, the higher profit it earns because the marginal benefit of investment is
positive. Thus, the agent will invest the upper bound level x in R&D, which is known
by the principal. The (R&D) constraint in (P) is then not binding. The agent observes y
from the distribution H (y Ix) without any cost. Then, the optimal procurement amount
Q.(y) is determined by

oo H(y IX)
B iy e TR,
Qo) =y + ko D) (8)
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This is exactly the Baron and Myerson (1982) solution. Because of information asym-
metry, there is an information cost H(y1x)/h(y|x) paid by the principal under the
optimal incentive contract in order to induce the agent to reveal its private information
y. The principal chooses the quantity Q,(y) such that the marginal benefit of the quan-
tity equals the marginal production cost plus the marginal information cost. There is an
adverse selection effect (also see Baron and Myerson 1982 in the regulation context).
This effect results in underprocurement as compared to the case where y is observable
to the principal.

Suppose ¢ > 0; that is, R&D is costly. The agent invests in R&D to balance the

benefits and costs. The (R&D ) constraint is binding in this case. Formally, we have

AH k) o(H, h)
dy

Lemma 3: Suppose H,(yIx)>0, 1+ >0, and 3 =20 for all x e(0,x) and

y € (¢.¥). Then i>0.

Proof: The proof is by contradiction. If g <0, then from (6), we obtain B(Q(y))-y >0,

and

L OHk) - O Ih)
dy "o

B OuN0 (=1

which implies that §'(y) <0 by the assumptions. Given (y), taking the derivative of

EW with respect to x and integrating by parts, we get

JEW

5 b =-f [B'(é(y)) —y] O'()H, (y 12)dy.

It is easy to see this term is positive because H, >0 and Q'(y)<0. Since H,, <0, then

equation (7) implies that i should be positive. This contradicts the previous hypothesis.

Thus ji>0and %% |, >0 by (7).
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Q.E.D.

The principal wants more R&D but can not control x. The preferences for
investment are not consistent between the agent and the principal. Moral hazard exists

because the principal can not observe the agent’s investment decision. Since

 H,(y1%)

H,(y!%)>0 for any y € (y,¥), then —p 1o 1) <0. This negative term (moral hazard)
. X

has an opposite effect on @ (y) to the adverse selection effect represented by the infor-

mation cost term 'Z_((.)’L'L‘_)) From (6), we can see that the combination of the two oppo-
X

site effects determines the extent to which production is carried out inefficiently (see

Figure 3).
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Since 1 is the multiplier for the (R&D) constraint, it can be easily shown that

aEg;(C =-n for ¢ >0, where EW(c) is the principal’s expected welfare at the optimal

solution [0 (y), R (3), £]. Under the conditions in Lemma 3, 1 >0 and hence % <0,

Using the optimal contract, the more costly the R&D is, the worse-off the principal is.
Thus, the principal actually pays indirectly for part of the R&D cost.
Now, we compare these two cases: ¢ =0 and ¢ >0. In the following, we let 0 (y)

and £ be the solution to (P) when ¢ >0. We have

Proposition 2: Suppose igf’—) 20 for any x € (0,%) and y € [y,y], and the assump-

tions in Lemma 3 hold. Then i) Q(y)> Q) for any y e(y,7), 0()=0p), and

0G)2043); ii) P(y)>Py) foranyy ely,y) and P (3) 2 Po@).
Proof: From Proposition 1,0<# <x. Since a—(%l >0 by the assumption, then

Hylx) S HElE)  HQEIH - H, (y1x)
Ry 1X)  h@lE)  h@l£) h(y %)

for all y e (y,y). Comparing (6) with (8), we know B(Q(y))<B(Q,() and hence
O0)>04y) for all ye (y.¥) since B(Q) is strictly concave. When y=y,
BQu)=B(Qoy) from (6) and (8) and thus Q()=04y). When y=7,
HFIX)/h(yIx)2H(y1£)/ h(y|£) from the assumption. Comparing (6) with (8), we
obtain 0 ) 2 0 o).

Since P (y)=y0 (_y)+fQ'(r)dt and Fo@)=yQu(y)+fQu(r)d:, then it is easy to see

P(y)>Pyy)foranyy e [y,¥) and P 3) = P (5).

Q.E.D.
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The assumption a(l_;c/hl >0 in Proposition 2 means that the hazard rate H/h

faced by the principal due to the nonobservability of R&D investment increases when
the agent increases the level of investment. In this case, if R&D is costly, the principal
offers a higher quantity schedule and a higher payment schedule as well. The principal
prefers a relatively bigger production project if R&D is costly.

When Q'(y)<0 for every y € (y.¥) there exists an inverse function y =0~ YQ).
Then the payment P(y) can be written as P = P (0~ '(Q)) =P (Q) given any procurement
amount Q. The agent will reveal its cost information y by choosing the quantity 0. A
separating incentive procurement contract [Q (y), P (y)] can be implemented by a simple
nonlinear payment schedule P =P (Q) under which the agent chooses the quantity to
produce. When ¢'(y) =0 over a subinterval of [y, ], the optimal contract specifies pool-
ing. The principal can not distinguish the different types and offers the same produc-
tion contract.

Compare two seperating contracts [0(y),P(y)] and [Qo(k),Po(y)]. Let

P@)=P(Q Q) Po@)=Py@5' (@), 0y =0 (), and @, = ), then

Proposition 3: Suppose the assumptions in Proposition 2 hold, then P(Q)> P,(Q) for

any Q €(Q,;,@,) and P(Q)>P,Q) for any Q € [Q;, Q1.

Proof: First, we show P(Q)>Py(Q)>0 for any @ € (Q,,Q,). By the definition of P(Q)

and the self-selection property (or incentive compatibility), we obtain

, PO Q) _ 4-
PO ===t (=0 Y,
oM (a())}

Similarly, Py(Q)=0;'(Q)>0. From Proposition 2, 0 %Q)>0;'(@) for any

Q € (@1, @x). Thus, P(Q)>Py(Q) >0 forany Q € (Q,, Q4).
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Second, we prove P(Q)>P Q) for any Q e (@,,Q4]. Since both P(Q) and P Q)
are continuous and increasing in Q, and since P (Q) is steeper than P(Q), we only need
to show P(Q,)>Po(Qx) and P(Q))>PyQ). In fact, since 0~'(Q,)=y, we have
P(Qy)=P (07" (Q) =P (y) and P(Q,) =P (05" (@) =F(y). By Proposition 2, P (y) > Po()
and thus P(Q,) > Po(Q,). Since Q, =0 (), then § =Q0;'(Q,) <y by Proposition 2. Then

P(Q)) =P () =50 () =50, and
Po(Q)=Po3)=50,F)+ féocy)dy
<5005) +F ~9)06F) =700 ) = 70,
Thus, P(Q,) > Py(Q)).
QE.D.

Proposition 3 implies that with more costly R&D the principal should offer a
higher and steeper payment schedule (see Figure 4 ). For any given quantity Q, the
principal pays more in the case of costly R&D than in the case of costless R&D. In
other words, if the Baron-Myerson-type contract was used when R&D was costly, the
principal would buy too little from the agent and pay too little to the agent. Raising the
price paid raises the principal’s welfare. Therefore, whether R&D is costly or not cer-
tainly affects the principal’s decision and the principal’s welfare as well. When design-
ing an incentive procurement contract, the principal cannot ignore the agent’s private

R&D investment behavior.
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Q

FIGURE 4: Nonlinear Payment Schedule
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As we discussed before, because of an adverse selection effect, the asymmetry
of information results in an underprocurement relative to the first-best solution. R&D
(or moral hazard) has an opposite effect on the determination of procurement quantity
to the adverse selection effect. When R&D is costly, the optimal quantity schedule
Q (y) may still be different from the first-best quantity schedule 0*(y). To end this sec-
tion, we will consider a special class of R&D technologies and illustrate how 0 (y) may

be different from the first-best level 0*(y):

Proposition 4: Suppose H(y Ix)=1-[1-F(y)]*, where x >0, F(y) is an arbitrary cumu-
lative distribution with the support [y,y] and the density function f(y), and
£ ()1 -F(y)] is nonincreasing over v, 7). Then

) p>o0
ii) if£2p,then (y)<Q*@)forally e (y,7);
iii) if 2 <y, then there exists y, € (y,y) such that § ¢) = Q*(vp), Q) >Q*(¥)

fory e (v,yo), and 0 () <Q*() for y € (yo, )

See the Appendix for the proof. The conditions in ii) and iii) are not primitive
conditions. They depend on the structure of the benefit function B(Q) and distribution
function F(y). Because of the interaction of the adverse selection effect and the moral
hazard effect, there is a possibility that the optimal quantity ¢ (y) is higher than the
first-best quantity Q*(y) for lower marginal costs. But for higher marginal costs, the
optimal quantity ¢ (y) is lower than the first-best quantity. That is, there is underpro-

curement relative to the first-best when the marginal cost is relatively high.
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2.3 COMPETITION FOR A PROCUREMENT CONTRACT

Some defense procurements are organized so that many suppliers compete for
the right to be the sole contractor on the production of the good to be procured. In order
to get the procurement contract, potential firms will invest in R&D activities and
become informed about the potential product and technologies before the competitive
bidding starts. How does the procurement contract affect R&D behavior? Does the
optimal quantity to be procured depend on the number of bidders? Does the total
expenditure on R&D and the pace of innovation depend on the structure of the indus-
try? Does competition improve production efficiency and R&D efficiency? In this sec-
tion, we extend the analysis in Section 2 and discuss the effects of competition on R&D
expenditures and procurement contracts. We will first describe a basic model that is an
extension of the principal-agent model in Section 2.2, and study the Nash equilibrium
behavior of R&D expenditures for an arbitrary incentive procurement contract. Then

we characterize the optimal incentive contract and discuss properties of this contract.

2.3.1 The Model

Suppose that there is one buyer and » firms, where n is exogenous.® The benefit
function for the buyer B =B (Q) is the same as before. The production cost function for
firmi is C;(Q)=y,Q, where y, is constant marginal cost and is unknown to the buyer and
all firms before R&D. But each firm can observe its own marginal cost by investing in
R&D. Suppose that firm i invests (capital) x; and observes y; which is drawn from a
cumulative distribution H (y; |x;) with the density function 4 (y, lx;) and the support [y, y1.
The R&D outputs among different firms are independently and identically distributed.’

The R&D cost for firm i is cx;, where ¢ >0 is a known constant. Each firm’s R&D



56

output is only observed by itself, but not observed by the buyer and other firms. There-
fore, each firm has private information about its R&D output and will use this informa-
tion strategically if it is optimal to do so.

At the beginning of the R&D stage, the buyer announces a payment schedule
Q =Q(b) and promises that the firm with the lowest bid 5 by an exogenously given date
will get the contract [Q(5),Q(h)5 1. We want to determine the optimal payment
schedule Q@ =0 () for the buyer. Under this contract, firm i’s strategy will be
b, =b;(y;)i=1,..., n. Since firms are symmetric and the contract is also symmetric, it
is reasonable to consider symmetric equilibrium &; = b (y;) only. If as is usually the case,
the bidding function b(y;) is increasing function, then the firm with the lowest bid 5 is
the firm with the lowest marginal cost §. In these cases, we only have to consider
incentive compatible direct revelation contracts [Q (y), P (y)], where P (y)=Q(y)b(y) and
y is the lowest marginal cost. The timing of the game is then as follows: First, the
buyer announces production contracts [Q(y), P (y)] and promises that the firm with the
lowest (reported) marginal cost § by an exogenously given date will be awarded a con-
tract [Q(F),P(7)]. Second, each firm invests and observes its marginal cost y; at the
given date. Then the firm with the lowest marginal cost § gets the contract. Finally,
the winning firm produces Q (¥ ) and gets paid by P (7).

We want truthful reporting to be a noncooperative Nash equilibrium. Given that
other firms report true information, firm i reports y;, which depends on its true informa-

tion y;. We denote its strategy as y, = ¢,(y;). Then the probability of firm i winning is

K@il x_;)=Pr(y/<Y;,j#i,j=1,"-,n)

=11, .; [1 -H(y,-’lxj)] ;
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where Y; is a random variable and represents firm j’s R&D outcome (marginal cost).
The ex ante profits for firm i from using strategy ¢,(y;) and x; given that the other firms

use x_; and y_; is

LEACACHLE SR X,.)=)[, [P(¢.‘(}'))“)’Q(¢.()’))] K@) x-)h(y 1x)dy - cx;.

Similar to Lemma 1 in Section 2.2.3, the necessary and sufficient conditions for firm i
to tell the truth (¢;(y)=y for all y) are that Q'(y)/Q(»)< X, ..k /(1-H;) and that the
payment P(y) is

PO)=y00)+] QOKE 1x_)dy 1KO 1x-). )

For the truth-telling Nash equilibrium, we can simply write firm i’s ex ante profits

EU (g o 4 xl)=lyQ(y)K(yIx_‘)H(ylx,)dy—cx‘-. (10)

We will look at noncooperative Nash equilibrium behavior in R&D expendi-
tures for both an arbitrary incentive contract and the optimal incentive contracts in the
next sections. Since most of the results will depend on the structure of the R&D tech-

nology, we first classify R&D technology:
Condition (A): Foranyy e (,¥), —logll - H(ylx)] is linear in x(x > 0).
Condition (B): Foranyy e (y,y), —log(l - H(y Ix)] is strictly concave in x (x 20).

Lemma 4: Condition (A) is equivalent to H(y lx)=1-[1 - F(y)*, where x 20 and F (y)

is an arbitrary cumulative distribution function over [y, ¥).

The proof is quite straightforward and is omitted here. Suppose that a firm has a
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prior distribution F (y) about its marginal production cost y. The firm can do an experi-
ment with a fixed cost ¢ and observe marginal cost y' which is drawn from the distribu-
tion F(y). If this experiment can be repeated k times independently, then the firm
observes a sequence of the marginal cost realizations (', ..., y*). The firm will choose
the minimum marginal cost y™. From statistical theory, y™ is a realization of a random
variable (the minimum-order statistic) with the distribution H(y 1k)=1-[1-F(y)l*.
Thus, we have an independent search process. Rob (1986) used a similar optimal
search model of R&D behavior in procurements.

In general, we can allow k& =x to be a continuous variable and to represent the
expenditure on R&D. This R&D process of marginal cost reduction is just an indepen-
dent search process. The first x dollars have the same effect on the minimum marginal
cost as the last x dollars. To some extent, this process is subject to constant marginal
returns in the number of experiments or expenditures. Similarly, condition (B)
represents R&D processes that exhibit diminishing marginal returns to expenditures.
Diminishing marginal returns to scale may be a good description of most R&D

processes in reality. A relatively simple form that satisfies (B) is

Condition (B,): H(ylx)=1-[1-F ()", where x >0, F(y) is an arbitrary cumulative

distribution function over [y, 7], a(x)>0, «'(x) <0, (0)=0, and &(0) =+ =,

It is easy to check that (B,) satisfies condition (B), so a (8,) technology exhibits dimin-
ishing marginal returns to expenditures on R&D. In this case, with the belief that y is
drawn from a distribution F (y), the firm could not make an independent experiment and
then simply take the lowest marginal cost observation. The later experiments are not as

productive as the earlier experiments. Let F(y)=1-e™? over [0,«), then
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H(ylx)=1-¢"*» which is also an exponential distribution. This distribution is
adopted in the literature on stochastic R&D races (see Reinganum 1988 for a survey).

Diminishing marginal returns to scale is also assumed in this literature.

2.3.2 Arbitrary Incentive Contracts

Consider an arbitrary direct revelation (possibly non-optimal) contract
[Q (), P (y)], which is assumed to be independent of » in this section. Under this con-
tract, if truth-telling is a Nash equilibrium, then each firm’s expected profits can be
written as (10). At the beginning of the R&D stage, each firm chooses an investment

level to maximize its expected profits. If Inada’s ‘derivative conditions’ are satisfied,

the Nash equilibrium (x,,..., x,) satisfies the first order condition:
[0 e 1x )G 1x)dy —c =0 (11)
fori = 1,2, veis n, where H, is the derivative of H (y; |x;) with respect to x;. Since EU; is

concave in x;, the second order conditions are satisfied.

Under condition (A), the equilibrium condition (11) becomes

-["e o)t -FoIrIog - F o)y = (12)

which is the same for all firms, where x = i x; is the total expenditure on R&D. Given

i=1

Q (y), the equilibrium condition (12) determines x. Both symmetric and asymmetric

Nash equilibria on R&D expenditures exist and the total expenditure x = i‘, x; deter-

i=1
mined by (12) is independent of n, the number of firms. The total expenditure is the

same under different equilibria. The expected minimum marginal cost is

EG™1x)=-[' 11 (1-HE 1x))
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=y +I’ [1 - F (y)*dy.

It is also independent of the number of firms. Therefore, we get the same invariance
results as Sah and Stiglitz (1987) do.

In our model, firms compete for a profitable production contract instead of a
prize with a fixed rent as in Sah and Stiglitz and other models in the R&D races litera-
ture. An incentive production contract [Q(y),P(y)] can generate a profit
R(y)=P(y)—-yQ (y), which decreases with the R&D outcome y (the marginal cost). The
winning firm is not just awarded a prize, it will get a better prize if its R&D outcome is
of higher quality. This can be viewed as being similar to a variable patent system in
private markets. The reason we have the invariance result here is quite intuitive.
Remember that each firm has the same R&D technology and does R&D independently.
The R&D technology exhibits constant marginal returns to expenditures and it is just
like an independent search process. Therefore, when one firm does k experiments, it
has the same effect on the observed minimum marginal production cost as if £ firms
each did one experiment. When the prize is predetermined and independent of the
number of firms, the total number of experiments or total R&D expenditure for all firms
is independent of the number of firms. Under this specified environment, one firm will
do what n firms will do. Therefore, it is not surprising to get the invariance result under
the particular R&D technology. Later, we will show that if the R&D technology exhi-
bits diminishing marginal returns to expenditures or if the buyer chooses the incentive
contract optimally, the above invariance result does not hold. We would conjecture that
if the R&D technologies among firms are dependent, the invariance result does not hold

either.
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If the R&D process exhibits diminishing marginal returns to expenditures on
R&D, Nash equilibrium behavior on R&D expenditure will be different from above.

We first show that each firm will invest the same amount in equilibrium.

Proposition 5: Under condition (B), i) only a symmetric Nash equilibrium on R&D
expenditures exists; ii) the individual expenditure x(n) decreases with n; and iii)

lim x(n)=0.

Proof: We first show that any Nash equilibrium (£, ,..., #,) at the R&D stage is sym-
metric. If not, there exists i # j such that £ #%;, £ >0 and £; >0. Since %; and ¥; satisfy

(11), we get

¥ n H,(y %) H, (y1%;)
[emnu-reiz — ' dy =0.

Y I-H(y|%) 1-H(yl%)

Condition (B) implies that H, (v 1x)/[1-H(yIx)] is decreasing in x for all x >0 and
y €(y,¥). Then the above equation cannot be true. This contradiction implies that any
Nash equilibrium is symmetric.

Let x(n) be the individual R&D expenditure, then the equilibrium condition (11)

becomes

fQ(y)ll—H(Y|X(n))]"’H.(y|1(n))dy=C- (11%)

Considering n as a real variable and taking the derivatives of both sides of (11) with

respect to n, we obtain

ag(nn) fQ )1 —-H(y Ix(n))]"-z[[l ~H lx(n)Hy (& 1x(n)) + (1 - n)H Xy ,x(n))] dy

+f QO -H lx(r)]" ™' H (v 1x(n))log[1 — H (y 1x(n))]dy =0.
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Condition (B) implies that (1 - H)H,, + H}<0forallx >0and y € (y,¥). Thus, % <0;
that is, x(n) decreases with n.

Furthermore, {x(n)} is a monotonic decreasing sequence with the lower bound 0.
Then there exists a limit x,>0 of the sequence when n approaches infinity. We will
show that x,=0. If not, then H(y!xp)>0 for y >y by the assumption and hence

M-H@ylxnr)]"'—0fory >y when n -5 . Let n - = in equation (11", we get ¢ =0,

which contradicts to ¢ >0 by the assumption. Therefore, x(n) — x4=0.
Q.E.D.

When more firms enter the R&D race game, each existing firm will invest less
in R&D. In the limit, the individual expenditure approaches zero.

It is not clear how the total expenditure and the pace of innovation depend on
the number of firms under diminishing marginal returns to expenditure. In a special
case of (B), we find the following dependence result, which differs from Sah and Sti-

glitz (1987):

Proposition 6: Under (8,), i) E(y™Ix(n)) decreases with n; ii) lim EQ™Ix(n)) =Yy,

where EG™ Ix(n))=y + f [1-F(y)]"**)gy is the expected minimum marginal cost.

Proof: Under condition (B,), the Nash equilibrium on R&D expenditures is symmetric
by Proposition 5. Let x(n) be the individual equilibrium expenditure, then the equili-

brium condition (11) can be written as

ly Q)1 = FN"**™log[1 - F (y)ldy =~ c/oi(x(n)). (117)

By Proposition 5, x(n) decreases with n and x(n) - 0 when n — . Since a(x) is strictly

concave function, (11°) implies that n a(x(n)) increases with n. It is easy to calculate the
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expected minimum marginal cost as the following:

E(y™lx(n)) =_£y yd [1 - F (y)]"=

=y +£ [1 _p(),)]w{x(n))dy

which decreases with n. Since o(0)=+ from the assumption, then a(x(n)) — + .

From (117), it must be na(x(n)) — + . Thus, EG™ lx(n)) = y.

Q.E.D.

Because of diminishing marginal returns to expenditures the cost reduction by
each firm is limited. But different firms can do R&D independently. When more and
more firms invest in R&D, minimum marginal costs are expected to be reduced. In the
limit, the expected minimum marginal cost could reach the lower bound y. But at the
same time, the total expenditures on R&D may increase with the number of firms. Asa
particular example, let a(x)=x% 0<a<1, and let Q(y) =— f (y)log[l — F(y)]. Assume that
f')<oforye (v, ¥), then it is easy to check that Q'(y) =0. The global incentive condi-

tion is satisfied. In this case, the equilibrium condition (11) becomes
nx(n)+x(n) %= o

When a= 1, the total expenditure is nx(n) = 1/c, which is independent of n as we showed
before. But for 0<a<1, nx(n) varies with n. From Proposition 5, we know that x(n)
decreases with n and x(n) - 0 when n — +«. From the above equation, we obtain that
nx(n) increases with n and nx(n) - owc when n — +. Thus, the total expenditure nx(n)
increases with the number of firms and has a finite limit in this example. Therefore,
when the R&D technology exhibits diminishing marginal returns to expenditures, more

competition with a finite amount of total expenditures on R&D could reduce the margi-
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2.3.3 The Optimal Incentive Contract

Under the incentive condition (9), we can easily calculate the buyer’s expected
utility EW(Q (¥), x4, . .., x,). The buyer will choose quantity Q (y) and R&D expenditures
[ T— x,) to maximize its expected utility EW subject to the firms’ individual rational-
ity constraints, self-selection constraints, and the Nash equilibrium conditions on R&D
expenditures. An optimal incentive contract will be determined by the following

optimization problem:

) Max [ [[scgm)—yem] T KO 1x_Dh(y 1) -0 0) T K lx_JH( 1x_,)| dy

i=1 i=1

Q()’)-M ----- Xn
s, fQ(y)K(le_,-)H,‘(ylx‘-)dy—c=0, e W n (11)
[;Q(y)!((ylx_,-)fi(ylx,)dy—cx,-20. e, n (13)

where the global incentive constraint is ignored. Guesnerie and Laffont’s (1984) argu-
ment can be used if the global incentive constraint does not hold for the solution to (P,).
We can see that when » =1 the optimization problem (7,) is just (P), which we dis-
cussed in Section 2.2.4. EU, is strictly concave in x;, EU; =0 when x; =0, and EU; >0 for
some x; >0 and for any nontrivial distribution H(y Ix). Thus, for an interior solution
x; >0 of (P,), the individual rationality constraint (13) must be nonbinding. In order to
encourage each firm to do R&D, positive ex ante profits are required.

Let p; and A; be the multipliers for (11) and (13), respectively, then A, =0 for all
i because of the nonbinding constraints (13). The necessary conditions for the optimal

procurement quantity Q (y) and R&D expenditures (x,, . .., x,) are
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KOl DHO %) 3 KO o JH, 61x)
= 2= (14)

Kylx_)h(ylx) i K@lx_)h(ylx)
i=1

i=1 =

BQGy)=y+-

M> |14

¥ ; y
[ [B@on-y €ox o1z ooy =w [ 000 1x D, 0 1x)ay  (15)

Thus, equation systems (9), (11), (14), and (15) simultaneously determine the optimal

contract [Q(y), P (y)], the optimal R&D expenditures (x,,..., x,), and the multipliers

g | $50 B.0nis KO e H, O 1x)
Lemma 5: If 1+a—y SO = G 1) >0 and E SKG kO %) >0 for all
T, O x, and all i, then there exists at least one j such that y; > 0.

Proof: The proof is by contradiction and similar to the proof of Lemma 3. If not, then

u; <0 forall j. From (14), we obtain B(Q(y)) -y >0 and

Z K@lx_HH(@ lx)

B'RON=1+ 2 2

Ky Ix_‘-)Hx‘(y 1x;)
o | ZKO o Im) | =M oy

2K Ix_)h(y 1x)

By the assumption, the above equation implies Q'(y) <0. Thus,

S [ [B@on-)) €OKG 1k, 6 1x)dy >0

Since H,, <0, then (15) implies y; > 0. This is a contradiction. Therefore, there exists at

least one j such that p; > 0.

Q.E.D.
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It may not be easy to interpret the assumptions in Lemma 5. But if we restrict
our attention to technologies (4) or (B,) we can provide a standard condition. Under
technology (A) or (8,), from (15) it can be shown that p,= --- =p, =p. Then the

assumptions in Lemma 5 become much simpler:

Lemma 6: Under R&D technology (A) or (B)), if f(y)/[1 - F (y)] is nonincreasing in y,

then p>0.

The proof is similar to the proof of Lemma 5 and is omitted here. Since
h(y 1x)/[1 = H(y 1x)] = a(x)f (y[1 - F ()] under technology (A) or (8,), the condition in
Lemma 6 means that for any investment level x the hazard rate A(y lx)/[1-H(y Ix)] is
nonincreasing in y, which is the standard regularity condition. Under condition (A),

(14) and (15) become

fox

i=1

B'(Q(y))=y+i@[ 3 =FO) " —n +nplogll - F()] (14")

[ [B@on -y @min-Fo)riogt - Fo)lay

w[’ Q)1 - F G)Floghll - F 5)ldy (15"

Thus, the optimal procurement quantity, equilibrium R&D expenditures, and p are

simultaneously determined by (12), (14), and (15). We have the following results:

Proposition 7: Under condition (A), if f(y)[1-F (y)] is nonincreasing in y, then the
optimal procurement quantity depends on the number of potential firms, as do the total

expenditure and the pace of innovation.

The proof is in the Appendix. Therefore, in the presence of costly R&D invest-
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ments, the optimal procurement quantity is dependent on the number of competing
firms . This contrasts with Riordan and Sappington (1987), and Dasgupta and Spulber
(1989) who find that the optimal quantity schedule does not depend on the number of
firms in awarding monopoly franchises and in normal procurements, respectively. But
no R&D behavior was considered in their models. In the presence of R&D behavior,
the design of incentive contracts is based upon the buyer’s belief about the firms’
private information (the R&D outcome). Thus, investment behavior actually has some
influence on procurement contracts. The number of potential firms plays an important
role in determining the optimal procurement quantity and the investment level. But
how the optimal quantity and the R&D expenditure depend on the number of firms in
this case is not clear.

Let EW(n) be the principal’s expected welfare under the optimal incentive con-

tract, then we know

Proposition 8: Under conditions in Lemma 6, ﬁ‘;”i)— -

0.

In other words, the principal prefers that more than one firm participate in R&D and bid
for the procurement contract. It is not clear whether the government is always better off
when more firms participate in R&D and compete for the contract. What we know is

the following:

Proposition 9: Suppose that the conditions in Proposition 7 hold, and that the optimal

solution Q,(y) and ¥ x; have limits Qq(y) =0 and x,>0 when n — o, respectively, and

i=1

Q,(y) decreases with y. Then B'(Qo(y))=y and lim E(y™ lx(n))=yo>y.
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We have ex post production efficiency in the limit, that is, marginal benefit
equals marginal cost given the technology, but the expected minimum marginal cost
might increase with the number of firms because Q,(y) and hence nx(n) might decrease
with n. The expected minimum marginal cost may not reach the lower bound y in the
limit. Thus, in the case of costly R&D, more competition improves production
efficiency, but may discourage R&D. Production may be socially more efficient but at

a relatively higher R&D cost."
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2.4 CONCLUDING REMARKS

In this chapter, we have created a basic model of the R&D and production pro-
cess. We have examined what should happen if the government manages and controls
the R&D stage indirectly by awarding an appropriate production contract. The optimal
production contract is characterized to maximize the government’s expected welfare
given that each firm has incentives to invest in R&D and to report its true private infor-
mation. There exists inefficiency in procurements because of unobservable R&D out-
comes and moral hazard in R&D activities. Costly R&D has an opposite effect on the
production decision to the adverse selection effect (Baron and Myerson 1982). If the
Baron-Myerson type contract is used in this case, the government buys too little and
pays too little as compared with its optimum. Therefore, the government prefers to take
into account the pre-contract R&D behavior when offering a procurement contract.

The analysis of the competition case shows that the number of competing firms
matters. The optimal incentive production contract offered by the government depends
on the number of firms. This is in sharp contrast to Riordan and Sappington (1987) and
Dasgupta and Spulber (1989) where no R&D behavior has been considered. The total
expenditures on R&D and the pace of innovation in the industry also depend on the
number of firms. This is different from the invariance result of Sah and Stiglitz (1987)
where firms do R&D and compete for a fixed rent in a Bertrand market. The govern-
ment prefers more than one firm to invest in private R&D and to compete for the pro-
duction contract. In general, competition among a large number of suppliers in pro-
curements may encourage production efficiency, but discourage R&D. It depends on

the structure of the R&D technology.
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APPENDIX TO CHAPTER 2

Application of the Revelation Principle: We first consider the case of one agent. In
general, the principal announces a mechanism [Q (m), P (m), x], where m € M is the mes-
sage that the agent sends to the principal, Q: M - R, and P: M — R, are the quantity to
be produced and the payment paid to the agent, and x € is the principal’s proposal to
the agent. Given this mechanism, the agent takes an action £ and observes his type y.
Then the agent sends a message m =m(y,£) e M to the principal. Finally, the principal
asks the agent to produce Q(m(y,%)) and pays him P(m(y,%)). Since P,Q, and x are
continuous variables and are chosen from convex sets, we only need to consider pure
strategies of Q(), P(.), and x. The principal chooses a mechanism [Q(m), P (m),x] tO

maximize

EW =£;[B[Q(m(y,f))] —P(m(y,x))] dH iy 1x)

subject to

(A =m(y,x), % =x] € argmax EU =f [P(rﬁ(y,f))—yQ(rF: (y,f))] dH (y 1% ) - c&. (*)

A mechanism is direct if and only if M = [y, 7). An optimal incentive compatible

direct revelation mechanism [Q (y), P (y), x] is the one that maximizes

EW ={’ (B@oN-PO)] a1

subject to

00)=y.% =x]€ argmax EU =[" [PGO) -3 GO)) dH 6 1)~ cx. %

The Revelation Principle in this context says that, given any (agent’s) optimal

strategy [m(y,x), x] in any mechanism [Q (m), P (m), x] with m memeber M , there exists an
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incentive compatible direct revelation mechanism [Q*(y), P*(y), x*] in which the princi-
pal obtains the same expected welfare as in the given optimal strategy of the given

mechanism. The same is true for the agent.

To see why this is true, we first notice that, due to the sequential nature ofthe
agent’s decision making, the agent’s optimal reporting strategy m =m(y, x) is actually
independent of his action x. That is, after the agent sunk x, he only cares about the
benefit from the mechanism, which depends on the production cost y he observes and
the message m he sends. Let m =m(y). Given the mechanism [Q (m), P (m), x] and the
agent’s optimal strategy [m(y), x], we define Q*(y)=Q(m(y)), P*(y)=P(m(y)), and x* =x

. Then, under the new mechanism, the principal has the payoff

EW*

]

[ (@ on-rro))anoie

=I;[B[Q(’"@))] —P(m(y))] dH (y Ix)

=EW

That is, the principal has the same expected welfare under these two mechanisms.
Now, suppose [Q*(y), P*(y).x*] does not satisfy the incentive compatibility condition

(**). That means [¢(y)=y, % =x*] does not maximize

EU =f[?*(&(y>)—yQ*@(y))] dH (y 1% ) - cX

={’"[P[m(&3cy))] -ye[m@o) ] a1 - ce

=£;[P(m1(y>)—yQ(m,0))]dHoIf)—cf

where m;(y)=m(®(y)). That is, m,(y)=m(y), ¥ =x] does not maximize
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f[P(ml(y))—yQ(m,(y))] dH (p 12 )~ &

That violates condition (*). Thus, [Q*(y), P*(y),x*] is incentive compatible. Similarly,
it is easy to see that the agent has the same expected profit under these two mechan-
isms.

In the case of n agents, the principal announces a mechanism [Q (m), P (m), x],
where m =(m,, ..., m,)e M are the messages that the agents send to the principal,
Q: M >R} and P: M — R? are the quantity to be produced and the payment paid to
each agent, and x € R? is the principal’s proposal to the agents. Given this mechanism,
agent i takes an action x; and observes his type y;, which is drawn from a distribution

H;(y; 1x;). The principal chooses a mechanism [Q (m), P (m), x] with m € M to maximize

EW =E, 3 [B[Qin0.£)) - Pi(mn(. %))

i=1
subject to
[Iﬁ" =m‘-(y,x),f,~ =x,-] € argmax EU =Ey [Pl-(ﬁz,-,m_l-)—y;Qi(n"i,-,m_,-)] —C.’x—"

for. iall i=l; vy n. Similarly, the optimal strategies m =m(y,x) for the agents are
independent of their actions x. The Revelation Principle holds as in the case of one

agent.

Q.E.D.

Proof of Lemma 1: First, if ¢(y)=y is the agent firm’s optimal strategy, the necessary

condition is

| 4=y =0

IR (y, DA (y 1x)
9
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for all x and v, i.e., _QI%(’Q | 4=, =0 for all y. The second order condition can be writ-

2 ’
ten as a—lia%;ib—)— | 4=y <0 for all y. Combining these two conditions, we get 0 (y) <0 for

all  yely 7yl Let R()=R(y,y), then  P@)=y0()+R(y)  and
Ro)= 2L, =-00).

On the other hand, given that Q'(y)<0 and P(y)=yQ () +R(y) for all y € [y, ¥],

we can show that R(y)2R(y,¢) for any y, ¢ely,yl. In fact, since

¥
R@):R(y—)+l Q7 )dy , for ¢ >y we have
o
RO)-R@®=[ 05)ds
20@W©@-=RO. & -R®)

where the inequality is true because Q (y) is nonincreasing in y. We get R(y) 2R (v, 9).
The same is true for any ¢ <y. Thus, for any y € [y,y], once ¢(y) € [y,y], we have

R () 2R (v, #(y)), which implies

fR(y)h(y 1x)dy — cx zj;’_R(y,w))h(y Lx)dy — cx

since A (y 1x) 20 for all x, y. Therefore, truth-telling is the optimal strategy for the agent.

Q.E.D.

Proof of Lemma 2: Suppose the conclusion in Lemma 2 does not hold, i.e.,

x*(Q)<x*(Q ). From the first-order condition, we get

[0t 1x*@dy =[" G 0. 1*(C Nay

<[ 00 1x*@ Nay

because H, >0. This implies that
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{fQ ()’)[H,(y Ix*(Q)) — H,(y Ix*(J ))] dy <0.

But H,, <0 and x*(Q)<x*(@) imply H,(y 1x*(Q))=H,(y 1x*(Q)) for all y € (y,y). The
above inequality cannot be true. This is a contradiction. Thus, x*(Q) 2 x*(0 ).
Let EU and EU be the expected utilities for the firm under these two contracts,

respectively. When R () =R (7) we get

EU -EU ={’ [Q O (y 1x*(3 ) - QO)H (y Ix*)] dy —cx*(Q ) + cx*(Q))

<[ 00/ (O 1x*G ) - 1*©@)) dy ~ (%G ) ~x*(©))
Using Taylor’s expansion, there exists § € [0, x] such that
HE1x*Q ) -HG1x*(Q))=H,(y 1x*(Q)8 + Hy (y 18)8/ 2,
where §=x*(0 ) —x*(Q). Substituting these two equations into the above inequality, we

get

EU - EU < [{’Q@)H,(y Ix*(Q))—c] 8+ 28 [ Q0L 18y,

The first term on the right-hand side equals zero by the first order condition, and the

second term is no larger than zero. Thus, EU 2EU .

Q.E.D.

Proof of Proposition 4: Since H(y 1x)=1-[1-F(y))* forallx >0 and y € [y,¥], then

Hylx) [-FOI'"*-[1-F@)
h(y Ix) x f() '

HO1%) _ (1= Fy)logll —F )]
h(ylx) xf) i

d| H(y lx)h(y Ix) f
[ - ] =%[1—(1—x)[1——F(y)]"]—;%%[[I—F(y)]l"'—[l—F()’)]]
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>[1-F@E)*20

B[Hx(y |x)h(y |x)]
dy

L LOn-Fenl

1.1 ”
=~ + logll F(y)][ s

The above two inequalities hold because the assumption T% is nonincreasing in y.

The conditions in Lemma 3 are satisfied and thus 1 >0 by Lemma 3. Now let
0O) =H(y 1%) — WH, (v 1£)
=1-[1=FO))* +4ll - F ()] logl - F ()].

Then ®(y)=0, $() =1, and

§0)=[1=FOF "7 0)[ £ - i - fitlogl1 - F »)])

If 220, then ¢(»)>0 for all ye(y,7). Thus, ¢()>¢()=0. That is,
H(yl£)-pH,(y12)>0 for all ye (v,¥). Since B(Q) <0, from (1) and (6) we obtain
Q@) <Q*@)forally e ¢, ).

If # <1, then there exists a § € (v.y) such that

Tt

FF)=1-¢ ™

Thus, ¢'(y) <0 fory <5 and ¢'(y) >0 fory >§. Since ®(y) =0, then ¢(y) <0 for some y >y.
But we know ¢(y) = 1. Thus there exists a yoe (y,y) such that ¢(yo) =0, ¢(y) <0 for y <y,
and ¢(y) >0 for y >y, Therefore, from (1) and (6) we have 0 (yo)=Q*(o), O (¥) > Q*(¥)

fory ey,yo), and 0 (y) < Q*(y) for all y € (yo, 71.

Q.E.D.

Proof of Proposition 7: We show this result for symmetric Nash equilibrium of R&D
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expenditure. Under condition (A), the optimal quantity Q (y), equilibrium R&D expen-
ditures, and p are simultaneously determined by (12), (14), and (15). If the optimal
quantity schedule Q(y) is independent of » for any y, then from (12) we know that the
total expenditure x is also independent of n. This together with (15) implies that p is
independent of n. Consider the symmetric equilibrium of R&D expenditure. Let x(n)
be the equilibrium individual expenditure. Taking the derivative of both sides of (14)

with respect to n, we get

S (g pz | ox(n) 1 "
0—[:: e +l+x(n)] F—— (147)

for all y € (y,y), where y(>y) represents the marginal cost level of the marginal firm

and is independent of n, and z=z(y)=-x(n)logll-F()1>0 for ye (y.y). Let

Wz)=ze* —e* +1+ _E.z__’ then
x(n)

AU _ (e, 1y 5 O)
dy x, " 1=-F(y)

cannot be zero for all y € (y, y) since u>0 by Lemma 6. Thus ¢(z(y)) cannot be zero for

. e ax . "
all y € (y,5). Since x =nx(n) is independent of n, ain is not zero. Thus, (14") cannot be

true. The contradiction implies that Q (y) does depend on n.
From (12) again, the total expenditure in R&D x will depend on n. Since the
expected minimum marginal cost equals E(y™ Ix) = y+ Iy[l—F(y)]‘dy, it also depends

onn.

Q.E.D.

Proof of Proposition 8: Under technology (B,), the Nash equilibrium of R&D expendi-
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tures is asymmetric by Proposition 5. Under technology (A), we consider symmetric
equilibrium only. At the optimum solution [Q (y), R (¥), £] to (P,), the buyer’s expected

welfare can be written as

EWm)=n [ [BQ@ON)-¥00)] 1-HO 1D " dH 3 12) (8.1)

~n [ 60N -HE 1D HE 10)dy.

Viewing n as a continuous variable at this moment, we obtain

dEW(n) | OEW 30()| . 9EW 3% _ 3EW
dn -{aé(,) on ]+ 3z an “on’ (8.2)

where

AW | _ T oy i ey~ 100G g Hiy 1) "
{aé(.) an] n{“ H(y12)] o | B @ON-Y Oy 1£) dH (y 1)

=-nﬁf[l—H(yii)]"'lH,(ylf)%&dy. (8.3)
The last equality holds due to (14). Integrating (8.1) by parts, we can rewrite EW (n) as

EW (n) =B(§)—g§+{’ [B'(Q'(y)) —y] 0’01 - H(y 1) dy

-l’é(y)[l—u(ylf)]*-'[u(n - DH(y 1;2)] dy. (8.4)

Then

)3 I g 5
e {_’ [B (Q(y))—y] Q01— H(y 12)"~'H,(y |1 £)dy

(-1 fému —H(y 12))"~H, (y 1£)dy

+a -1 [ 6N -HE IO H,61D(1+0 - DHE 12)] dy

=—nik [ GO -HO 11~ Holy 1£)dy
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tnn =1 [ OO~ Hy 12 2H, 0 1OH 6 1£)dy. (8.5)

Taking the derivatives of both sides of (11) with respect to n, we get

[ 2D no1or-,e 10y + [ G0N - HE 1D "ty 10y S,
y n

-0 [ GO~ HO 1O 2 1)y o

+ I’ OO - H(y 1£)]" " 'H, (y | )log[1 — H (y 1£)ldy = 0. (8.6)

Combining (8.3) and (8.5) with (8.6), we obtain

EW Q]  EW R e T e a2 o O
[aQ(.) dn ]* 3 o " ‘W{ QU -HE 11" H 1)y

i ﬂﬁfé(y)[l —H(y D))" —111,(_)' 1£)log(1 — H (y 1£)]dy

+nn—1) l’ OO —HG I %h(y | )H, (¥ If)dy-g—:; 8.7

On the other hand, we have

ag;v =ly [3'@@»‘4 0’1 - H(y 1£)"logl1 — H (y 1 £)]dy

—[’ O ()1 -H(y IJE)]""[I +(n—DH(y |f)] log[l — H (y | £)]dy

—'[-Q(y)[l —H(y 12"~ H (y 1£)dy (8.8)

Let H(ylx)=1-u(y)*®, where u(y)=1-F(y), a(x)20, o'(x)>0, o'(x) <0, and a(0)=0.
When a(x)=x, H(y|£) represents technology (4). When o'(x) <0, H(y |x) represents
technology (B,). Substituting this distribution into (8.7) and (8.8), and combining with

(8.2), we obtain the following

dEZ;(n) = (n - 1)._8_(’15:‘& ly Q“‘(y)“(y)(n—l}ﬂ-(f}g |(y)10gu()')dy
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# B 76 34y *Otogu )y

a(®) 2

+ [ 60 mo)*~10g 020y (8.9)

where
1) =u () - 1 - o' (£)u () @logu ()
2200) =u()*® = 1 - o#)logu (¥)

Let n =11in (8.9), we have

dEW (n) | - o)l (£)

=B [ 60w @10gurdy +[* 0 9)g:0)dy (8.10)

o) Y Y
Since 1 >0 by Lemma 6, o'(#) <0 by assumptions, and logu(y) <0 and g,(y) >0 for all

dEW (n)
dn

y € (,¥), (8.10) implies

— 1 ]

Q.E.D.

Proof of Proposition 9: We consider symmetric equilibrium only. First, since

¥ x; =nx(n) has a finite limit x, = 0 by the assumption, then when n — = we obtain

i=1

m y nx(n) y %o
EG™ixm) =y +[ 1 -FON*®dy > y+[ 1-FoN"dy =yo>y

Second, by Lemma 6, p, >0. Suppose that p, has a limit p,. Then p,>0. We will show

that po=0 and = — 1. Combining (14) with (15, we obtain

Xn

dy

¥ s x+1 - . - it = = .
[ 0l ~Foxr*ognt FO’”LE“ PO m e el = F O S r )

=t [ 0. 0)01- F0)1*log?l1 - F ()1dy
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Let n — oo, then

[u o —I] ,[yQo(Y)[l—F(y)]x"logl[l-F()’)]dy

mx(n)

= b [ Qo)1 = F &)1"og’(1 - F ()l

Since Q,(y) decreases with y by the assumption, then Q,(y) <0 for all y and », and hence
0o(y)<0. If py>0, then the above equation implies that lim ::—;) —1<0. That is;
i, <x(n) when n is large enough. Thus, when n — «, p, — 0 since x, — 0. Therefore,

1o =0 and hence lim% — 1. Thus, (14) implies that B'(Q4()) = y.
n

Q.E.D.
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NOTES

I would like to thank John Ledyard for motivation and very helpful discussions. I
would also like to acknowledge comments from Kemal Guler, Preston McAfee,
George Mailath, Richard McKelvey, and the participants in the seminars at Cal-
tech, University of Kentucky, University of Michigan, and University of Pennsyl-
vania. Of course, the responsibility for any errors is entirely mine.

The economic theory of procurement has much in common with the economic
theory of regulation and auctioning. Because of asymmetric information, design-
ing incentive procurement contracts is similar to regulatory mechanism design.
Caillaud, Guesnerie, Rey, and Tirole (1988) review the recent literature on
government regulation under asymmetric information.

For a more complete survey of the recent literature on research, development, and
diffusion, see Reinganum (1988).

Research and development in defense procurements is characterized by a particu-
larly high degree of uncertainty. First, the level of innovation is uncertain.
Second, the government cannot easily verify the outcome of the innovation
activity. Third, R&D decisions or efforts directed towards innovation by the
firms are difficult for the government to observe directly. Because of these prob-
lems the government has difficulties in rewarding and encouraging innovation
activity efficiently. But, one way to reward successful innovation is to create a
prize that is related to the production of the item being procured.

Laffont and Tirole (1988), and Fudenberg and Tirole (1988) have recently dis-
cussed the renegotiation issue in an agency model with moral hazard and in a

repeated adverse selection model, respectively. Our model of R&D and
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production includes both adverse selection and moral hazard problems. Because
of this, the design of renegotiation-proof contracts is different from that in Fuden-
berg and Tirole (1988) and Laffont and Tirole (1988). The optimal production
contract here should not only be renegotiation-proof, but also give the firm incen-
tives to reveal its private information and to invest enough in R&D. Therefore, it
is important to investigate commitment and renegotiation in procurement and
contracting in a two-stage model with both adverse selection and moral hazard.

It is often possible for the firm who wins the procurement contract to continue to
exert some effort in order to reduce production cost further. If the production cost
is ex post observable to the government, incentive contracts could be designed to
give the chosen contractor an incentive to reduce production cost in both the
R&D and production stage. In this case, incentive contracts can be based on both
the R&D outcome and the realized production cost. Similar to Laffont and Tirole
(1986), and McAfee and McMillan (1987), it can be shown that a menu of linear
contracts in both the expected cost and the ex post observed cost is optimal in the
case of R&D and production uncertainty. But R&D changes the coefficients of
the linear contracts.

We can always rescale the variable x such that the R&D cost is linear in x.

In the Appendix, we offer a proof that the Revelation Principal applies to our
model.

If the number of potential firms is endogenous, it can be shown that there exists a
free entry equilibrium under which the equilibrium number of firms, the level of
investment in R&D, and the break-even level of production cost are simultane-

ously determined.
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The innovation processes of different firms may not be the same, but usually have
some common elements of technological uncertainty, one of which might be the
general difficulty of cost reduction. Because of these common factors the poten-
tial R&D outcomes among different firms may be correlated. It may then be pos-
sible for the government to extract the full surplus from the contracting firms by
designing appropriate incentive contracts. But this full extraction of surplus may
discourage R&D. We do not discuss this issue here in detail.

In general, production contracts could be allowed to depend on all bids (b, ..., b,)
or messages. However, we consider here a variable quantity auction in which the
lowest bid firm wins the contract and the quantity depends on the lowest bid only.
Without R&D, some regularity conditions are sufficient for this special contract
to be optimal within general mechanisms (see Riordan and Sappington 1987). It
remains an open question whether, with R&D, offering a contract
[OQ:i(Bis <s 5 By ) PeBiyisss s b1 to the ith firm improves the government’s expected
welfare.

We should be careful about this implication because some non-primitive condi-
tions have been used in Proposition 9. Certainly, more research is needed to

make this point clear.
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CHAPTER 3
ENTRY AND R&D COSTS
IN PROCUREMENT CONTRACTING *

3.1 INTRODUCTION

In competitive procurements and contracting, potential firms usually participate
in R&D activities. Some firms may not find it profitable to enter into competitive bid-
ding just because precontract R&D is very costly. As Besen and Terasawa (1987)
argued, in many government procurement cases, only a small number of potential firms
choose to submit bids. Also, according to Hendricks, Porter, and Boudreau (1987),
potential firms decide how much information to collect before participating in competi-
tive bidding. Thus, precontract R&D behavior and a small number of bidders are
significant and important in procurement contracting. The firms’s decisions to acquire
information and to submit bids usually depend on the R&D process, the costs of R&D,
the costs of preparing bids, and the type of competitive bidding procedure in place.

The existing literature on auctions and procurements,' except for French and
McCormick (1984), and McAfee and McMillan (1987a), typically assumes that the
number of bidders is exogenous and constant,> and that each bidder has certain private
information. Under these basic assumptions, different auction procedures are compared
and the optimal auction mechanisms are also designed in this literature. When the
number of bidders goes up, as Holt (1980) showed in the government procurement of a
unit of goods, the expected procurement cost to the government decreases. When the
government with incomplete knowledge about the firms’ production costs demands

many units of the goods, it should procure the goods at the level at which the marginal
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benefit equals the marginal virtual cost.’> The government discriminates as a monopson-
ist. Asymmetry of information causes a welfare loss for the government. The more the
firms compete for the procurement contract, the less the welfare loss. As the number of
firms goes to infinity, the welfare loss disappears; hence the most efficient outcome is
reached. Therefore, competition is good for the government.

R&D and entry behavior in auction and procurement processes, however, have
not been examined carefully in this literature. Although French and McCormick
(1984), and McAfee and McMillan (1987a) have considered fixed entry costs and entry
equilibria, prebidding R&D decisions have not been formally modelled.* On the one
hand, if fewer firms participate in the competitive bidding, the contract will be more
profitable to the winning firm and each firm will tend to invest more in R&D. If the
expected profit of the winning firm is positive, then more firms will enter the auction.
On the other hand, the buyer may want to control the firms’ R&D decisions through the
choice of the contract auction rules. Thus, the following questions are of interest.
What is the equilibrium number of bidders under free entry and how does each potential
firm make precontract R&D decisions? Is free entry of firms an optimal policy for the
buyer? Moreover, is it socially optimal? These are the questions that I intend to
answer in this chapter.

I provide a model of competitive procurement with precontract R&D. The
number of firms is viewed as an endogenous variable in the model. I distinguish active
firms (or informed firms) from actual bidders. A firm is active if it invests in R&D and
becomes informed about demand and production cost. An actual bidder is a firm that
submits a bid in the auction for the production contract. Similar to Chapter 2, the R&D

activity by each firm is formally modelled as a stochastic process with certain R&D
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costs. I also allow for each firm a bid-preparation cost similar to that in Samuelson
(1985). These R&D costs and bid-preparation costs affect the number of informed
firms and the number of actual bidders. Under free entry, the equilibrium number of
informed firms, the expected number of actual bidders, and the level of investment in
R&D, are simultaneously determined and depend on the R&D costs, bid-preparation
costs, and the type of auction.

The next section describes the model and the equilibrium concept I am going to
use. Then I show the existence and uniqueness of symmetric perfect free-entry equili-
brium under the first-price sealed-bid auction with a given reservation price. Some
interesting comparative analysis is provided at the symmetric perfect free-entry equili-
brium.

First, as the buyer’s reservation price increases, both the equilibrium number of
active firms and the total level of R&D investments increase. Thus, raising the reserva-
tion price can encourage participation in R&D and stimulates R&D investments.

Second, the total equilibrium expenditure on R&D among all firms decreases
with the marginal cost of R&D. As the marginal cost of R&D goes to zero, the total
expenditure by all firms goes to infinity no matter how large the fixed cost of R&D. On
the other hand, as the marginal cost of R&D is relatively high, it will be very costly for
any firm to conduct any R&D activity. Thus, the marginal cost of R&D is the key
determinant of the total R&D expenditure.

Third, without a fixed cost of R&D, free entry causes an infinite number of firms
to enter the R&D process. But with a positive fixed cost of R&D, only a finite number
of firms will invest in R&D. The higher the fixed cost of R&D, the fewer the equili-

brium number of active firms. In other words, the fixed cost of R&D plays an important



89

role in determining the equilibrium number of active firms and the expected number of
actual bidders.

From the point of view of the buyer’s optimal strategy, I show the following:
First, consider the fixed-scale R&D technology. If the buyer’s opportunity cost of pro-
curing the good somewhere else is relatively high, no reservation price is necessary for
the buyer. If the buyer’s opportunity cost is relatively low, however, he should choose
a reservation price that is lower than the opportunity cost. This optimal reservation
price is higher than the reservation price the buyer would have chosen if there were no
fixed R&D cost. Although there exists a distortion of the efficient outcome, the pres-
ence of positive fixed costs of R&D makes that distortion smaller. In both cases, the
optimal number of informed firms for the buyer enter the procurement process under
free entry. That is, free entry is optimal for the buyer conditional on the appropriate
choice of a reservation price. Second, when R&D is subject to constant marginal
returns to scale on expenditure, if the buyer is able to control each firm’s R&D invest-
ment costlessly, he does not want to leave the R&D decisions and entry decisions to the
firms. In general, he wants each firm to invest more in R&D than it wants to. Thus,
when R&D decisions are not observable by the buyer, a moral hazard problem arises.
Taking each firm’s R&D decision as a constraint, the buyer still prefers free entry of
firms through an appropriate choice of a reservation price that may be either higher than
or lower than his true opportunity cost.

Social optimality is characterized in Section 3.5 by the minimization of the total
expected social costs of procurement. Under either the variable, constant marginal
return R&D technology, or the fixed-scale R&D technology, social optimality requires

the buyer to set his reservation price equal to the minimum of his opportunity cost and



the highest possible production cost observation among all firms. In contrast to the
buyer’s preferences, when each firm’s R&D decision is subject to constant marginal
returns to scale on expenditure, society prefers only one firm to conduct all of the R&D
and production. The comparison between the buyer’s optimum and the social optimum
shows that the type of R&D technology plays an important role in determining the

optimal R&D and procurement policies for the buyer and for society.



91

3.2 THE MODEL

There is a single buyer (e.g., the government) who seeks to procure one unit of a
certain novel good or service. The buyer wants to minimize the expected total costs of
this procurement.

There are many potential firms; each of which has the potential to produce a unit
of the good at an unknown cost y. Firms are assumed to be symmetric in this chapter.
Each firm can invest in R&D for information about cost reduction and will observe a
potential cost y. I consider two types of R&D technology: a fixed-scale process, in
which either R&D is done upon a fixed cost or it is not, and a variable scale process
with constant marginal returns to R&D expenditure.

In the first case, each firm will make a take-it-or-leave-it decision whether to
reduce its production cost. If the firm decides to invest in R&D then it observes a pro-
duction cost y at a fixed cost C of investment and has a belief that other firms’ observa-
tions of production cost are drawn independently from a cumulative distribution F (y)
with the support [y,y]. This is similar to the case studied by French and McCormick
(1984) and McAfee and McMillan (1987). They consider the fixed cost C as an entry
fee in the competitive bidding.

The fixed-scale R&D technology is simply a one-shot experiment process. 1 am
more interested in a relatively sophisticated R&D technology in this chapter. Suppose
that a firm repeats the fixed-scale experiment many times. In each experiment, the firm
observes a production cost y, which is drawn from a cumulative distribution F(y) with
the support [y, y]. Except for a fixed cost C, at the beginning of the experiments, each
experiment costs the firm C,. If the firm repeats this experiment & times independently,

it will observe k numbers of production cost (y,,..., ¥) at the cost C.k +C,. The
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minimum cost level y, of y, ..., yi-1» and y, is subject to the distribution of the

lowest-order statistic:
Hylk)=1-[1-F@)".

Certainly, the minimum cost y, is the outcome the firm picks from this process of
repeated experiments.

In general, let x be a variable that represents the firm’s investment level in
R&D. Based upon x, each firm observes a production cost y, which is assumed to be

independently drawn from an identical cumulative distribution
Hylx)=1-[1-F@)I* (la)

with the fixed support [y.¥1, ¥ >y 20, where F(y) is a continuously differentiable cumu-
lative distribution function with support [y.y] and density function f (y), and x € [0, + )
is the level of investment in R&D.? I assume f(y)>0forall y e y.yland y + F(y)/ f (¥)
is increasing in y. Let G(y)=1-F(y) for all y. The R&D cost is assumed to be linear

and the same for all firms:
C@)=Cix+Cy (1b)

where C, >0 is the marginal cost of R&D investment and C€,>0 is the fixed cost of
R&D.

I model the competitive procurement as a three-stage process. In the first stage,
the buyer announces and commits to the general rules of procurements. I consider the
first-price sealed-bid auction with an announced reservation price.® In the second stage,
R&D is conducted during which each firm invests in R&D and acquires information
about the production cost. In the final stage, a competitive bidding procedure is con-

ducted in which the buyer procures the good via the sealed-bid auction announced at
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the beginning.

More specifically, this process can be described as follows. First, the buyer
announces the rules of the sealed-bid auction including a reservation price r, which is
no higher than the highest possible cost level y. The lowest bid will be accepted if it is
below r. Second, the firm will calculate its expected profit from bidding and decide to
invest in R&D if this profit is no less than its R&D cost. Third, based on the observed
production cost information y, the firm will bid unless the expected profit is less than
the bid preparation cost K that each has to pay to participate in the bidding process.
The winner is then chosen as the contractor for production.

The buyer is able to procure the good elsewhere at the cost y, if the lowest bid is
higher than the reservation price r. A special case is when y, is very high, which means
that there are no substitutes available for the buyer. Let y, =min (¥, y,) represent the
minimum of the highest possible production cost y, which the firms observe, and the
buyer’s opportunity cost y,,.

Suppose that each firm learns its production cost without any cost of R&D.
Given a fixed number of firms and their types, each firm submits a bid upon paying a
cost K> 0. This is the case in Samuelson (1985). Therefore, the present study can also
be viewed as a generalization of the models by French and McCormick (1984), McAfee
and McMillan (1987), and Samuelson (1987).

In the next section, I will analyze a free-entry equilibrium for a particular reser-
vation price of the buyer in a sealed-bid auction. A perfect free-entry equilibrium of the
final two-stage game consists of a market structure n, an investment strategy
(x1,.... x,), and a bidding strategy (8,(y,). ..., B,(y,)) such that the following apply: (i)

the bidding strategy (B,(y,). ..., B,(y,)) is a Bayes-Nash equilibrium, (ii) the investment
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strategy (x. ..., x,) is a noncooperative Nash equilibrium, (iii) each of » firms in the
market must anticipate nonnegative profits, and (iv) » + 1 firms earn negative profits.
Entries of all firms are simultaneous decisions, not sequential. Under the fixed-scale
R&D technology, equilibria in both (i) and (ii) are symmetric. Under the variable con-
stant marginal return R&D technology, however, asymmetric equilibria may exist.” I
will only consider symmetric equilibria in both (i) and (ii) and call (n,x,B(y)) a sym-
metric perfect free-entry equilibrium. I will show that, for a given reservation price,
there exists a unique symmetric perfect free-entry equilibrium. In Section 3.4, we will
see that the buyer prefers the free entry of firms and I will calculate which symmetric
perfect free-entry equilibrium he should select by choosing an appropriate reservation
price. Considerations from the point of view of social optimality are discussed in Sec-

tion 3.5.
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3.3 SYMMETRIC PERFECT FREE-ENTRY EQUILIBRIUM

Given the rules of the sealed-bid auction with a reservation price r, suppose that
a firm i believes that n firms including itself might invest in R&D and compete in the
contract auction. I will show how the equilibrium number of firms is determined later
on. For variable scale R&D technology (1a) and (15), firm i invests x; in R&D at a cost
of C(x;) and privately learns the new production cost y; of supplying the good, which is
independently drawn from the distribution H (y, |x;). Consider symmetric noncoopera-
tive Nash equilibria x; =x; =x for all i and j. Firm costs are generated independently
from a common distribution function # (y 1x) with the support .y

Suppose that in the auction, firm i uses a strategy B; = B;(y;),* which is strictly
increasinginy;,i=1,..., n. Firm i with cost observation y; will generate the following

profit from bidding by submitting B,;:

m;(B;, y;) = (B; —y;)Prob(winning)
n-1
=@ -y 1-H @] B)1x)

Consider symmetric bidding strategies B;(y)=B,(y)=B(y) for any i and j as the Bayes-

Nash equilibrium. By the Envelope Theorem, at the Bayes-Nash equilibrium

ALL"“(B@)- ) o _-Hy ) (2)

The submission of a bid requires the expenditure of K in preparation costs.
Free-exit implies n(B (y),y) - K =0. Thus, the firm will not bid if costs are above some
break-even level y. The marginal firm y is indifferent between entering a bid or not. If
the marginal firm makes a bid, the optimal bid is the reservation price B(y)=r. The

probability that the marginal firm y wins is [1-H@ 1x)]* " '=[1-F@)* "> =G (5)" >
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and the marginal firm’s expected profit will be n(8 (), ¥)=(r - y)GF)*~*. Thus, the

marginal firm y is determined by the following free-exit condition (FE):
r -G~ =K. (FE)
Then, from (2) and (FE), we have
y
"B ). y)=K +£ G )"~ Drdy

for all y <y. The firm with cost y >y will not bid because its expected profit from bid-
ding will be less than the bid preparation cost K. From (FE), y is strictly lower than the
reservation price r because of the positive bid preparation cost. If K =0 then y =~. That
is, if no such cost existed, the marginal firm would be the firm with a cost observation
equal to the reservation price.

On the other hand, we know that, at the symmetric bidding equilibrium B =B (y),

nB(¥),y)=BO)-y)G )"

Comparing the above two expressions, we can easily write the equilibrium bidding

function B (y) as the following:

- [ 6w
G(y)(n—i)z L GO)(n—l)x

B(y)=y+ 3)

for all y e[y,y) and B(y)=r. Because of the bid-preparation cost K and the firms’
private information about y, each firm intends to bid a higher level than the true produc-
tion cost y. The equilibrium bid function consists of the true production cost y, the
information cost, and the bid preparation cost. From (3), the equilibrium bidding func-
tion B (y) is completely determined by n, x, and y.

Suppose firm i invests x; in R&D. Since (» — 1)x in the expression of n(B (y), y)

is the total expenditure on R&D by the other n — 1 firm and independent of x;, firm i’s



97

total expected profits from bidding will be

f [n(s (y).y)—K] dH (y 1 x;) =,[;G(r)“‘""ll(: Ix, )dt

given that each other firm chooses x. At the symmetric Nash equilibrium, firm i will
choose x; =x such that the marginal expected profit equals the marginal cost of invest-

ment in R&D. Formally, we have

\[’ G (Y InG (1)dt + C, =0. (R&D)

(rn=-1)x+x

The second order condition is satisfied because — f G() ‘In®G (t)dt <0 for all x; >0.

Let

Er:,(x,)?)=,[yG(:)("‘““H(tIx)dr—Clx-C2 (4)

be the firm’s ex ante expected profit given the symmetric equilibrium strategies of both
investment and bidding. Each potential firm enters the R&D process if its expected

profit is nonnegative. That is, equilibrium entry gives

Em,(x,¥)20. (EEa)
And any additional entrant n + 1 earns negative profits:

ET, 1(x,5) <0, (EEb)

where x” and y’ are the individual R&D expenditure and the break-even cost level that
are determined by (FE) and (R&D) when n + 1 firms simultaneously enter the R&D pro-
cess.

Since the equilibrium bidding strategy B(y) is completely determined by
(n,x,y), we only have to consider (n,x,y) for a symmetric perfect free-entry equili-

brium. Therefore, for any given reservation price r, equations (3), (FE), (EEa), (EEb),
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and (R&D) simultaneously determine the symmetric perfect free-entry equilibrium
(n,,x.,¥,) with the bidding function in (3), where n, is the equilibrium number of
informed firms, x, is the each firm’s equilibrium investment level in R&D, and j, is the
break-even cost level that the informed firm will bid if its cost is no higher than j,. The
total expenditure in R&D at the equilibrium is n,x,, denoted by x,. At the equilibrium,
each informed firm invests x, in R&D and the firms with cost observations higher than
¥ submit bids. The number of firms that actually submit bids is random and subject to a
binomial distribution. Thus, the average (or expected) number of actual bidders is
n, =n, H(, |x,), which depends on the equilibrium number of informed firms, the
investment level in R&D, and the break-even cost level. When there is a bid prepara-
tion cost, y, <y and hence the average number of actual bidders is less than the number
of informed firms.

I need to show the existence and uniqueness of symmetric perfect free-entry
equilibrium for a given reservation price. I first consider the special case where there is
no bid preparation cost. Then, from (FE), y is the same as the reservation price r, and
(R&D) is a one-variable equation that determines the total investment level x,. Substi-
tuting x, into (EEa) and (EED), it should be easy to solve for the individual investment
level x, and the number of firms »,. I allow the number of firms » to be a continuous
variable at this moment and adjust the solution later on. Each firm enters the R&D pro-
cess until its expected profit is zero and hence the equilibrium-entry conditions (EEa)

and (EEb) can be represented by the equality

f G~ D*H(t1x)dt — Cyx — C,=0. (EE)

Then the following are true:
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Proposition 1: In the case of K =0, there exists a unique solution (n,,x,.¥,), with
n, €(0,+ <), x, €(0, + <), and y, =r, to the system of equations (FE), (EE), and (R&D) if

andonly if C,>0and 0<C, <- {r InG (t)dt. Furthermore, at the equilibrium

ox, ox, on, i
(a) > >0, 3 <0, and o >0;
ox, ox, )
(b) a—cl-:Oand 3&:‘(0, and
ox, an, dx, an,
(c) aCz-o, 3C, <0, aC2>0’and a(:2<0.

Proof: Since K =0, by definition y, =r. Then (R&D) and (EE) form a recursive system.

Let

Mn;l’c(z)fmccr)dz +Cy.

then ¢(0) = j;r InG (t)dt + C,, ¢(+e0)=C,, and ¢'(x)> 0 for all ¥ >0. By continuity, ¢,(x) has

a unique positive root and hence condition (R&D) uniquely determines a solution

0<%, =n,x, <+eoif and only if 0<C, < -1'mc; (t)de. Similarly, let

W(x)EIrG(I)i'"'dr —fG(:);'dt — G =Gy,

then y(0) = - C,, w(+ )=+, and y'(x) >0 for all x > 0 because of equation (R&D). Then
by continuity, y(x) has a unique positive root x, if and only if y(0)=-C,<0, i.e., C,>0.
Let n,=x,/x,. Therefore, (FE), (EE), and (R&D) determine a unique solution
(ng,x,.9,) With O<n, <+90, 0<x, <+, and , =r.

Now, taking the derivatives of both sides of equation (R&D) with respect to

vy, =r, ] have

ox, 3
e GG (r)=0, )

o dar
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where §, =£rG(I);'lnzG (t)dt >0. Since 0<G (1)< 1 for all ¢ € (y,), equation (5) implies

ax, =
¥>0foranyre . ¥).

Taking the derivatives of both sides of equation (EE) with respect to r and using

equation (R&D), I get

a . 1 & n - x
82(n‘a_r)x"c(’)(' Y- Gr)*1=0, (6)
r (=1 x : ; . d(n, - Dx,
where 82=£ G@t) " T'[1-G@))InG (t)dt <0. Equation (6) implies ——a >0. From
(5) and (6), I can solve
ox, 1 ¢ (n, - 1)x
= s = 7
=g [ (G (1)G (rN™ ™ oy (0)InG (1)dt, (7)

where ¢,()=[1-G()*1G@)* InG(t) - [1 -G ()" IG ()" InG(r) for re[y,r]. It can be

ox, .
shown ¢,(r)<0 for all r € (y,r). Since &, >0 and 8, <0, then (7) implies —;T <0 which

. 0% . ; .
il >0. Otherwise £ < 0, which contradicts with (5).

also implies > >

Similarly, I can show (b) and (c) hold by taking the derivatives of both sides of

equation (EE) and (R&D) with respect to C, and C,, respectively.
Q.ED,

For a fixed number of bidders, if the buyer sets a higher reservation price, each
bidder’s expected profit from bidding would be higher. Then there was a greater
number of bidders whose fixed costs of R&D could be covered by this expected profit.
But as the number of bidders went up, each bidder’s expected profit from bidding
would go down. Each firm would then invest less in R&D. Proposition 1 shows that, at

the free-entry equilibrium, as the buyer’s reservation price increases, both the
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equilibrium number of active firms and the total level of R&D investments increase. In
other words, raising the reservation price encourages participations in R&D activity and
stimulates R&D investments over all.

As the marginal cost of expenditure on R&D increases, both the individual and
the total expenditure on R&D decrease. The condition C, <—l'InG (¢)dt in Proposition 1
is required so that the total expenditure on R&D is positivc._That is, in order to have
some R&D activity in the industry, the marginal cost of R&D cannot be too high. On
the other hand, when the marginal cost of R&D approaches zero, the total expenditure
on R&D approaches infinity no matter how large the fixed cost of R&D is.

The fixed cost of R&D is sunk and does not affect the total expenditure, but
does affect the equilibrium number of informed firms and the average number of actual
bidders as well. As this fixed cost decreases, the equilibrium number of firms increases.
In the limit, as the fixed cost of R&D approaches zero, the equilibrium number of active
firms n, approaches infinity and each firm invests almost zero in R&D. To avoid this
limit case, the buyer could introduce a positive entry fee that each firm would pay prior
to undertaking an expenditure in R&D. The higher the entry fee is, the less the number
of firms is in the equilibrium. Therefore, the reservation price (possibly with a entry
fee) and the fixed cost of R&D are important determinants of the equilibrium number of
firms.

If n, is an integer, each informed firm gets exactly zero expected profit at the
equilibrium. If n, is not an integer, the equilibrium needs to be adjusted. Let [n,]
represent the largest integer that is less than or equal to n,. If [n,] firms become active,

the total expenditure on R&D does not change. Then each firm invests x, =%, / [n,] on

R&D and x, > x,. Since Em, (x,,r)=0 from (4) and (EE), we have
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Egy 0, r) = Emy (i) = [ G@F et = [ G0F Tt - €1 - x)

- %(x; —-x,)* [ Gy e (t)dt >0,

where x, > & > x, and the second equality holds because of Taylor’s expansion and equa-
tion (R&D). Thus each firm earns a positive expected profit. The above expression can
also be used to estimate how much expected economic profits each firm is able to earn.

On the other hand, if more than [n,] firms become active, each firm would invest
x on R&D, which is strictly less than x,. A similar argument implies that each firm
would earn a negative profit. Thus, ([»,], x,, r) with (3) is the correct symmetric perfect
free-entry equilibrium in this case.

In more general cases where X >0, I am also able to show the existence and
uniqueness of a symmetric perfect free-entry equilibrium. For any given number of
firms that invest in R&D, let us first look at the firms’ R&D behavior and exit decisions.
Let a=n be a continuous variable parameter, « > 1. Given any a, consider the solution
(x4 ¥ o) to the equations system (FE) and (R&D) and let n(o) = E my(x4, §,) be each firm’s
expected profit for a given reservation price » when there are o firms becoming active.

Also let x, = oax,. Then I have

K
Proposition 2: In the case of K >0, suppose y <r —K <¥, and 0<C, <—£ InG (¢)dt.

Then for any oe [1,+e) there exists a unique solution (x4, ¥,), with x,>0 and
Ja€ (v, r —K), to the equations system (FE) and (R&D). Furthermore,
(a) x4 X Fo» and n(c) are all continuous and strictly decreasing in a € (1, + =);

(B) Yya—>J.€@,r—K), x40, Xy ¥.>0, and n(a) > — C, when o — + o

() $a—r—-K ,xg—xy, Xg— x;, and n(o) — (1) when oe — 1.
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Proof: First of all, we show the existence and uniqueness of the solution to (FE) and

(R&D). If a=1, then, from (FE), y, =r - K. Equation (R&D) determines a unique solu-

r—-K
tion x, >0since 0<C, <— j; InG (1)dr by the assumption.

If a> 1, then r — ¥ >0 from (FE) since K >0. Then (FE) gives

5y = (ot 1) = K = InCr —7) 8
o) =(a-Dx nG () (8)

which also implies ¢(y) =+ e, ¢(- -K)=0, and ¢ (¥) <0 for any y € (,r —K). Substitute

(8) into equation (R&D) and let

v() = Jj G (1)®9Y@=DInG (¢)dt + C,.

K
Then y(y)=C; >0, y(r —K) =j: InG (1)dt + C, <0 by the assumption, and

o

V@) =GP PInG¢) + ——

o) f G (1)™9Nn%G (¢)dr <0

for any y e (y,r —K). By the continuity of y(¥), there exists a unique root y, of y. Sub-
stituting y =y, into (8), we can calculate x, =&y, /(a—1)>0. Thus, for a>1, there
exists a unique solution (x4, ¥,) to the equations system (FE) and (R&D) with x, >0 and
Ya€ (0.7 —-K).

Second, we prove that (a) holds. It is easy to see x,, ¥4 ¥4 and n(o) are all con-
tinuously differentiable in a € (1, +=). Taking the derivatives of both sides of (FE) and

(R&D) with respect to a, respectively, we obtain

. ox, R
PO, +[(a— 1)¥+quKlnG(ya)=0 (9)

and

a-1)x oy dxg .
GG G G a): +{a;—a+qu f G (1)™n%G (1)dt =0, (10)
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where

[ =960 == 6@ —x(@- 1 NGO §) <0

py) = Py

~
s ]

forall y € (y,r = K). From (9) and (10), we can calculate aaya as the following:

- 1)x ‘- ox a .u.
[(a —DKG G M6 () — 0p(F ) f G (t) G (1 )d:] ayu

v, -
=xl,K1nG()?u)l G (1) In%G (¢ )dt

~

0Jq oxg
which clearly implies a); <0 for all a>1. Then from (10) we know ax—a<0 and

ox, oo —1
% <0 for all > 1. At the same time, from (9), we get % >0 for a> 1.

Using equations (4) and (R&D), we can calculate

dn(o) _ 9)’_.1 3

GO H G 5+ 28— DFa 1
e U Ll [N A T e

= l G )" H(t 1X,)InG (t)d.

The results we obtained above imply d—:—f—f—) <0forall a>1.

Third, let a approach infinity. The equation y(3,) = 0 becomes

f’G(z)"‘”mG (t)dt +C, =0, (11)

which determines a unique solution y_e G.r—K). Then (8) implies (o — Dxgq — &y,
xq—0, and Xy = ¢(y.)=x.>0 when a— +. Using these results, we can easily see
(o) —» — C, when o — + oo,

Finally, we prove (c). Since j, is continuous and strictly decreasing in a for all
a> 1 and has an upper bound r — K, then when a approaches 1, y, has a limit, denoted by

¥o with yo<r —K. Suppose y,<r —K. In the following, we can show that there exists
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o > 1 such that y; =y,. Then y,>¥, for all ae (1, ) and hence j, cannot be the limit of
Vo Thisis a contradiction. Thus, y,=r - K.

In fact, if y, <7 — K then ¢(3,) > 0, where ¢(y) is defined by (8). Let

oy Y- 1

y—. )
v(a)sl G (1) InG (1)dt +Cy,

Then v'(a) <0 for all a>1 and v(o) » C, >0 when a — 1. Since y,> y.. and $GFo) < &(y..),

using (11), we get

o e f‘ G 0)°%InG (1)dr + C,

= f‘ G )*%’InG ()dr + f' [G )% -G )“"-’] InG (£)dt <0.

Thus, there exists & >1 such that y(a)=0. Let xz=aé(,) /(@ — 1), then (xz,yz) is the
unique solution to (FE) and (R&D), where j; = y,.

Since j,=r -K and ¢, =0, equation (8) implies (x— )x,— 0 when a— 1.
From equation y(y,) = 0, we know £, — x, when o — 1. Thus, it is easy to see n(a) — n(1)

when a — 1.
Q.E.D.

For any given number of active firms, the R&D expenditure and the break-even
cost level are uniquely determined. When more firms become active, each active firm’s
expected profit decreases. More competition makes the procurement contract less
profitable to each firm. Each firm intends to invest less in R&D. The total expenditure
on R&D among all firms is also lower. If there was no bid-preparation cost, the total
R&D expenditure would not change with the number of active firms. More firms

increase the total bid-preparation costs and discourage R&D over all.
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As the number of active firms goes to infinity, each firm invests almost zero on
R&D although the total R&D expenditure approaches a positive amount. Each firm’s
expected profit approaches — C,. Thus if there is no fixed cost of R&D then free entry
causes an infinite number of firms to enter the R&D process. If there is a positive fixed
R&D cost then only a finite number of firms will decide to enter the procurement pro-
cess. I will make this point more precise in the next proposition. Therefore, the fixed
cost of R&D C, is the key determinant of the free-entry equilibrium number of firms
although the latter is also affected directly or indirectly by the marginal cost of R&D
C,, the bidding preparation cost K, the reservation price r, and the distribution of pro-
duction cost H (y |x).

If =(1) < 0 for any reservation price r, no firm can make any profit by conducting
R&D and production. This is not an interesting case. I assume n(1) is positive for a
given reservation price r. That is, when there is only one firm participating in R&D
activity and bidding for the procurement contract, that firm is able to earn positive
profits. Under free entry, at least one firm will then enter the R&D and bidding process.
Each firm will earn a profit n(a), which is strictly decreasing in the number of firms
entered a. Firms enter until this profit equals zero. If the fixed cost of R&D is positive,

the equilibrium number of active firms should be finite. Formally, I have

Proposition 3: Suppose K, C,, C,, n(1) are all positive and y <r -k <y. Then there
exists a unique symmetric perfect free-entry equilibrium (n,, x,, ¥,) with (3), where the

integern, 21, x, >0,and y <y, <r - K.

Proof:® 1 first want to show that there exists a unique solution to (FE), (R&D), and

(EE). This is equivalent to showing that there exists a unique a1 such that n(a)=0.
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K
u(x)al H(@lx)dt-Cix —-C,

for x 20, then n(1) = max u(x). The assumptions n(1) >0 and C, > 0 imply that there exists
x, >0 such that n(1) = u(x,) and «'(x,)=0. Since u"(x) <0 for all x >0, then u'(0) > u'(x,) = 0.

K
That is, C,<—l InG (t)dt. Thus, the assumptions in Proposition 2 are satisfied.

According to Proposition 2, n(c) is continuous and strictly decreasing over a €[l, + <)
with n(+ ) =— C,<0. Then the assumption n(1) >0 implies that there is a unique o* > 1
such that m(a*) = 0.

Let n, = [a*] be the largest integer that is less than or equal to o*, and let x, =x

[a*]

and y, = Py Since [a*] € o* < [a*] + 1, n(a*) = 0, and n(o) is strictly decreasing in a, then
En, (x,.¥.)=n([a*]) 20

and
Ex, .1 =n([a*]+1)<0.

Thus, (n,, x,, 9,) satisfy (FE), (R&D), (EEa), and (EEb) with the integer n, > 1, x, >0, and
Yo € (0,r —K). That is, with (3), (n,,x,,5,) is a unique symmetric perfect free-entry

equilibrium.

Q.E.D.
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3.4 OPTIMALITY FROM THE BUYER'’S POINT OF VIEW

Now, go back to the first stage of the three-stage game and look at the buyer’s
optimality problem. I want to know whether there exists a reservation price under
which the free-entry equilibrium characterized in the last section is optimal for the
buyer.

For any given number of active firms and variable scale R&D technology, the
distribution of production cost y of the winning firm at the symmetric equilibrium is
1-[1-H({ylx)]* =1-G(()*. The buyer’s ex ante expected costs in the competitive

procurement are

fﬁ(y)d(l = G(y)’“):f yd(1 =G (™) + nKH (@ | x) + nC (x) + nEm, (x. §) (12)

where Emn,(x,¥) is a firm’s expected profits under the symmetric equilibria, defined by
(4). The buyer’s expected costs in the competitive procurement with R&D include the
expected minimum production cost, the total R&D costs among all firms, the total
expected bid-preparation costs, and the total expected profits among all firms.

Under free entry, each firm enters the R&D and bidding processes until its
expected profit Em,(x,y) equals zero. Therefore, the winner’s expected profits
f B(y)-y)(1-G(@y)*) from the competitive bidding are equal to the total costs on
both R&D and bid preparation among all of the firms. In other words, if free entry is
allowed, the rents for the firms from contracting are dissipated by precontract R&D and
bid-preparation activities. The question, as I will answer in this and the next sections, is
whether these R&D activities are good for the buyer and society.

At the symmetric free-entry equilibrium under a given reservation price, what

the buyer has to pay is not just the expected minimum production cost, but also the total
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R&D cost n,(C.x, + C,) of all informed firms, and the total bid preparation cost
n,K =n,KH (¥, 1x,) of all actual bidders as well. One might have thought that the buyer
has only to pay the R&D costs of the winner. But since firms are assumed to be sym-
metric and to adopt the same investment and bidding strategy, each has an equal proba-
bility to be the winner. Therefore, the buyer actually ex ante expects to pay all of the
costs of R&D among active firms.

Remember that the buyer can procure the good elsewhere at the cost y, if the
lowest bid is higher than the reservation price r. Because of the bid preparation cost,
B(y)=r and the firm with cost y bids if and only if y <y. The buyer actually procures
the good at cost y, elsewhere with probability [1 - H# (¥ 1x)]* = G (#)™. Thus, the buyer’s

total expected costs will be, remember y = y(r, n, x) from (FE),

EBC(r,n,x)zl’B@)d(l —GE)™) + oG G)™

=y +0o—Y)GO)™ +nK —nKG ()

+n f G@O)* D dt —(n —1)[’ Gay™d. (13)

The buyer wants to minimize his total ex ante expected costs of procurements
EBC(r,n,x) by selecting r, n, and possibly x. Since the buyer has to pay all the costs in
(12), as a tradeoff, he may want to set y less than his opportunity cost y,.

Consider a fixed-scale R&D technology. That is, each firm either invests in
R&D at a cost C >0 or does not invest. If the firm invests in R&D, it observes its pro-
duction y and believes that other investing firms’ production cost observations are
independently drawn from the same cumulative distribution F (y) with the support [y, y1.
I also assume that there is no bid preparation cost before the competitive bidding; then

y =r from (FE). Thus, the buyer’s expected cost can be simply written as
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EBC(r.,n)=y +(yo-r)G(r)" +£rG(t)”dt +an(r)G(r)“’dt. (14)

Suppose € =0. That is, each potential firm can observe its own production cost
y without any expense and believes that other firms’ production costs are drawn
independently from the same distribution F(y). The buyer then chooses (r,n) to max-
imize his expected profit (14). It can be easily shown that the following are true: First,

the buyer should choose the optimal reservation price r = r, such that

- F(ro) "
7 fro

Yo (15)

if yo<y +1/f(y) and ro=y otherwise.'® The optimal reservation price r, for the buyer
in (15) is independent of the number of firms and is strictly less than his opportunity
cost yo. It is possible that the buyer procures somewhere else at cost y, even though the
winner in the competitive bidding offers a lower cost than y,. Thus, because of asym-
metry of information between the buyer and firms, the buyer finds it in his interest to
distort the outcome away from the efficient allocation. Second, since r, is independent
of n, EBC(ro,n)2y, and EBC(ro,n) goes to y when n approaches infinity, the buyer

prefers an infinite number of firms to bid for the contract. Since each firm has a posi-

tive expected profit J;P'F(:)G (1)*~'de, free entry will cause an infinite number of firms to
be in the competitiv; bidding process and drive the production cost to the lowest bound
y. Therefore, the buyer prefers free entry in this case.

Now, suppose C >0. In order to become informed about production costs, each
firm has to pay a R&D cost C > 0 before the competitive bidding. This is the case con-
sidered by McAfee and McMillan (1987). But in their model, they assume that the
opportunity cost of the procurement for the buyer is so high that no reservation price is

needed. As we will see in the following, if the opportunity cost is relatively low, a
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reservation price is necessary for the buyer. The buyer chooses r € [y,y] and n 21 to
minimize his expected costs (14) subject to each firm’s nonnegative profits constraint

(EEa):

E!t,,(r)slrF(t)G(z‘)"‘ld.t"C 20. (16)

Consider n as a real variable. It is easy to see EBC(r,n) and En,(r) are all continuous
functions with respect to r and n. Since Em,(r) is increasing in r and decreasing in n,

the constraint (16) with r € [y,7] and n 21 forms a non-empty compact set in R If

C< f’ F(t)dt. Thus, there exists a solution to the buyer’s optimization problem. Let r*
and n* be the buyer’s optimal reservation price and the optimal number of firms,
respectively. Then we have

Proposition 4: Under a fixed-scale R&D technology, if 0<C < f’ F(t)dt, theni) r*=y

when y,25 +1/f () and ro<r* <y, when y,<7y; and ii) free entry causes the buyer’s

optimal number of firms »n* to enter the competitive procurement process.

Proof: The first order conditions give the following:

JE
Golr Ad = 9EBC 5. 75 % -0,
or ar
JEB oEm,
y(r,n)=— anc +A 5 =0,

and AEr, (r) =0 for interior solution r =r* e (r,¥) and n =n* € (1,+<), where A =A*20

is the multiplier for the inequality constraint (13), and

O 1) =nG (Y ()] yo-r — (1 - 2y EL)
n 7
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Wlr,n)=—(o—r)G(r)"'InG(r)

_i’g(,)»—l[mn (1 +(n - 1—1)17(;)] lnG(r)] dt.

First, consider the case y,>y + 1/f(¥). Foranyr <y and n 21, we have

1 _FO), lF(r)} 0

n=1 1 —
u(r,n)2nG (r) f(r)[Y+f@«) 7 o)

since r + F(r)/ f(r) is increasing in r. Thus, r*=y. We claim »*>1 in this case. In

fact, if n*=1 then the first order condition gives ,.5,1)<0. Since

Enl()T)=£yF(:)dr-C >0 by the assumption and A*En(y)=0, we have A*=0. But

¥

Yo, 1) = —l [F (t) +InG (:)J dr >0. This contradicts with y,.(y,1)<0. Therefore n*> 1.
This with the first order condition implies V,.(7,n*)=0. Since yo(y,n*)> 0, y,(y,n*) <0,

dll”l(y! n *)

and i

<0 for all A >0, equation y,.(7, n*) =0 implies A* >0. Thus, A*En_.(5)=0

implies En_,(y) =0, which determines a unique n* > 1. Then y,.(7, n*) = 0 uniquely deter-
mines A* € (0, n*). Therefore, r*=3 and n* determined by En_.(3) = 0 are optimal for the
buyer.

Second, consider the case y,<y. If n*=1, then the first order condition implies
V,«(r*,1)<0. Suppose r*=3y then ¢,.0,)=FF)yo—y)-(1-A* 20. That is,
1-A*<F@)yo-y)<0, which implies A*>0. This with the first order condition
MEm((y)=0 implies En(y)= i;F(t)dl - C =0. This contradicts with the assumption.

Thus it must be the case r* <y. Then ¢,.(r*, 1) =0 holds, that is,

yo=r+ (=N 20D, (17)

Suppose r*>y,, then Ercl(r*)=£"F(z)dr -C zly'F(t)—C >0 by the assumption. Thus
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AMEmr,(y)=0 implies A*=0 and hence (17) implies y,>r*. This contradicts to r* > y,.

Therefore, r* <y,<y. Then

02 y,.(r*, 1) == (yo— r*)G (r*)InG (r*) - l [F(r) + [1 < l*F(r)] InG (z)] dt

implies A* >0. We know r* > r, from (17), where r, is determined by (15). In summary,
we have shown that if n*=1then A*>0and ro<r* <y,.
If n*>1, then the first order condition gives y,.(r*,n*)=0. For n*>1 and any

r >y, equation y,(r, n*) =0 determines a unique A =X(r) € (0, n*), which is continuous at

r=y, and A(%) € (0, n*). Because of the inequality y + (1 - lq))féﬂ >y and the con-
n
tinuity, we have

XE) « () . =
e F)

r+(1-

and

B (r . n*) <n*G )" f (P )yo—- ) S0

when r is close enough to y and r <y. Thus, it must be the case r*<y. Then

¢,.(r*, n*) =0 holds, that is,

).* F(r“')
n*)f(r‘) ( )

Yo= f‘ + (1 o
Combining (18) with V,.(r*, n*) =0, we obtain A*=A(r*) e (0,n*). Then

En,,(r*)=l"F(:)G(:)""’dx ~C'=0 (19)

and ro<r*. In other words, equations (18), (19), and V,.(r*,n*) =0 simultaneously

determine r*, n*, and A* and 0<A* <n*, ro<r* <y,
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We have shown A* >0 in both cases. That is, the firm’s nonnegative profits con-
straint (16) is binding. Therefore, if free entry is allowed, the optimal number of firms
n* from the buyer’s point of view enter the R&D process provided that the buyer

chooses the optimal reservation price r*.

Q.E.D.

If n* is not an integer, then similar to the discussion in the last section, [n*] will
be the optimal number of firms for the buyer. Each of [n*] firms earns a positive

expected profit.

The condition C <,[" F(t)d:r in Proposition 4 is equivalent to Em,(y,) >0, which
means that, under the high-est reservation price y,,, if only one firm conducts R&D and
production, that firm earns a positive expected profit. In other words, conducting R&D
and production is potentially profitable. Otherwise, there is no interest in analyzing the
optimal policy for the buyer or society.

In a competitive procurement with a fixed cost of R&D, if the buyer’s opportun-
ity cost y, is relatively high, no reservation price is needed and the optimal number of
firms enter the procurement process. That is the same as the result obtained by McAfee
and McMillan (1987). In addition, they show that the sealed-bid auction without reser-
vation price is an optimal mechanism.

If the opportunity cost y, is relatively low (lower than the highest possible pro-
duction cost level y), however, the optimal number of potential firms still enter the pro-
curement process provided that the buyer chooses an optimal reservation price r*,
which is lower than the buyer’s opportunity cost y,. The optimal reservation price r* is

higher than the reservation price r, in the case where no such R&D cost exists. Thus,

the distortion of the efficient outcome (see Section 3.5) due to asymmetry of



115

information still exists, but the positive R&D cost reduces that distortion. The fact that
each firm has to pay a positive cost to become informed reduces the asymmetry of
information between the buyer and firms compared to the usual adverse selection
models. I have also made a similar argument in Chapter 2.

Now, consider a variable scale R&D process subject to constant marginal return
to scale on R&D expenditure, where expenditure x is an endogenous continuous vari-
able. Suppose that the buyer is able to control the firm’s R&D decision and treat x as
observable. Thus the buyer can control r, n, and x. Suppose that there is no bid-
preparation cost, then the buyer wants to choose (r, n,x) to solve his following optimi-

zation problem:

Min EBC(r,n,x)=y + (yo—r)G(r)*+n er(:)(“‘“‘d: —(n —1)[’0(:)"%1: (20)
r,n,x - 4 b

5L, En,,(r.x)=£ G~ Y*H(t1x)dt —Cyx —C520

forr e [y,y1,n 21, and x 20. As before, I treat n as a real variable. Since EBC(r,n,x) is
continuous and the constraints form a compact set, there exists a solution to the above
optimization problem (20). Would the buyer still be satisfied with the symmetric free-
entry equilibrium with a reservation price as I characterized in the last section? In other
words, would the buyer give each firm freedom to make decisions on R&D and entry
even though he can control them?

Let Er,(r)=max Em(r,x) over x € [0,+«=) be the expected profit when there is
only one firm to conduct R&D and to make a bid under a buyer’s reservation price r. It
is easy to see Em(r) is increasing in r. I assume Em,(y,) >0, that is, at the highest possi-
ble reservation price r =y,,, the sole firm that does both R&D and production should

earn a positive expected profit. Then I have
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Proposition 5: Suppose C,, C,, and En,(y,) are all positive, then there does not exist a
reservation price under which the symmetric free-entry equilibrium solves the buyer’s

optimization problem (20).

Proof: Since C,>0 and C, >0 by the assumption, from the constraint of (20), x =0 and
x =+ oo cannot be solutions to (20), nor r =y and n =+ . A necessary condition for the

optimal interior solution (r, n, x) to (20) is that there exist A >0 such that

1|y e A H(rIx)
nxf (r)G(r) [yo r—(1 n)h(rlx)]zo. 21)

—x(yo=-r)G(rY*InG (r) - IrG(r)"‘“”‘cb(r Ix)de

+(A—n)x IrG(:)(""”"H(t lx)InG (t)dt <0, (22)

—n(yo-r)G(r)*InG(r)+ A-n)n - 1){’0(:)‘“ “DX I (¢ 1x)InG (¢)de

+7L[ _er(l)“lnG(f)df -C11=0, <3

and AEx,(r,n)=0, where ¢(t1x)=1-G ()" +xG (t)*InG (t) >0 for all ¢ >y. Suppose n > 1.

If r =7 then (22) with equality implies 0 <A < n, which with (23) implies

ulyc(:)"mc(x)¢—cl<o_ (24a)

If r <3, then substituting (21) into (22) with both equality we observe A <n. Substitut-

ing (21) with equality into (23) and using 0< A < n, we also obtain

—f G (¢)™InG (1)dt — C, <0. (24b)

Therefore, any solution (r, n,x) with n > 1 to (20) will violate the equilibrium condition

(R&D).
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On the other hand, suppose »n =1 is a solution to (20) and satisfies equation

(R&D), then (23) becomes
Yo-=r)G(r)*InG (r)=0.

This together with (21) implies r =y,,. Then (22) becomes

= f' ¢ lx)dt + (A= 1)x f‘ H(t1x)InG (¢t)dt <0

which implies A > 0. Thus, Em(y,)=0. This violates the assumption.
In summary, there does not exist a reservation price under which the symmetric
free-entry equilibrium (n, x) determined by (R&D), (EEa), and (EEb) solves the buyer’s

optimization problem (20).
Q.E.D.

If the buyer can control each firm’s R&D decision or the R&D investment is
observable to him, he can force the firms to invest in R&D as described by (20). Propo-
sition 5 says that there does not exist a reservation price under which the symmetric
free-entry equilibrium reaches the buyer’s optimum (20). In other words, the buyer’s
ideal optimum in (20) cannot be supported by any symmetric free-entry equilibrium.
Therefore, the buyer would not want the firms to make their own R&D and entry deci-

sions.
From (24), %% <0, each firm’s marginal profit of R&D investment is negative at

the buyer’s optimum. That is, the buyer would require each active firm to invest more
than it wants to. That implies that there will exist a moral hazard problem if the buyer
is unable to control the R&D decision x or if x is unobservable to the buyer. Thus the

buyer has to take each firm’s R&D decision as a constraint. He should then solve the
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optimization problem (20) subject to an additional constraint (R&D). Solving this
optimization problem, we know the following: If the opportunity cost y, is high, the

buyer should choose r =y. If y, is relatively low, he should choose r such that

L)H(r lx) p H:(rlx)

Yot B = e & A

where n, x, and the multipliers A and p are simultaneously determined by the other
first-order conditions including (EE) and (R&D). It can also be shown that A >0 and
pu>0. That is, both the nonnegative profits constraint (EEa) and the R&D decision con-
straint (R&D) are binding. The buyer controls free entry by offering a reservation price
determined by the above equation. Because the effect of moral hazard interacts with
the effect of asymmetric information, the optimal reservation price r for the buyer may

be either higher than or lower than his opportunity cost y,,.
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3.5 SOCIAL OPTIMALITY

The expected social costs include the expected production cost, the bid prepara-

tion cost, the R&D cost, and the opportunity cost:

ESC =f yd(1 - G )™) + nKH @ 1x) + nC(x) + yoG )™ (25)

Comparing (25) with (13), we know ESC =EBC - nEn,. That is, the buyer cares, but
society does not, about the firms’ expected profits, which are the transfers from the
buyer to the firms. What society cares about is the total combination of costs on R&D,
production, and bid preparation. Under free entry, the expected social cost will be the
same as the buyer’s expected cost. The social optimization problem is to choose
(r,n,x,¥) to minimize the expected social cost ESC(r,n,x, y).

As discussed in Proposition 4, I first consider the fixed-scale R&D technology. I
also assume that there is no bid-preparation cost in this case. Then the expected social

costs of procurements can simply be written as

ESC(r,n)=Z+(y0—r)G(r)'+£’G(t)”dr+nC. (26)

The social planner wants to choose (r, n) to minimize the expected social cost function

(26) subject to the firm’s nonnegative profit constraint (16). I have

Proposition 6: Suppose X =0, C >0, and Ex,(y,) >0, then r =y,, is socially optimal and

each firm earns positive expected profits.

Proof: The proof is similar to the proof of Proposition 4. Because of the continuity of
ESC(r,n) and the compactness of the constraints, there exists a solution to the minimi-

zation problem (26) with (16). Let (r*, n*) be a solution. Let L =—ESC(r,n)+AEm, (),

(r,n)= —g%, and y,(r,n)= S—L where A >0 is the multiplier for the constraint (16). We

’
n
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can calculate

%(r.n)=nG(r)'_lf(’)[yo"’ + %%E)l]

and

Vi, n) == o~ FIG ) InG(r) - C —fc;(:)" *‘[c(:)—u*(:)] InG (1)dt.

The first-order conditions give ¢,(r,n)=0, yi(r,n) =0, and AE~n,(r)=0 for interior solu-
tion.

First, consider the case y, 2y, then

A F(r)] >0

%(r.n)anG(r)""f(r)[F-r+ .

for all r <y. Thus r*=y. Suppose n*=1, then A =0 because AEx,(y)=0 and Em () >0
by the assumption. Suppose n* > 1, then the first-order conditions give y, (5, n*)=0. If

A >0, then w,(7, n*) = 0 implies f G (t)"InG (t)dt + C <0. But

IFG(I)A —I[F(r) +G(l)lnG(;)] di >0

and hence Emn,(y)= fG{:)"'F(:)d: —-C >0, which implies A=0. This contradicts to

A>0. Thus, A=0. Then wyy(y,n*)=0 can be written as fG(:)"'lnG(:)d: +C =0. Thus
En_.(y)>0. _

Second, consider the case y,=y. Suppose n*=1. If r*=y then
G, D=fF)yo—y)+A/n 20, which implies A>0 and hence En;(y)=0. But that con-
tradicts to the assumption E x,(y) > 0. This contradiction means r* <j. Then ¢,(r*, 1) =0.

That is, yo=r*-AF(r*)/ f (r*), which implies r* >y, If r* >y, then En,(r*)>Emn(y) >0

by the assumption. Then A =0, which implies r* =y, This is a contradiction. Thus,
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r*=y, Suppose n*> 1, then the first-order condition gives y,(r*,n*)=0. If r* =73, then

v, (¥, n*) =0 becomes

C +£;G(:)""‘[G(t)—7\.!-‘(t)] InG (t)dt =0.

If 4>0 then C + [ G()"InG ()t <0, which implies Ex,.5)=[ G@*"'F@di ~C >o0.

Then =0, This contradicts to A>0. Thus, A=10; Then
do(r,n*)=n*G(r)" " 'f (r)(yo—r) <0 when r is less than but very close to y. Thus r* can-

not be y. In other words, r* <y. Then ¢,(r*,n*)=0. That is,

«_ A F(@™)

Yo=7 o f(r"‘)'

Now, if A >0 then y,(r*, n*) =0 implies C + r G (1)""InG (t)dt <0, which also implies

En. 0" =]" 6@y~ 'F @y >0.

Then A =0, which contradicts to A> 0. Thus, A=0, which implies r* =y, and Ex_.(yo) > 0.

In summary, we have shown r* =y, and Ex_.(y,) > 0.

Q.E.D.

From Proposition 6, the social optimal reservation price is r* =y, and society
allows each firm to earn positive expected profits. The constraint (16) is not binding.
The social optimal number of firms n* is determined by minimizing ESC (y,,n) with

respect to n. Since

QESC (y,y, 1)

Y.
= =iC +l G (¢)"InG (t)dt

and ESC(y,,n) is convex in n, then n* is determined as the following: If

Y. ~
€ +l G()InG(t)dt 20then n*=1. If C +f G (1)InG (t)dr <0 then n* > 1 and satisfies



122

Pl f‘ G (t)"'InG (1)dr = 0.

Society may prefer more than one firm to conduct private R&D under the fixed-scale
R&D technology.

The implications of Proposition 4 and 6 are the following: In the first case
where the opportunity cost y, is high, the buyer should select a socially optimal reserva-
tion price r =y, the highest possible cost observation by the firms. In other words, both
the buyer and society agree that reservation price is not necessary. Let n* be the
optimal number of firms for the buyer, which is determined by Proposition 4, then

ny* > 1 and E“-a‘ y) =0. Notice that ESC(y, n) is strictly convex in n and

ESC(y,n)—-ESC(y,n-1)=—Emn,(y)

for all n>1. Then ESC(,nt*)=ESC(y,n*—-1). Thus, n*-1<n*<n*. Consider the
integer problem, the social optimal number of firms will be the same as the buyer’s
optimal number of firms. Therefore, free entry and the first-price sealed-bid auction
without any reservation price achieve the social optimum. This is the result that was
also observed by McAfee and McMillan (1987a).

In the second case where the opportunity cost y, is low (lower than the highest
possible production cost observation y), however, the buyer intends to offer a lower
reservation price relative to the social optimum, i.e., r,* <y,. That may cause less firms
to enter the R&D process, relative to social optimum. In fact, since a*>1 and

Em, 00)>ET, o(ry")=0 from Proposition 4 and since

ESC(yo.n)—ESC(yop,n = 1)=—Em,(y0)

for n > 1, we have ESC (y, ny*) < ESC (o, ns* = 1). On the other hand,
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on nA=mt-1

0ESC (yo,n) | l"c; ( )”*"I[F(r) +G()InG (¢ )] dt —Em_ 40y} <0.

and ESC (yq, n) is convex in n. Thus, we have either n,* — 1 <n* <n* or n* 2 n*. Consider
the integer problem, the social optimal number of firms will be at least as large as the
buyer’s optimal number of firms. In summary, we have the following Corollary of Pro-

position 4 and 6:

Corollary: Under the fixed-scale R&D technology, if Em(y,)>0, then the buyer
prefers free entry, society does not, and the following hold as well:

(i) If yozy +1/f() then the buyer’s choices of a reservation price and a
number of firms are socially optimal;

(ii) If yo<y then the buyer chooses a reservation price lower than the socially

optimal value and a number of firms no larger than the socially optimal number.

In the case of variable scale R&D technology, which is subject to constant mar-
ginal returns to scale on expenditure, the social planner wants to minimize the expected

social costs (25) subject to (16), (R&D), and (FE). Then we have

Proposition 7: Suppose C,, C,, and En,(y,, — K) are all positive, then n =1 with r =y,

and y =y, — K is socially optimal.

Proof: Let A>0 and p be the multipliers for the constraint (16) and (R&D), respec-

tively, and

L =—ESC(r, n,x,f)+wn,(r,x)+u[-f G (1)™InG (¢ )dt —cl]

We can calculate

a—’i=nhcy‘lx)c(i)‘"'l"[y9ﬂ
0y

§+ LHO X o i H 01

nh@lx) n h@lx)] L
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g—i =~ B (g — $)C Y InG (F) — nKH,(F 1x) ﬁnuy G (Y™ InG ()dt +cl]

+ N — I)ly G ()"~ D*H (¢ 12)InG (¢)dt —n uf G (tY*In2G (t)dt

L e x(0-NGOI*IGE) - KH(G 1x) - C

+hx fo " V% H (1 12)InG (1)dt — pr G (t)™1n%G (¢t )dt

Since €, >0 and C,>0, constraint (16) implies x =0 and x =+ cannot be a solution.

Thus, the first-order condition gives —‘3% =0. Then

AL _ oL aL
on dn dx

y
=—nC2—nK[l -G —xc(y“)‘lnc(y)] +7u\[ G @)™ " H (¢ 1x)InG (t)dt

<0.

Therefore, n*=1. Then (FE) implies y =r —K. Thus, the first-order conditions aa—L =0
b

and oL =0 become
ox

H(r-Klx) H.(r—Klx)
hr ~K1x) "W htr—Klx) @7

Yo—Tr +A

and

Go—¥)G(r —K)YInG(r —K)+u£ KG(:)"InQG(t)d: =0 (28)

Consider the case yo2y. If r* <y then r* <y,. Then (27) implies p <0 and (28)

implies pu > 0. This contradiction means r*=y and y* =5 - K.
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Consider the case y,<y. If r* <y, then (27) implies p <0 and (28) implies p>0.
This is a contradiction. If y,<r* <y then (28) implies p <0 and hence (27) implies A > 0.
Thus, En;(r*-K)=0. But En;(r*-K)>Emn,(yo—K)>0 by the assumption. This is also a

contradiction. Therefore, r* =y, and y*=y,- K.
Q.E.D.

Even if there are R&D decisions and bid-preparation costs, setting the buyer’s
reservation price r equal to the minimum of the opportunity cost y, and the highest pos-
sible production cost y to be observed by the firms is socially optimal. The most
interesting result is that society prefers only one firm to conduct R&D and production
when R&D is subject to constant marginal returns to scale on expenditure. Remember
that R&D is an independent drawing process and the R&D outcome of n firms will be
the same as the R&D outcome of one firm that invests the same amount as all » firms.
But, because of the fixed cost of R&D, more firms participating in R&D result in higher
total R&D costs. Thus, for society, one firm conducting all of the R&D and production
is more efficient. Contrary to the social optimum, the buyer usually prefers more than
one firm to enter both R&D and bidding processes.

From the above comparison analysis, we have seen that the optimal policies
from the point of view of the buyer and society are different under two types of R&D
technology: the fixed-scale and the variable scale with constant marginal returns.
When R&D is subject to diminishing or increasing marginal returns to scale on expen-
diture, we expect that some of these results will also change. Further research is needed
on this topic. As far as we can tell, the type of R&D technology plays important roles

in determining optimal R&D and procurement policies for the buyer and for society.
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3.6 REMARKS

I have presented a model of private R&D and procurements with entry. From
the above analysis, when R&D technology is subject to a constant marginal return to
scale, society prefers to have only one firm conduct all of the R&D and production and
the buyer usually prefers more firms to invest in private R&D. But the buyer has to pay
the total R&D costs among all firms even if only one contractor is chosen for produc-
tion. The buyer would like R&D to be conducted efficiently. This raises the question
whether there exists alternative and more efficient ways to manage R&D activities.
One way to accomplish this might be to have the buyer do the R&D himself and then
release the R&D outcomes to potential firms. The buyer could also hire an agency
(private or public) to conduct R&D and force the agency to transfer the R&D outcomes
to potential producers. That would eliminate the duplication of effort that occurs when
several firms conduct R&D at the same time. For instance, in some defense procure-
ment cases, a government agency (e.g., NASA, DOD) conducts the basic research and
may also develop the new products. Then, the government agency transfers the tech-
nology information to potential contractors for production and chooses the most
efficient contractor to produce the product.

There are some disadvantages in releasing or transfering such R&D information.
(1) Credibility: French and McCormick (1984) have argued that if the buyer does R&D
himself, he has an incentive to provide optimistic information about the technology and
demand because of the conflict of interest between the buyer and the firms. Unless this
incentive can be controlled, the buyer’s information may be ignored by the firms. (ii)
Transferability: Some technological information (or physical capital, human capital,

and so on) obtained by the buyer or the hired agency may not be easily transferable
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(Williamson 1976, Laffont and Tirole 1988). (iii) Learning costs: it takes time or
effort for the firms to understand the technological information or prototypes. There are
learning costs that will be incurred before production can begin. It would be desirable
to investigate and compare different arrangements of R&D management and to identify
the advantages and disadvantages of each. Successful modelling will certainly help us

better understand current practice in government R&D management.
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NOTES

I would like to thank John Ledyard for encouragement and helpful suggestions. I
would also like to acknowledge comments from Richard Boylan, Preston
McAfee, Thomas Palfrey, and other participants in the Caltech Theory Workshop
and in the seminars at SUNY-Albany, University of British Columbia, University
of Towa, and York University. The responsibility for any error is entirely mine.
For a survey on auctions and bidding, see McAfee and McMillan (1987c). For a
survey on the economic theory of procurement and contracting, see Besen and
Terasawa (1987).

McAfee and McMillan (1987b) allow the number of actual bidders to be stochas-
tic, but the probability of any subset of potential bidders becoming the set of
actual bidders is assumed to be exogenous and independent of their types. They
have shown that the optimal auction is the same whether or not the risk-neutral
bidders know who their competitors are.

See Riordan and Sappington (1987) and Dasgupta and Spulber (1989) for these
procurement results.

Rob (1986) and I (in Chapter 2) have formally incorporated R&D activities into
competitive procurement processes for a given number of firms and characterized
the equilibrium investment level in R&D and the optimal procurement contract.
This R&D process of cost reduction is an independent one-shot drawing process.
It is different from a sequential search process. The first x dollars have the same
effect on the R&D outcome as the last x dollars. To some extent, this process is
subject to constant marginal returns to expenditure in R&D. I consider this spe-

cial technology to simplify analyzing the free entry equilibrium in this chapter.
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The analysis should be extended to more general cases, such as the diminishing
marginal return R&D technologies that I considered in the case of a fixed number
of firms in Chapter 2.

I consider the first-price sealed-bid auction in this paper because it is often used in
practical procurement processes. The second-price sealed-bid auction with the
same reservation price will not change the firms’ net expected profits from bid-
ding and hence should give the same results. It would be interesting to look at the
effects of oral auctions on the firms’ R&D investment strategies (possibly asym-
metric) by allowing some firms to have information advantages before R&D. 1
thank Preston McAfee for this interesting point.

Under the first-price sealed-bid auction, with some restrictive conditions that
[1-F(y)l/f(y) is nonincreasing in y and the bidding firms have the same lowest
bids, I can show that there does not exist any asymmetric (bidding and invest-
ment) equilibrium at both stage (i) and (ii). Under the second-price sealed-bid
auction, the bidding firms bid their true observations of production costs, and
asymmetric investment equilibria in stage (ii) always exists. Coordination is
needed for equilibrium selection in this case. I ignore such problems in this
chapter.

Since firm i is unable to observe the other firms’ investment levels x_;, its bidding
strategy B; can not depend on x_; directly. Symmetric beliefs of each firm enable
us to consider symmetric bidding strategies (also see Note 6). I thank Tom Pal-
frey for this helpful comment.

This proof is based on Proposition 2. An alternative proof of Proposition 3 is to

construct a compact, convex set § and a continuous mapping from § to §, based
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upon the equations (EE), (R&D), and (FE), and to use the Brouwer’s fixed point
theorem. Interested readers can get the manuscript of the second proof from the
author.

See also Riley and Samuelson (1981) for a proof.
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CHAPTER 4
OPTIMAL SELLING SCHEME

WITH AN INFORMED AUCTIONEER

4.1 INTRODUCTION

The optimal auction design literature examines optimal selling schemes for a
monopolist with many potential buyers. If the environment is such that: i) the buyers
are symmetric and risk-neutral; ii) the buyers’ values of the object are private and
independent, then it has been shown that four standard auctions (English, Dutch, first-
price sealed-bid, second-price sealed-bid) with an appropriate announced reservation
price are all optimal selling schemes for the seller.! To derive this result, it is also com-
monly assumed that the seller’s value for the object is publicly known to all buyers.
But the seller’s value is often his private information. It is costly for the buyers to
know the seller’s value. The seller may want to use his private information strategi-
cally instead of revealing it to the buyers.? The question is how the seller should use his
private information and what selling scheme is optimal for him in that situation. We
might expect the seller not to reveal or only partially to reveal his private information
and to offer a different selling scheme from the above four standard auctions but, as we
will see in this chapter, it actually does not matter whether the seller has private infor-
mation or not once the environment is such that: (i) the seller and buyers are risk-
neutral and the buyers are symmetric; (ii) the buyers’ values and the seller’s value are
private and independent. The seller should choose the same scheme he would if he

does not have private information.
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We assume, in this chapter, that the seller has private information about his
value for the object and has the ability to select a selling scheme. Finding the optimal
scheme for the seller is a mechanism design problem by an informed principal. Myer-
son (1983) provides a general framework and some solution concepts. But he does not
offer any conditions under which the informed principal should choose the same
mechanism as that chosen when the principal’s information is public. Using the
Myerson’s approach, we first prove that there exists an incentive compatible and indivi-
dual rational direct revelation mechanism that maximizes the seller’s ex ante expected
profit among all incentive compatible and individual rational mechanisms with respect
to all buyers and the seller as well. This is the same mechanism that the seller would
select if the seller’s value were known to all buyers. Then we show that this mechan-
ism is a strong solution and hence neutral optimum for the seller in the sense of Myer-
son (1983). Based on the Revelation Principle and the Inscrutability Principle, we can
see that it is in the best interest of the seller to implement this strong solution. In the
special case when there is only one buyer, this optimal mechanism is the same as the
seller’s offer scheme in Williams (1987). That is, when the seller has all of the bargain-
ing ability, he makes an offer and the buyer either accepts the offer or rejects it.

Furthermore, the optimal direct revelation selling mechanism can be imple-
mented by the Vickrey auction with a preannounced reservation price, which is an
increasing function of the seller’s value. According to the Revenue-Equivalence
Theorem, for any given reservation value of the seller, any one English auction, Dutch
auction, first-price sealed-bid auction, or Vickrey auction with the same reservation
price yields the same expected revenue for the seller. Thus, any one of these four auc-

tions with an optimal reservation price is the best selling scheme for the seller. The
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implication of the present analysis is that, in the standard independent-private value
model with symmetric and risk-neutral buyers, the main results on the optimal auction
design still hold whether or not the seller is informed about his value for the object to

be sold.
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4.2 THE MODEL AND PRELIMINARIES

Consider a monopolistic seller who seeks to sell one indivisible commodity he
owns to n potential buyers. The seller knows his own valuation for the object, which
cannot be observed by any buyer. But the buyers all believe that the seller’s valuation,
denoted by z, is drawn from a random distribution G (z). This distribution has a positive
density g(z) on the bounded interval [a,b]. Similarly, let x; represent buyer i’s value,
which is observed by buyer i only. The other buyers and the seller believe that x; is
independently drawn from the same distribution F(x;) with the density function f (x;)

and support [a, b]. Let

_1-F(x) . G@)
l(x‘)_x'_—f(x,-) and J(z)=z + o8]

We make the standard regularity assumptions: both 7 (x;) and J(z) are continuously dif-
ferentiable over [a,b] and I(x;) is strictly increasing in x,. Let N={1,2,..., n}l,
X =X 0 o0 Ky AAA X =050 n o > TS TN G

A direct revelation trading mechanism consists of » probability schedules and »
payment schedules that determine the final distribution of the object and money given

the declared valuations (%, 7). Let <p(%, #), r(£, #) > represent such a mechanism, where

P& 5= (P D). a2

r(f,z‘):[rl(f,f) ..... r,,(JE,z"],

pi(, %) is the probability that the seller sells the object to buyer i, and r, (£, #) is the pay-

ment from buyer i to the seller. The probability that the seller sells the object is

u'M:

pi(2,#). Since the seller has only one object, the function p (£, #) must satisfy the fol-
1
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lowing probability conditions:

ip,-(f.f)gl. and p,(£,7)20 VieN, V(#,7)ea,b]**L (1)

i=1
The seller and buyers each have a von Neumann-Morgenstern utility function
that is additively separable and linear both in money and in the value of the object.?
Thus the seller’s expected utility, given that his true value is z and the vector of

declared values (£, ), is
V(#,7,2)= f; [ri(f,z“)—zp,v(f,z")] .
i=1

Similarly, buyer i’s expected utility is

Ui, 2,x)=x;p:(X, ) —r; (%, £).
Let ;')_,-(x,-)=xE:3p,» (x, ), F‘(x‘)sz,.r‘ (x,z) be buyer i’s expected probability of receiving
an object and his expected payment to the seller, respectively, given that his value is x;.
Also, let E"(z)='§ pi(x,z) and _g-(z):f,’r,- (x,z). The expected utilities of the seller and

buyer i conditional on their values are

Ve)= 3 [n@-20),

=
Ui(xi)=xp; (x;) — 1 (x;).

Incentive compatibility (IC) for the seller requires

Viz)2: ¥ [g(z‘)-z;_;v,-(z‘)] y V2.t e la,bl (2)

i=1
Incentive compatibility (IC) for the buyers requires

Ui(x)zxpi(5)—ri(%), Vx,%e€[a,bl, VieN. (3)
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Lemma : A trading mechanism <p,r > is incentive compatible if and only if the fol-

lowing hold:

a) p;(x;) is weakly increasing in x; and p;(z) is weakly decreasing in z;

n n

Ui(a)=E [ z [1(X;)~J(Z)]P;(x.2)] ;
1 x,z

i=1

b) V() +

¢) R =xpilx) - Vi@~ [ B,

n

n b
2 n@)=ve)+ ¥ [J: pi(t)dt +zgi(z)J.
i=1 i

i=1

The proof is standard. See Myerson and Satterthwaite (1983), for example.

Individual rationality (IR) for the seller requires
V(z)=20 Vzela,b]
and individual rationality (IR) for the buyers requires

Ui(x,)20 Vx;€la,b],VieN.

4)

(5)

From the Lemma, V(z) is weakly decreasing in z and U, (x;) is weakly increasing in x;.

Thus, with incentive compatibility, the individual rationality conditions (4) and (5) are

equivalent to V(b) 2 0 and U;(a) 2 0 for every buyer i, respectively.

Since the seller and all buyers have incomplete information, we can model the

trading process as a Bayesian incentive problem in which the seller and » buyers are

players. According to the Revelation Principle, for any Bayesian equilibrium of any

mechanism that the players might play, there exists an equivalent incentive compatible

and individual rational (IC-IR) direct revelation mechanism that satisfies (1) - (5).

Therefore, there is no loss of generality in considering only IC-IR direct revelation

mechanisms.



139

Since the seller, one of the players in the Bayesian game, has the ability to select
mechanisms, he will select a mechanism that maximizes his conditional expected profit
given his value z. Given that the seller knows his type z, the question is whether dif-
ferent types of the seller will choose different trading mechanisms. By the Inscrutabil-
ity Principle (Myerson 1983), there is no loss of generality in requiring that all types of
the seller choose the same trading mechanism. Then the seller’s actual choice of
mechanism will convey no information. Thus, we only have to consider direct revela-
tion mechanisms that satisfy (1) - (5). Myerson (1983) provides a rationale for an
informed principal to select a strong solution (undominated and safe mechanism) or a
neutral optimum. But he does not show that the principal should choose the same
mechanism as that chosen when his information is public. In the following, we will
prove that in our setting the seller should choose the same auction scheme as he would

when his value of the object is publically known.



140

4.3 THE SELLER’S OPTIMAL SELLING MECHANISM

Foranyi e N and (x,z) € [a,b]"*}!, let

T, 5.} =ihax [1-'(z).max x,-] . ©
jwi
1 if & e>x(.x ;)
pi*(x,2) ={0 otherwise i @
and
r,-"(x,z)zp,-"(x,z)f(z,x_,-), (8)

where 7171(z) is the inverse function of I (x;), which exists because 7 (x;) is strictly increas-
ing in x;. <p*, r*> is a direct revelation trading mechanism. From Myerson (1981), for
any given z of the seller’s value, <p*, r* > maximizes the seller’s conditional expected
profit V(z) subject to feasibility constraints (1), IC constraints (3) and IR constraints (5)
for the buyers. Thus, for any given z €[a,b], <p*,r* > is feasible and IC-IR for each
buyer. If the seller’s value were known to all buyers, the seller would select mechanism
<pr.rT s,

Consider what happens if the seller selects a mechanism < p, r > to maximize his
ex ante expected profit subject to conditions (1) - (5), without caring about information
released in that choice. Using the Lemma, we can calculate the seller’s ex ante

expected profit

b
EV =] V(2)g(2)dz

vy £ [ CDF e,
( )+f‘[ g(z)‘_glpl(x 2)]
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Proposition 1: Mechanism <p*, r* > maximizes the seller’s ex ante expected profit

among all IC-IR direct revelation trading mechanisms.

Proof: By the Lemma, the incentive conditions (2) and (3) are equivalent to a), b), and
¢) described in the Lemma. We can first ignore the feasibility constraints (1) and the
incentive constraints 1) and 3) and will check these later. Then the seller’s ex ante
optimization problem described above is reduced to the following:

Max V(b)+ E ﬂﬁ: pi(x,z)
AN {0 Pt
p,V(b)

s.t. E [Zﬂ: [I(x,»)—f(z)] p;(x,z)] =2V(b), 9)
| i =1

0 polx,y2)sS ), Yoag,d0,
V(b)=20.

The constraint (9) is binding, otherwise increasing V(b) improves the seller’s expected

profit without violating all these constraints. Then

2 [f(x;)—J(Z)]p.-(x,z)] .

i=1

Vb)= E

In other words, U;(a)=0 for all i € N. By ignoring constraint V() >0, the seller’s prob-

lem is further reduced to maximize

n

EV=£[2 [l(x‘-)—z]p;(x,z)]

i=1

subject to 0<p;(x,z)<1 for all (x,z)e [a,b]"*" and all i e N. It is easy to see that the

solution to this reduced problem is p*(x, z).
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Now we can check all the constraints we ignored before. First, p*(x,z) is
weakly increasing in x; and weakly deceasing in z. Thus, p*(x;) is weakly increasing in
x; and p;*(z) is weakly decreasing in z. The incentive constraint a) in the Lemma is
satisfied. Second, by the definition of r*(x,z), we know <p* r*> satisfies c) in the

Lemma. Third, since
fu‘) [I(x,-) -1 d6 @) [ (160 -4 a6 ) —f(x‘) G (2)dz

=O,

where the second equality holds from the integration of the first term by parts, then

V(b)= E [i [f(x;)—f(z)]p;*(x,z)]
x =1

22|

-5 E]; [f“‘) (1) -7) a'c(z)]dF(x.-)

The seller’s individual rationality condition is satisfied. Finally, it is easy to see that

n
pi*(x,2)<1 for all x and z. In summary, mechanism < p*, r* > maximizes the seller’s
=

ex ante expected profit subject to IC-IR constraints and feasibility constraints (1) - (5).
Q.E.D.

Since < p*, r* > maximizes the seller’s ex ante expected profit and g(z) is posi-
tive over (a, b) by the assumption, by the seperating hyperplane theorem, < p*, r* > is an
undominated mechanism. It should be very reasonable for the seller to select this
undominated mechanism if <p*, r* > is also safe, in the sense that <p*, r* > would be

IC-IR even if the buyers knew the seller’s value (see Myerson 1983). An undominated
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and safe mechanism is called a strong solution by Myerson. He also suggests another
solution for the principal, i.e., neutral optimum, which is an incentive compatible
mechanism that cannot be blocked by any theory of "blocking" that satisfies four basic

axioms. We can show < p*, r* > satisfies these criteria.

Proposition 2: Mechanism <p*, r* > is a strong solution and neutral optimum for the

seller.

Proof:  First, from the seperating hyperplane theorem, <p*,r*> is an undominated
mechanism for the seller because it maximizes the seller’s ex ante expected profit and
the density function g(z) is positive over (a, b). Second, in order to show <p*, r*> is
safe in the sense of Myerson (1983), we need to show that it is IC-IR for each buyer
given the seller’s value z and that it is IC-IR for the seller. From the last section, we
know <p*, r* > is IC-IR for the seller. On the other hand, from Myerson (1981), for any
given z € [a,b), <p* r*> is IC-IR for each buyer. That is, <p*,r*> is a safe mechan-
ism. Therefore, <p* r*> is a strong solution for the seller. Third, by Theorem 5 in

Myerson (1983), the strong solution < p*, r* > is also a neutral optimum for the seller.
Q.E.D.

Thus, <p*, r* > is the seller’s reasonable choice of selling schemes. In a special
case where there is only one buyer, <p*, r* > is the seller’s offer scheme in Williams

(1987).
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4.4 IMPLEMENTATION

A modified Vickrey auction is an auction in which all buyers and the seller sub-
mit bids and the object is transferred to the trader with the highest bid at a price equal to
the second-highest bid. Under this auction, if the seller’s bid is the highest then there is
no trade. If there is only one bid from the buyers that is higher than the seller’s bid then
the object is transferred to that buyer with the highest bid at a price equal to the seller’s
bid. We consider Bayesian equilibria (b,(x,),. .., b,(x,), s (z)) under the modified auction

rule.

Proposition 3: (i) Under the modified auction rule, the unique Bayesian equilibrium is
bi(x)=x; for all i and s(z)=1"!z); (ii) the modified Vickrey auction implements

<p¥, r¥>,

Proof: First, by the standard argument,* we know that truth-telling is a dominant stra-
tegy for each buyer under the modified Vickrey auction rule. That is, each buyer sub-
mits a bid b; that is equal to his own value x; of the object.

Second, given the dominant strategy of truth-telling by each buyer under the
modified Vickrey auction rule, we want to show that the best response for a seller of
type z is to submit a bid that equals /-'(z). The seller’s expected profit, given his value

z and his bid s, is
EV(sIz)=E[zls>x,-,VieN] +E[max(y,,_1,s)l.sSy,,] (10)

where y, and y,_; are the first and the second order statistics of (x,,.... x,), Tespec-

tively, and have a joint density function

ROnsYn-1) =00 = DF* 2@ )f Gn 1) On)y @ SYu_1SY. Sb.
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The first term in (10) equals zF"(s) and the second term is

E[max(y,_l,s)lsSy,] = I _[ Max (Y —1, 58 Vs Yo - 1)@V dYp -y

* asy, sy, sb.ssy,

= J- I sh (yn'yu—l)dyndyu—l

s<y sb asy _.S¢

+ I J. yn—lh(yn'yu—l)dyndyn—l

s<y sb sy, _ <y

y 1
=b—st")+[ [0 - DF* o) - nFn 0] 0y,
where the last equality follows from some algebra and integration by parts. Then,
b
EV(slz)=2F"(s)+b —sF*(s)+] [(n = l)F"(_y)—nF"l(y)] dy,
and

LEVEND  ppr=1s)f )z - 165))

EV(slz) is maximized at s =/~ '(z) since

>0 if 5<I"Yz)
=0 if s=I"'2).
<0 if §>I"'z)

JdEV (s 1z)
ds
Therefore, s =717'(z) is the optimal strategy for the seller following the truth-telling stra-
tegy by each buyer.

Finally, given the equilibrium strategy b,(x;)=x; for all i and s(z)=7""(z) under
the modified Vickrey auction rule, buyer i receives the object if, and only if, x; is higher
than x; for all j #i and is higher than 7/~'(z) as well. That is, buyer i receives the object
if, and only if, x; is higher than the second highest bid x(z,x_;). This outcome is com-

pletely described by p;*(x,z). If buyer i wins he will pay the seller an amount equal to
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the second highest bid x(z,x_;). Therefore, the modified Vickrey auction implements

the seller’s optimal direct revelation mechanism <p*, r* >.

Q.E.D.

We have shown that the modified Vickrey auction is the best selling scheme for
the seller who is privately informed about his value of the object. Since the equilibrium
strategy for each buyer under the modified Vickrey auction is a dominant strategy, the
seller can simply make a bid first and then let each buyer submit a bid. In other words,
the seller with value z can actually announce a reservation price r, that is equal to his
equilibrium bid 7-'(z) and then ask each buyer to make a sealed bid. Any bid below r,
from the buyers is not acceptable to the seller. That is, the seller will keep the object if
there is no acceptable bid. The buyer with the highest acceptable bid will get the object
and pay the seller at the price of the second-highest acceptable bid (if there is only one
such acceptable bid, the winning buyer just pays the seller’s reservation price ry). This

is the Vickrey auction (or second-price sealed-bid auction).

Proposition 4: The Vickrey auction with an announced reservation price ro=1"'(z) is

the optimal scheme for the seller of type z.

In this auction mechanism, the seller actually reveals his private information :z
through the announcement of the reservation price ro=/"'(z). Since I(z) <z for any
z <b, then I"!(z) >z for all z <4. The seller announces a reservation price higher than
his true reserve value.

For any given z of the seller’s value, by the Revenue-Equivalence Theorem (see
McAfee and McMillan 1987), the English auction, the Dutch auction, and the first-price

sealed-bid auction with the announced reservation price ro=1/"!(z) yield the same
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expected revenue V(z) for the seller as the Vickrey auction with the same reservation
price ro=1""'(z). Therefore, even if the seller has a private value, any one of these four
standard auctions is an optimal selling scheme provided it is supplemented by an
announced reservation price r.

Consider the special case where there is only one buyer. If the seller has the
ability to select a trading scheme, he will select a scheme in which both the buyer and
seller submit sealed bids. If the buyer’s bid is no less than the seller’s bid the object is
transferred to the buyer at the price of the seller’s bid. This is the seller’s offer auction
under which the seller makes an offer and the buyer either takes the offer or rejects it.
Williams (1987) shows that this seller’s offer auction maximizes the expected return to
the seller. When there are many buyers, the best scheme for the seller is not the seller’s
offer auction, but the Vickrey auction with an appropriate reservation price.

Finally, suppose that the seller does not have strong bargaining ability. The
seller and buyers may select a mediator (or an auctioneer, arbitrator) to allocate the
object. Suppose that the mediator recommends that the seller and all buyers use a first-
price sealed-bid auction with no reservation price. It can be shown that the seller col-
lects less ex ante expected profit EV, in this case than EV, when he has all of the bar-
gaining ability. For example, in the case of symmetric uniform distribution, we can cal-

culate EV, and EV, as the following:

a+1
EV,:I——L,
(n+D(n +2)2"
n n+1
EVy=1- 2" +n2

(n+ 1 +2)2"°

It is clear EV,>EV, for all n >21. Therefore, once the seller has the ability to select a
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trading mechanism, he does not want to transfer the object he owns to some mediator

and then participate in the mechanism suggested by the mediator.
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4.5 FINAL REMARKS

In the case of variable supply, the result will be similar. That is, the seller will
choose the same mechanism he would if the seller’s cost is completely known to all
buyers. Spulber (1988) provided a similar bargaining model in the case of one buyer
and one seller with private information on both sides.

In the above discussions, we have assumed that the values are independent and
that both the seller and the buyers are risk-neutral. Because of these assumptions, the
mechanism that maximizes the seller’s conditional (interim) expected profit subject to
IC-IR with respect to all buyers is the same as the mechanism that maximizes the
seller’s ex ante expected profit subject to IC-IR with respect to all buyers and the seller
as well. The second property implies that the optimal mechanism is undominated while
the first implies that the optimal mechanism is safe. Thus, we are able to obtain a
strong solution that the seller will select even if he has private information.

In a principal-agent private-values model, Maskin and Tirole (1988) have shown
that the principal will select the full information contract when both the principal and
the agent have the quasi-utility functions. This is similar to the result we derived in this
chapter. We believe that the assumptions of private values and quasi-utility functions
are the key to obtain the invariance result. In a recent paper, Vincent (1989) finds an
example of common-values model in which the auctioneer has an incentive to keep his
private information secret. In other words, the auctioneer never announces any reserva-
tion price in the auction. This seems to be consistent with the empirical observation by
Ashenfelter (1989) in auctions for wine and art. It remains an open question to what
extent the invariance result I find in this chapter holds in a general environment or

under what conditions an informed principal should signal his private information in the
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design of mechanisms.
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NOTES

See McAfee and McMillan (1987) for an excellent survey on auction theory.

For example, Ashenfelter (1989) provides some evidence that the auctioneer
keeps the reservation price secret in auctions for wine and art.

The assumption that utility function is linear in the value is not crucial. The
results in this paper hold for any quasi-linear utility function.

See McAfee and McMillan (1987), for instance.
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