PRODUCTSAFETY:LIABILITY,R&DANDSIGNALING*

AndrewF.DaughetyandJenniferF.Reinganum**

December,1992

LastRevision:January,1994

*ThefinancialsupportofNSFgrantsSES91-12914andSES92-23087isgratefullyacknowledged.

** D epartment of Economics, College of Business Administration, The University of Iowa, Iowa City,

IA52242

PRODUCTSAFETY:LIABILITY,R&DANDSIGNALING

ABSTRACT

This paper develops a two-stage model of product design and safety signaling incorporating a

parametric liability specification in a monopoly context. In the first stage, the firm engages in research

and development in order to determine the safety of its product. We model the research and

development process as sequential sampling from a fixed distribution of potential safety levels. Thus,

R&D is a stochastic process, partially controlled by investment, which ultimately yields an equilibrium

set of acceptable safety levels. Since the outcome of research and development trials is unobservable

to consumers, in the second stage of the model the firm must choose its price with the understanding

that consumers may attempt to draw inferences about the product’s safety from the firm’s pricing

behavior.Given the price, consumers infer the level of safety and choose the amount of the product to

acquire; injuries then lead to losses which are allocated by the particular liability system in place. We

vary the liability system’s allocation of losses and trace out the implications for the level of R&D

investmentandtherelationshipbetweenpriceandsafety.

We find that pricing and liability jointly distribute the value and losses associated with the

product. When the liability system is firm-oriented, signaling distortions involve high prices to signal

safety when the firm’s liability is small compared with the cost reduction associated with lower safety,

and low prices to signal safety when the liability exceeds the cost reduction. When the liability system

is consumer-oriented, risky products require higher prices to compensate for large potential

downstream liabilities of the firm. We also find that the average level of product safety under

incomplete information is lower than would, on average, obtain under full information. The amount of

R&D investment with regards to safety of the product is influenced by the firm’s level of liability and

the cost of producing the product. More precisely, when the firm’s liability is less than the cost

reduction, R&D activity may be used to lower product safety. When the firm’s liability is greater than

the cost reduction, R&D will be used to increase safety, but again, not on average to the level that

wouldobtainunderfullinformation.

In this latter case, the possibility of less safe products creates an externality for all products in

the equilibrium producible set: safer products must distort their prices (downward) even more than

would occur otherwise, in order to signal safety. This suggests that, ex ante, a firm would like a

minimum safety standard set high enough to preclude some (comparatively less safe) products that

wouldhavebeenproducibleinanoncooperativeequilibrium.

ProductSafety:Liability,R&DandSignaling

1.Introduction

Product quality frequently has multiple dimensions. Effectiveness (how well the product does

its job), durability (how long it does its job) and safety (does the operation or use of the product risk

injury

1

) are three attributes discussed in various portions of the literature. The incentive to ensure

and/or signal effectiveness and durability typically relies on the existence of a reputation worth

maintaining (e.g., to induce repeat sales), the employment of a warranty, or possibly both. The third

attribute, however, typically involves liability law, with incidences of injury potentially leading to

lawsuits and damage awards. For example, if a consumer’s toaster doesn’t toast or it burns out within

the warranty period, then the consumer often can return the toaster and get a new one. If the toaster

overheats and explodes, causing injury, action beyond the warranty is usually involved: a lawsuit is

often entailed, involving lawyers, courts and bargaining over the level of damages and the liability of

themanufacturer.Mostmanufacturersofproductsrecognizethispotentialoutcome,andsome level of

care is employed to balance the current production costs and potential downstream liabilities with the

willingness of consumers to pay for the product at hand. This problem becomes especially complex

whenthelevelofsafetyoftheproductisnot observable by the consumer prior to use. Of course, such

problems are not limited to the world of toasters; drugs, lawnmowers, automobiles, homes and

children’stoysallreadilycometomind.

This paper develops a two-stage model of product design and safety signaling incorporating a

parametric liability specification in a monopoly context. In the first stage, the firm engages in research

1

We will use the word injury to cover bodily harm, adverse side-effects (such as from drugs) or

othersourcesofunintendedlossesinutilityormoneyterms.

and development in order to determine the safety of its product. Since the outcome of research and

development trials is unobservable to consumers, in the second stage of the model the firm must

choose its price with the understanding that consumers may attempt to draw inferences about the

product’s safety from the firm’s pricing behavior. Product safety (or, more precisely, its converse,

product risk) is represented by the probability of injury. Given the price, consumers infer the level of

safety a nd c hoose t he a mount o f t he p roduct to acquire; injuries then lead to losses which are allocated

by the particular liability system in place. We vary the liability system’s allocation of losses and trace

outtheimplicationsforthelevelofR&Dinvestmentandtherelationshipbetweenpriceandsafety. We

find t hat t he e quilibrium level of R&D activity and the price-safety path depend upon the relative costs

to the firm of production and future potential liability, and to the consumer of immediate use and

potentialinjury.

More precisely, first consider the second stage results under varying informational treatments

and exogenously determined safety level. Under full information (i.e., when product safety is

observable to consumers prior to use), the price-safety relationship depends entirely on which party is

allocated more of the losses in the event of an injury. For instance, if the legal system leaves injured

consumers largely uncompensated, then the full information price schedule involves higher prices for

saferproducts;alternativelyput,consumersmustbeofferedlowerpricesiftheyaretoassumea greater

risk. If, however, consumers are largely compensated for damages due to injury, then the full

information price schedule involves higher prices for riskier products; the expected compensation paid

toinjuredconsumersisreflectedinhighermarginalcosts,andthushigherprices,forthefirm.

When the firm is privately informed about its product’s safety (i.e., when product safety is

unobservable to consumers prior to use), the price-safety relationship is somewhat more complex. In

particular, for some parameters for which the full information price schedule involves higher prices for

safer products, the revealing equilibrium with private information involves lower prices for safer

products; essentially, the firm with a safer product provides a credible "signal" of its safety by selling a

large volume of the product (i.e., by increasing its exposure to future liability claims), which it

accomplishesbyofferingtheproductatalowprice.

Now let us consider the first stage, wherein the level of R&D investment is endogenously

determined. We model the research and development process as sequential sampling from a fixed

distribution of potential safety levels. Thus, R&D is a stochastic process, partially controlled by

investment, w hich u ltimately yields an equilibrium set of acceptable safety levels. Alternatively put, the

type s pace f or t he s ignaling subgame is endogenously determined. We find that there are two relevant

parameter regimes. If the firm’s incremental savings in terms of expected liability from producing a

marginally safer product exceeds the associated marginal production cost increase, then the firm’s

optimal policy is to set a reservation safety level and discontinue R&D and begin production when it

develops a product which is at least as safe as that level. In this case, private information results in (on

average) less R&D and the provision of products which are (on average) less safe than under full

information. Moreover, we show that under these circumstances a firm’s profits could be improved by

safetyregulationwhichtakestheformofaminimum-safetystandard.

On the other hand, if the firm’s incremental savings in terms of expected liability from

producing a marginally safer product are less than the associated marginal production cost increase, then the firm’s optimal policy is to set a reservation safety level and discontinue R&D and begin

production w hen i t d evelops a p roduct w hich i s no s afer t han t his level. A fortiori, private information

resultsintheprovisionofproductswhichare(onaverage)lesssafethanunderfullinformation.

There a re m any papers w hich e xamine the relationship between price and quality, far too many

to survey thoroughly in a few pages. The interested reader is referred for a recent survey to Stiglitz

(1987). We will be focusing on the following question: to what extent can price serve as a signal of

quality ( e.g., p roduct s afety) a nd w hat f orm d oes s uch s ignaling take? Work related specifically to this

issue has been done by Milgrom and Roberts (1986), Lutz (1989), Bagwell and Riordan (1991) and

Shieh (1993). All of these models assume that quality is exogenous and that there are two potential

quality levels. Bagwell and Riordan describe a two-period model; in the second period, experience

with the good has revealed its quality so that full information prevails. In the first period uninformed

consumers can determine the good’s quality only through purchase and consumption (i.e., it is an

experiencegood).Theyassumethatthemarginalcostofproductionishigher for higher quality goods,

andtherearenootherfutureimplicationsoffirst-periodpricing.Inthiscase,highquality is signaled by

a "high" price (one which exceeds the full information price for high quality) in the first period; in the

secondperiodthepricefallstoitsfullinformationlevel.Thisgeneratesapattern of "high and declining

prices" for new products, which is characteristic of a number of products listed by Bagwell and

Riordan. Milgrom and Roberts and Shieh employ the idea of repeat purchases to generate future

implications for current pricing decisions. If the value of having a large initial customer base (which

generates a large number of repeat purchases for high quality firms) dominates whatever marginal cost

increasesareassociatedwithhigherquality,then high quality will be associated with a "low" price (one which is lower than the corresponding full information price). In addition to examining the ability of

price to signal quality, Milgrom and Roberts ask when advertising

2

, a second potential signal, will be

used; Lutz conducts a similar analysis when the second potential signal is the extent of warranty

3

.

Shieh examines the impact of the need to signal quality through price on the firm’s incentives to make

unobservableinvestmentsincost-reducingR&D.

There is a lso a v oluminous literature on liability and incentives to take care. A classic paper by

Diamond (1974) examines various liability rules (e.g., negligence, comparative negligence) and their

impact on care-taking in the context of "single activity accidents" (i.e., representative agents engage in

a single activity, during the course of which any two can be involved in an accident). In this model,

care-taking by either party reduces the likelihood of an accident. More recently, P’ng (1987) examines

theeffectofthenegligence standard on settlement rates and incentives to take care, while Polinsky and

Rubinfeld (1988) examine the effect of settlement versus trial on incentives to take care, both

employing models in which a potential injurer can invest in care-taking to avoid harming a potential

2

Kihlstrom and Riordan (1984) ask whether advertising alone can serve as a signal of quality; they

find that, if repeat purchases are unaffected by current advertising (e.g., if all consumers learn about

quality through the consumption of others), this is possible only if producing higher quality involves

higher fixed, but not marginal, production costs. If repeat purchases are increased by current

advertising (e.g., if only first period consumers learn about quality), then advertising can signal quality

even if higher quality has somewhat higher marginal production costs. Matthews and Fertig (1989)

describe a model in which an incumbent firm and a potential entrant use advertising to signal the

entrant’s quality level, and Yang (1991) develops a duopoly model in which both firms jointly signal

theirqualitylevelsviaadvertisingexpendituresalone.

3

Other papers which examine warranties as potential signals are Spence (1977), Grossman (1981),

andGal-Or(1989).

victim. In most cases, analyses of liability and incentives for care-taking either deal with non-market

situations, or omit in-depth analysis of related market transactions. An exception is Simon (1981), in

which competitive firms produce an experience good with the potential for injury, and invest in

accident reduction subject to a negligence standard. Consumers are assumed to purchase one unit of

the good in a competitive market; thus the price cannot serve as a signal of safety in this model. If

injured, consumers must decide whether to file suit or not, based on their assessment regarding the

likelihood that the product was negligently produced. Simon finds a stable mixed-strategy equilibrium

inwhichnegligentandnon-negligentfirmsco-existinthemarket.

In our model, the liability system provides an allocation of losses, but market transactions

(where demand depends upon consumers’ perceptions of safety) permit a market re-allocation of this

liability-generated risk. Similarly, although the product’s safety is unobservable prior to use, it may be

revealedbythefirm’spricingbehavior. Our modeling of the market transaction distinguishes this work

from the liability and incentives literature, while our concern with liability as a determinant of the

relationshipbetweenpriceandsafetydistinguishesthisworkfromtheprice-qualitysignalingliterature.

We will maintain the assumption that the product is an experience good. We will assume that

the firm first conducts R&D which results in a (randomly distributed) safety level;

4

it then chooses an

4

Thus, our approach to endogenous quality differs from the literature on "quality-guaranteeing

prices,"inwhich competing firms determine quality endogenously. Therein a price premium for higher

quality products ensures that firms would rather maintain high quality than take advantage of

consumers by providing low quality at the high price for one period and lose future sales from

consumers they have "ripped off." Representative papers in this area include Allen (1984), Chan and

Leland (1982), Cooper and Ross (1984,1985), Klein and Leffler (1981), Riordan (1986), Rogerson

(1983,1987),Shapiro(1983)andWolinsky(1983).

associated price. We will consider only a single potential signal: price. While focusing on price as the

signal i s p rimarily for simplicity, it is often difficult for consumers to observe the firm’s total advertising

expenditures (especially for one product among the many the firm produces) and to link them to safety

(for example, prescription drugs are advertised to physicians, but sold to consumers), and

compensation for potentially serious physical injuries or large losses goes beyond the standard

warranties provided for effectiveness and durability. Finally, we assume that the product is one of a

number the firm produces and that bankruptcy due to potential aggregate liability claims for this

productisnotpossible.

Unlike the previous price-quality signaling literature, we will consider a continuum of possible

safety levels. We will also assume that higher safety is associated with higher marginal production

costs (due to, e.g., costlier inputs). We will not be concerned with repeat purchases or the pattern of

prices over time. Rather, we will show how the extent of firm liability affects the equilibrium R&D

investmentandprice-safetyrelationship.

In Section 2 we specify our basic model in more detail. In Section 3 we calculate the

monopolyprice-safety schedule which would obtain if consumers could observe safety prior to use. In

Section4weconsidermonopolypricingwhenconsumersare unable to observe safety prior to use, but

make inferences about safety from the firm’s price. Section 5 examines how R&D decisions are made

when safety is observable and unobservable. Section 6 summarizes our results and suggests some

extensions.

2.BasicModelSet-Up

We assume that research and development activities result in a product which is effective, but

resultsinaninjurysomeofthetime.AssumethatR&Doutput is a draw from the distribution Φ(θ) on

[0,1], where θ represents the likelihood of an injury per unit used. After the firm observes the safety

level θ, it may elect to discontinue R&D and manufacture the product, it may continue to conduct

R&D (at a cost of k), or it may decide to abandon the realized product and discontinue R&D. Thus

notallrealizedvaluesofθwillactually be produced. Let the interval [θ,], a non-empty subset of [0,1],

represent the set of risk levels associated with products which will actually be offered for sale in

equilibrium. For now, we treat θ and as exogenous; in Section 5 we describe how they are

endogenously determined. From the firm’s point of view, a realized value of θ is immutable, a by-

product of the product design generated by the R&D activity. Any changes in θ must therefore come

fromdoingmoreR&D(findinganewdesign,takinganewdrawfromthedistributionΦ).

Let L be the total losses generated by an injury due to the purchase and use of a unit of the

firm’s product. Thus, this includes lost time on the job by the consumer, legal fees of both parties,

indirectcoststhefirmmustbeartorespondtoasuit(suchaslostuseofmanagersneededforthe case),

as well as physical, mental and other damages suffered by the consumer. We will focus on a system

involving strict liability, which means that the firm pays compensation without regard to issues of

negligence:evenfirms with very safe products can be strictly liable. Thus, punitive damages (assessed

for negligence or for social purposes of signaling other firms) do not exist in this model and are not in

L. The liability system determines the amount of compensation (a transfer) from the firm to the

consumer,andthusallocatesLamongstthetwoparties.

Let L

C ≥ 0 denote the uncompensated loss to the consumer if an injury occurs, and let L_F ≥ 0

denote the corresponding loss to the firm. Thus, the consumer need not be "made whole;" for

example, the outcome of the settlement and litigation process may only compensate the consumer for,

say, physical damages, leaving pain and suffering, or legal fees, uncompensated. While the consumer

neednotprovenegligencetoobtaincompensation,thefirmmaynot be held liable for all losses that the

consumeractuallyincurs.Wealsoassumethatfirmsself-insure,andthusL≡L

F

+L

C

.

Weassumethatasaferproductismorecostlytoproduce. Let the unit cost of production take

the form C(θ) = c(1-αθ), where c > 0 and α ∈ [0,1]. The firm thus has an "effective (or total) unit

cost" o f c (1-αθ) + θL_F; each unit produced costs c(1-αθ) and generates a probability θ of a loss in the

amountL

F

.

In the sequel, we will maintain the following assumption, which ensures that under full

informationthemarginalsocialgainfromanincreaseinsafety(L)exceedsthemarginalsocial cost (αc)

ofproducingthatincrease.

Assumption1.L-αc>0.

3.PricingWithObservableSafety

The consumer’s demand function depends on the drug’s "effective price," p + θL

C

. Each unit

costspandgeneratesaprobabilityθofalossintheamountL

C

. L et d emand b e g iven b y x (p) = a - b [p + θL_C]. Thus the "effective maximum willingness to pay," the demand intercept, can be viewed as

beinga/b-θL

C

.Profitstothefirmcanbewritten:

π(p,θ)=[a-b(p+θL_C)][p-c(1-αθ)-θL_F].

Maximizing profit with respect to p under the assumption that consumers know θ yields the pricing

formula:

p

I (θ)=[a/b-θL_C+c(1-αθ)+θL_F]/2,

where the superscript "I" indicates that consumers are informed about product safety. The price p

I (θ) istheaverageofa/b-θL

C andc(1-αθ)+θL

F

.Noticethatdp

I (θ)/dθ=(L_F-αc-L_C)/2.

Essentially,L

F -αcisthe"marginalcostofriskperunitsold" to the firm; a marginal increase in

theriskasmeasuredbyθincreasesthefirm’spotentiallegaljudgmentsbytheamountL

F butreducesits

unitproductioncostsbythe amount αc. The expression L

C i s t he c orresponding "marginal cost of risk

per u nit p urchased" to the consumer; a marginal increase in risk increases the consumer’s expected loss

bytheamountL

C

.

These two marginal costs allow us to characterize the orientation of the liability system as

follows.IfL

F -αc>L_Cwecallthesystem"consumer-oriented,"sincetheallocationoflosses is shifted

toward the firm. Similarly, if L

F - αc < L_C, we call the system "firm-oriented," since the allocation of

lossesfavorsthefirm.Aneutralsystemwouldbeonewhereinthetwomarginalcostswerejustequal.

5

When the liability system is neutral, the firm charges the simple monopoly price [(a/b)+c]/2,

independent of the value of θ. Thus, a neutral system isolates the market transaction from any

subsequent considerations of the extent of safety. When the system is consumer-oriented the price

p

I (θ) is increasing in θ: consumers are paying more in the market, part of which is a contribution to

cover the (differential) liability costs of the firm. Finally, when the system is firm-oriented, p

I (θ) is

decreasing in θ: the firm is discounting the product in the market, essentially sharing some of the

(differential) liability costs of the consumers. This is done to help temper the negative effect on

demandoftheabsoluteleveloftheconsumer’spotentialloss.

Profits with observable safety are π

I (θ) = π(pI(θ),θ) = (b/4)[a/b - c(1-αθ) - θL]2. Assume that

a/b - c(1-αθ) - θL > 0 for all θ ∈ [0,1], so any possible risk type would yield positive profits if

produced. Differentiating with respect to θ yields dπ

I /dθ < 0 if L_C + L_F - αc > 0. That is, lower risk

(safer) f irms h ave h igher p rofits so long as the combined marginal cost of risk is positive. Assumption

1guaranteesthatthisinequalityholds;thusafirm producing a safer product enjoys higher profits when

consumerscanobservesafety.

5

While one might be tempted to consider the point where L

F

= L

C as neutral, this neglects the

benefit that the firm received in lowered marginal production costs, namely αc. Since any legal action

would follow the production process, it is reasonable to expect a complete accounting of gains and

losses,andthatneitherpartyshould"benefitfromill-gottengains."

4.PricingWithUnobservableSafety

Now s uppose that the realized safety level θ is private information for the firm. This would be

the case for new products with which there has been little experience. One might assume (as in

Bagwell and Riordan) that after a preliminary period, experience with the product will reveal θ;

however,this preliminary period could be quite long for some products. During this period consumers

may try to draw some inference about safety from the price at which the product is offered and/or the

quantity distributed. We assume that the interval [θ,] is known to consumers, as is the distribution

function Φ(θ). Since θ and will (in the next section) be determined endogenously as part of the

equilibrium,itisreasonabletoassumethatconsumers"know"theminthepricingsubgame.

Let Θ(p) denote the consumer’s "perceived safety" upon observing the price p; we continue to

use θ t o d enote t he t rue r ealized s afety l evel. N ow t he f irm’s p rofits w ill d epend o n i ts t rue θ, its price,

andtheconsumer’sperceptionsorbeliefsΘ(p).

Π(p,θ;Θ(p))=[a-b(p+Θ(p)L_C)][p-c(1-αθ)-θL_F]. (1)

We will be looking for a revealing equilibrium, in which each θ is associated with a different

equilibrium price. Maximizing expression (1) with respect to p yields the first-order condition below,

wherep*denotestheequilibriumprice.

-b[1+Θ′(p*)L

C

][p*-c(1-αθ)-θL

F

]+[a-b(p*+Θ(p*)L

C

)]=0. (2)

Inorderfortheequilibriumprofitstobenon-negative, it must be that both the equilibrium quantity and

profitmarginarepositive.Thatis,itmustbethata-b(p*+ Θ(p*)L

C

) > 0 a nd p * - c (1-αθ) - θL_F > 0.

Usingequation(2),theseimplythat1+Θ′(p*)L

C

>0.

Equation(2)isan ordinary differential equation which characterizes the (unknown) equilibrium

price-safety schedule p*(θ). Although it is somewhat nasty, it turns out to be of a special, solvable

form,andyieldsthefollowing(implicit)solution:p*(θ)satisfies

{a/b-θL

C

-p} L-αc_{{2p-c(1-} αθ)-θL_F-[(a/b)(L_F-αc)+cL_C]/(L-αc)}^L_C=K, (3)

where K is a constant to be determined by imposing an appropriate boundary condition. The

appropriate boundary condition is that, in a revealing equilibrium, the least safe product does not

distort its price (no one wants to be mistaken for producing the least safe product, since this only

depressesdemand);thatis,p*()=p

I

().Thisyieldsthevalue:

K()≡{[a/b-c-(L-αc)]/2}

L-αc+L_{C{2L} C

/(L-αc)}

L

C

.

To gain some insight into the implied form of p*(θ), notice that equation (3) describes a

hyperbolain(θ,p)space.Toseethis,wedefinenewcoordinatesu≡a/b-θL

C

-pandv ≡ 2p - c - θ(L

F -αc)-[(a/b)(L_F-αc)+ cL_C]/(L - αc). The origin in (u,v) space corresponds to the coordinates (θo,po) in(θ,p)space,whereθo≡(a/b-c)/(L-αc)>1andpo≡

[(a/b)(L

F

- αc) + cL_C]/(L - αc). It is straightforward to show that L_F - αc > L_C implies that po > pI() > p

I (θ),whileL_F-αc< L_C implies that po < pI() < pI(θ). In the positive orthant of (u,v) space, for each u

there exists a unique v such that u

L-αc_vL_{C = K(). That is, the equation u}L-αc_vL_{C = K() describes a}

hyperbola in (u,v) space. Solutions with u < 0 yield negative profits; if u > 0 but v < 0, then the

solutioninvolvesimaginaryroots.Soitisthesolutionwithbothu>0andv>0whichisofinterest.

The rotation and shifting of the (u,v) space hyperbola into (θ,p) space gives a hyperbola with

two p-values for each θ. Which of these provides the separating equilibrium we are seeking? Upon

differentiatingequation(3),wefindthatdp*/dθ=L

C

(p*(θ)-c- θ(L

F

- αc))/2(pI(θ) - p*(θ)). Since the

numerator is always a finite positive number, dp*/dθ = ∞ at θ = (since p

I

() = p*()). For θ < , the

lower b ranch i nvolves p

I (θ) > p*(θ) with p*(θ) increasing and convex; the upper branch involves pI(θ)

<p*(θ)withp*(θ)decreasingandconcave.

But o nly o ne b ranch i s c onsistent w ith profit maximization. To determine which, note that the

second-orderconditionforp*toprovideamaximumisasfollows.

d 2Π/dp2=-2b[1+Θ′(p*)L_C]-b[p*-c(1-αθ)-θL_F]Θ″(p*)L_C<0.

Sinceequation(3)mustholdforallθalongtheequilibriumpriceschedule p*(θ), total differentiation of

(3)withrespecttoθyields:

(d 2Π/dp2)(dp*/dθ)+b[1+Θ′(p*)L_C](L_F-αc)=0. (4)

We have already shown that 1 + Θ′(p*)L

C

> 0, so sgn dp*/dθ = sgn {L

F - αc}. That is, if the firm’s

marginal cost of risk per unit is positive, then p*(θ) will be increasing, while if the firm’s marginal cost

of risk per unit is negative, then p*(θ) will be decreasing. Interpreting high safety (low θ) as high

quality, this says that high quality will be signaled by a low price whenever L

F - αc > 0. Here, lower

quality firms have higher unit costs (due to the inclusion of liability costs) and would mimic higher

prices if c onsumers believed high quality was associated with high price. On the other hand, if L

F - αc

<0,thenhigherqualityisassociatedwith higher unit costs and can thus be signaled through charging a

higher p rice. If L

F

- αc = 0, then all safety types have the same unit costs and no revealing equilibrium

canexist.

The natural out-of-equilibrium beliefs which support this equilibrium associate an out-of-

equilibrium m essage w ith t he s ender o f t he c losest e quilibrium m essage. That is, when L

F - αc > 0, an

out-of-equilibrium price p > p*() generates the belief Θ*(p) = and an out-of-equilibrium p < p*(θ)

generatesthebeliefΘ*(p)=θ.Conversely,whenL

F -αc<0,then

anout-of-equilibriumpricep>p*(θ) generates the belief Θ*(p) = θ and an out-of-equilibrium p < p*()

generatesthebeliefΘ*(p)=.IntheAppendixweshowthatthesebeliefssupporttheequilibrium.

Proposition 1. (a) If L

F - αc < 0, then p*(θ) > pI(θ) for θ < , and both price schedules are

decreasingfunctionsofθ.

(b)If0<L

F -αc<L_C,thenp*(θ)<pI(θ)forθ< ; the revealing price schedule is an increasing

functionofθ,whilethepriceschedulewithinformedconsumersisadecreasingfunctionofθ.

(c) If L

F - αc > L_C, then p*(θ) < pI(θ) for θ < , and both price schedules are increasing

functionsofθ.

Evaluating the profit function at p*(θ) yields Π*(θ) ≡ Π(p*(θ),θ;Θ*(p*(θ))) = [a - b(p*(θ) +

Θ*(p*(θ))L_C)][p*(θ) - c(1-αθ) - θL_F]. By the envelope theorem, dΠ*/dθ = -[a - b(p*(θ) + Θ*(p*(θ))L_C)](L_F-αc).Sincethe term in brackets is positive, sgn dΠ*/dθ = - sgn {L_F - αc}. That is,

if higher-risk products entail higher unit costs (due to, e.g., relatively large expected liability losses),

then they have lower equilibrium profits. On the other hand, if higher-risk products entail lower unit

costs (due to, e.g., relatively large marginal production cost savings), then they have higher profits.

6

Recall t hat with full information, Assumption 1 is sufficient to imply that higher risk firms always have

lowerprofits.

Proposition 2.(a) The revealing equilibrium profit function is an increasing function of θ

(higher-riskproductshavehigherequilibriumprofits)ifL

F -αc<0.

(b)Therevealingequilibriumprofitfunctionis a decreasing function of θ (higher-risk products

havelowerequilibriumprofits)ifL

F -αc>0.

For all values of θ < , firms are worse off under asymmetric information; this follows directly

from the fact that their risk types are revealed, but they are not charging the corresponding optimal

priceforobservablesafety.Thehighestrisktypedoesnotdistorteitheritspriceoritsprofits,and thus

receivesthesameprofitswithunobservablesafetyaswithobservablesafety.

6

A necessary condition for a revealing equilibrium is that products with higher total unit costs c +

(L

F - αc)θ have lower equilibrium profits. To see why, assume otherwise, i.e., that they have the

higherprofits.Thenproductswithlowertotalunitcostscouldmimic the pricing strategy of those with

the higher total unit costs, achieving the same revenues. However, this would mean that the products

withlowertotalunitcostswouldhavehigher profits yet, contradicting the assumption. Essentially, the

lowertotalunitcostproductsmustreceivehigherprofitstopreventmimicry.

Figure 1 illustrates the relationships expressed in Propositions 1 and 2. The line at the bottom

of the figure represents possible values of L

F - αc. Recall that the liability system is neutral when this

value i s p recisely L

C

, i .e., when the two marginal costs of risk per unit are equal. Thus, panels (a) and

(b) reflect price-safety paths, and the direction in which profits increase along these paths, when the

liability system is firm-oriented. Panel (c), by contrast, reflects a liability system that is consumer-

oriented. Note that in all cases, the linear path is the full information pricing path, while the curved

pathistheequilibriumpricingpathunderincompleteinformation.

Case (a) (in the Figure and in the Propositions) arises when L

F - αc < 0; that is, when the

marginal cost of producing a safer product is high relative to the firm’s liability. Because the firm’s

liability is relatively low, the production cost reduction associated with lower-safety products means

that firms that would produce such products would want to produce them in volume and therefore would want to set a low price. If safety is observable then firms with safer products make higher profitsthanthosewithlesssafeproductsbecausedemandincreasesfasterthan cost does in response to safety; this is why the price-safety path under full information falls as θ rises. Thus, π

I rises to the left alongthep

I (θ)pathshowninthediagram.Ifsafetyisunobservable,thenfirmswithlowsafety(highθ)

would like to claim to be safer, but enjoy the cost benefits of low safety. This means that firms with low v alues o

f θ (i.e., safe products) must set even higher prices, so as to signal that they are not a low-

safety (and therefore low-cost) firm. Thus, they price above the full information price. Finally, Π* is increasinginθbecausefirmswithhighertotalunit costs have, in equilibrium, lower profits. In the case athand,firmswithsaferproductshavehigherunitproductioncosts,andthushighertotalunitcosts.

Case(b)ariseswhen0<L

F -αc< L^C; that is, the marginal cost of producing a safer product is

low relative to the firm’s liability. The liability system is still "firm oriented" since L

F - αc < L^C. Note

that firms now signal safe products by cutting price relative to p

I

. This strategy makes claims of safe products credible since low prices yield high volumes, which means considerable exposure to the risk ofa c laim. G iven t he l iability s ystem, t his e xposure w ould b e u nprofitable for less safe products. Note that, once again, firms with higher total unit costs have lower equilibrium profits. This is why Π* is declining in θ, since total unit costs involve both production and liability costs, and liability costs now outweightheproductioncostreductionassociatedwithlowersafety.

Finally, c ase ( c) a bove a rises w hen L

F

- αc > L^C; that is, when the liability system is consumer-

oriented. Note that, once again, the incomplete information case involves a firm with a high-safety product taking on exposure risk to signal that its θ is low. Note also that both p* and p

I are increasing

in θ, reflecting the notion that the firm is shifting the liability costs towards the consumer through the

market.Thisisconsistentwiththesometimes-heardnotionthat"weallpayfor high awards" in liability cases.

5.EndogenousDeterminationofθand

Recall that when consumers are informed about θ, a firm with a higher-risk product makes lower p rofits. Although the entire range of products are profitable to produce, the firm may choose to engage in further R&D rather than producing a product with a given realized θ. In particular, there may exist a reservation θ ∈ [0,1], denoted θ

I

, such that the firm continues to conduct R&D trials until it observes a θ-value at or below the relevant reservation safety level. Thus the range of products whichmightbeproducedisgivenby[0,θ

I

].

Suppose that it pays to conduct at least one R&D trial; that is, ∫ π

I

(t)dΦ(t) > k. If θ is the safest realized product to date, the firm can choose to discontinue R&D and go into production, yielding profit of π

I (θ), or to conduct another R&D trial at a cost of k. The firm retains the ability to

producethesafestrealizedproducttodate.ThusthevalueofonemoreR&Dtrialis: θ g(θ)≡-k+∫[πI(t)-πI(θ)]dΦ(t). (5) 0

Notice that g(0) < 0 and g(θ) is an increasing function. Thus, if we further assume that g(1) > 0, then

θIistheuniquesolutionin(0,1)tog(θ)=0.

When safety is unobservable, consumers must form conjectures about which product types might be offered. Let θ and denote, respectively, the lowest-risk and highest-risk product types conjectured by consumers to be offered by the firm. The equilibrium price schedule, beliefs and profit function depend on the value through the boundary condition. Thus let p*(θ;), Θ*(p;) and Π*(θ;)

denote these parametrized functions. Notice that, because the boundary condition only depends on , noneofthesefunctionsdependsonθ.

When L

F

- αc > 0 and safety is unobservable, then equilibrium profits are a decreasing function of θ. Thus the range of products which might be produced in equilibrium is of the same form as when

safety is observable: [0,*], where * denotes the equilibrium reservation safety level when safety is unobservable. We will first provide a necessary condition for defining * and then verify that firms will sampleuntiltheygetaproductwithθ≤*ifthatbehavioriswhatconsumersexpect.

If the firm’s safest realized product to date has risk θ ≤ , and is the (conjectured) riskiest product which will be produced in equilibrium, then the firm can discontinue R&D and go into production, earning profits of Π*(θ;), or conduct another round of R&D, which may yield a safer product.Inthiscasethegain,denotedG(θ;),fromconductingonemoreR&Dtrialis: θ -k+∫[Π*(t;)-Π*(θ;)]dΦ(t).

0

This gain is -k when evaluated at θ = 0, and is an increasing function of θ. Since profits are lower underasymmetricinformation,itmay not pay to do R&D, but a sufficient condition to conduct at least one trial is that ∫ Π*(t;1)dΦ(t) > k. If an interior Nash equilibrium reservation value * exists, it must

(1) equate the gain from conducting one more R&D trial to zero and (2) be the highest risk product actually produced (that is, the consumers’ conjectures will be correct). Thus the reservation value * is givenbyG(*;*)=0,thatis:

* k=∫[Π*(t;*)-Π*(*;*)]dΦ(t). (6) 0

Since Π*(;) ≡ π

I

() (the highest risk producer obtains the same profits as if the consumer were exogenouslyinformed),andΠ*(θ;)<π

I (θ)forallθ<,itfollowsthatG(θI;θI)<g(θI)=0.SinceG(;)is

continuous in , a sufficient condition for the existence

7 of a Nash equilibrium reservation value * ∈

(θI,1)isG(1,1)>0.

We have established that there exists * such that all θ ≤ * will discontinue R&D and produce, pricing according to p*(θ;*). In the Appendix we verify, using the consumer beliefs from Section 4, thatfirmsdrawingθ>*wouldprefertocontinueR&Dratherthanproducingaproductoftypeθ.

Proposition 3. When L

F - αc > 0, the reservation safety level with unobservable safety (*) is

higher than the reservation safety level with observable safety (θ

I

). The firm will conduct (on average)lessR&Dandproduce(onaverage)lesssafeproductswhensafetyisunobservable.

7

Actually, there may be multiple solutions to equation (6), but all exceed θ

I

. To see this, note that g(*)>G(*;*)=0.Sinceg(θ)ismonotonicallyincreasing,andg(θ

I

)=0,itfollowsthatθ

I

<*.

When L

F - αc < 0, then less safe products make higher equilibrium profits. In this case, the

firmmightconductmoreR&Dbecauseitslab has generated a product which is too safe and hence too expensive, given the need to signal safety, the low liability and the higher variable production cost.

8

For t his p arameter configuration, the reservation value is a lower bound on safety, so that the range of products which might be produced in equilibrium is of the form [θ*,1], while the range of products whichmightbeproducedwith observable safety is still [0,θ

I

]. T he e xpression θ* is thus determined by theequation:

1 k=∫[Π*(t;1)-Π*(θ*;1)]dΦ(t).(7) θ*

Onceagain,the firm will produce (on average) less safe products when safety is unobservable.

However, it may now engage in more R&D as the firm rejects a product type that would have been acceptablewereitssafetylevelobservable.

FirmDemandforSafetyRegulation

When L

F - αc > 0, equilibrium with unobservable safety involved, on average, less R&D

activity and always generated a reservation safety value in excess of the full information safety value, thus suggesting a potential social benefit from minimum safety regulation. In this subsection we show thatthefirmhasaprivateincentivetoencouragesuchregulation.

8

A n e xample m ight b e a v ery costly, very safe drug with only mild side effects, which is made from a rare plant. The firm may then pursue development of a significantly cheaper but somewhat less safe syntheticalternative.

Recallthat,forarbitrary,p*(θ;)isdefinedbythefollowingequation:

{a/b-θL

C

-p*}

L-αc^{{2p*-c(1-} αθ)-θL^F-[(a/b)(L^F-αc)+cL^C]/(L-αc)}_L^C=K().

Differentiation and simplification implies that sgn {∂p*(θ;)/∂} = sgn {(L - αc)/(p*(θ;) - p

I (θ))}. The

numerator is positive by Assumption 1 and p*(θ;) < p

I (θ) when L^F - αc > 0. Thus ∂p*(θ;)/∂ < 0.

Moreover, since p*(θ;) is already "too low," it follows that ∂Π*(θ;)/∂ < 0 as well. That is, a higher

"highest" risk type imposes a negative externality on all safer products, which must all lower their prices even further to distinguish themselves. This suggests that a firm might, before conducting its

R&D, a dvocate a r ule o r l aw o r b ureaucratic restriction which mandates a highest allowable risk < *.

The firm would thus trade off higher expected profits on product types with θ ≤ for being prevented from selling product types with θ ∈ (,*]. More formally, suppose that the firm could commit ex ante to continuing R&D until it discovered a product with risk no greater than . Then expected profits wouldbe:

-k/Φ()+∫Π*(t;)dΦ(t)/Φ(), (8) 0 where t he t erm k

/Φ() reflects the cost per trial times the expected number of trials required to obtain a θ∈ [0,] and the expression Φ() appears in the integral to reflect the conditional distribution of θ, given

that θ ∈ [0,]. Differentiating expression (8) with respect to and collecting terms yields the following first-ordercondition:

[k-∫(Π*(t;)-Π*(;))dΦ(t)]dΦ()/(Φ())

2 +∫(∂Π*(t;)/∂)dΦ(t)/Φ()=0. (9) 00

Notice that the term in brackets is zero at = *. Thus equation (9), when evaluated at *, is negative since∂Π*(θ;)/∂<0.Assumingconcavityofprofitsin,itfollowsthat*>.

Proposition 4. When L

F

- αc > 0, the firm would (ex ante) prefer to be constrained to a lower

reservation safety level than to have * arise noncooperatively; this constraint would induce the firmtoconduct(onaverage)moreR&Dandtoproduce(onaverage)saferproducts.

6.ConclusionsandPotentialExtensions

In this paper we have provided a model wherein a firm is producing a product with imperfect and unobservable safety, the consequence of which may be injury to a consumer and liability-based losses for the firm. We find that pricing and liability jointly distribute the value and losses associated withtheproduct. When the liability system is firm-oriented, signaling distortions involve high prices to signal safety when the firm’s liability is small compared with the cost reduction associated with lower safety, and low prices to signal safety when the liability exceeds the cost reduction. When the liability system is consumer-oriented, risky products require higher prices to compensate for large potential downstream liabilities of the firm.Alternatively put, firms whose total unit costs are mostly influenced by production costs signal safety via high prices, while firms whose total unit costs are mostly influencedbyliabilitylossessignalsafetythroughhighvolumes.

We also find that the average level of product safety under incomplete information is lower than would, on average, obtain under full information. The amount of R&D investment with regards to safety of the product is influenced by the firm’s level of liability and the cost of producing the product. More precisely, when the firm’s liability is less than the cost reduction, R&D activity may be used to lower product safety. When the firm’s liability is greater than the cost reduction, R&D will be usedtoincreasesafety,butagain,notonaveragetothelevelthatwouldobtainunderfullinformation.

In this latter case, the possibility of less safe products creates an externality for all products in the equilibrium producible set: safer products must distort their prices (downward) even more than would occur otherwise, in order to signal safety. This suggests that, ex ante, a firm would like a minimum safety standard set high enough to preclude some (comparatively less safe) products that wouldhavebeenproducibleinanoncooperativeequilibrium.

We have treated the case of a monopoly in which safety could only be revealed through pricing. Interesting extensions would involve multiple firms and access to independent testing options, which could provide credible verification of safety claims. Moreover, strategic use of this option by one or more firms might generate more or less coarseness of the information that consumers have about a ll p roducts. For example, if firms had access to independent testing sources (e.g., Underwriters

Laboratories, "tested at a major University," etc.) then competing firms might not limit themselves to having their own product’s safety verified; they might engage in strategic testing of a competitor’s products. Pricing then might involve less distortion than without such an agency. This might, in turn, leadtogreaterR&Dinvestment.

BIBLIOGRAPHY

Allen,Franklin,"ReputationandProductQuality,"RandJournalofEconomics15,1984,311-327.

Bagwell, K yle a nd M ichael H . R iordan, "

High a nd D eclining P rices S ignal P roduct Quality," American

EconomicReview81,1991,224-239.

Chan,Yuk-sheeandHayneLeland, "Prices and Qualities in Markets with Costly Information," Review ofEconomicStudies49,1982,499-516.

Cooper, Russell and Thomas W. Ross, "Prices, Product Qualities and Asymmetric Information: The

CompetitiveCase,"ReviewofEconomicStudies51,1984,197-207.

Cooper, Russell and Thomas W. Ross, "Monopoly Provision of Product Quality with Uninformed

Buyers,"InternationalJournalofIndustrialOrganization3,1985,439-449.

Diamond,PeterA.,"SingleActivityAccidents,"JournalofLegalStudies,1974,107-163.

Gal-Or,Esther,"WarrantiesasaSignalofQuality,"CanadianJournalofEconomics22,1989,50-61.

Grossman, Sanford J., "The Informational Role of Warranties and Private Disclosure about Product

Quality,"JournalofLawandEconomicsXXIV,1981,461-483.

Kihlstrom,RichardE.andMichaelH.Riordan,"Advertisingasa Signal," Journal of Political Economy

92,1984,427-450.

Klein, Benjamin, and Keith B. Leffler, "The Role of Market Forces in Assuring Contractual

Performance,"JournalofPoliticalEconomy89,1981,615-641.

Lutz, N. A., "Warranties as Signals Under Consumer Moral Hazard," RAND Journal of Economics

20,1989,239-254.

Matthews, Steven A. and Doron Fertig, "Counteractive Advertising Signals of Product Quality,"

CMSEMSDiscussionPaperNo.881,NorthwesternUniversity,1989.

Milgrom, Paul and John Roberts, "Price and Advertising Signals of Product Quality," Journal of

PoliticalEconomy94,1986,796-821.

P’ng, Ivan P.L., "Litigation, Liability and Incentives for Care," Journal of Public Economics 34, 1987,

61-85.

Polinsky, A. Mitchell, and Daniel L. Rubinfeld, "The Deterrent Effects of Settlements and Trials,"

InternationalReviewofLawandEconomics8,1988,109-116.

Riordan, Michael H., "Monopolistic Competition with Experience Goods," Quarterly Journal of

Economics101,1986,265-279.

Rogerson, William P., "Reputation and Product Quality," Rand Journal of Economics 14, 1983, 508-

516.

Rogerson, William P., "The Dissipation of Profits by Brand Name Investment and Entry When Price

GuaranteesQuality,"JournalofPoliticalEconomy95,1987,797-809.

Shapiro, Carl, "Premiums for High Quality Products as Returns to Reputations," Quarterly Journal of

Economics98,1983,659-679.

Shieh, Shiou, "Incentives for Cost-Reducing Investment in a Signaling Model of Product Quality,"

RANDJournalofEconomics24,1993,466-477.

Simon, Marilyn J., "Imperfect Information, Costly Litigation, and Product Quality," Bell Journal of

Economics12,1981,171-184.

Spence, Michael, "Consumer Misperceptions, Product Failure and Product Liability," Review of

EconomicStudies,44,1977,561-572.

Stiglitz, Joseph E., "The Causes and Consequences of the Dependence of Quality on Price," Journal of

EconomicLiterature25,1987,1-48.

Wolinsky, Asher, "Prices as Signals of Product Quality," Review of Economic Studies 50, 1983, 647-

658.

Yang, Bill Zexu, "Simultaneous Advertising as a Signal of Product Quality," University of Iowa

WorkingPaper,1991.

Appendix

DiscussionofBeliefsforthePricingSubgame

To see that the beliefs proposed for this subgame support the equilibrium, we must verify that no t ype θ ∈ [θ,] would prefer an out-of-equilibrium price. When L

F

- αc > 0, all p > p*() yield profits of Π(p,θ;). Since p*() maximizes Π(p,;) (the type does not distort its equilibrium price from its full-

information price), ∂Π(p,;)/∂p p * ( )

= 0. Thus ∂Π(p,θ;)/∂p p * ( )

< 0 for all θ < ; that is, the price p*() dominates any p > p*() for all θ ∈ [θ,]. All p < p*(θ) yield profits of Π(p,θ;θ). The price p*(θ) maximizes Π(p,θ;Θ*(p)), implying the first-order condition (2): dΠ(p,θ;Θ*(p))/dp p * (θ)

= 0. Thus for θ > θ, dΠ(p,θ;Θ*(p))/dp p * (θ)

> 0; a fortiori ∂Π(p,θ;θ)/∂p p * (θ)

> 0 for all θ ∈ [θ,], so p*(θ) dominatesanyp<p*(θ).ThecasewhereinL

F -αc<0canbedealtwithinasimilarmanner.

Claim: Under the beliefs specified in Section 4, a firm drawing θ > * prefers to continue R&D rather thanproduceaproductoftypeθ.

Proof: If θ > * were to produce, what would be its optimal price? Consumers expect prices in the interval [p*(0;*), p*(*;*)]; any other price will trigger out-of-equilibrium beliefs. By previous arguments, any p < p*(0;*) is dominated by p*(0;*). The best price within the interval [p*(0;*), p*(*;

*)] is p*(*;*) since dΠ(p,θ;Θ*(p;*))/dp p * ( * ; * )

> 0 for θ > *. Any p > p*(*;*) yields profit of Π(p,θ;

*).Since∂Π(p,θ;*)/∂p p * ( * ; * )

> 0 a s w ell, t he o ptimal p rice f

or θ to charge (were it to produce) is (θ;

*) such that ∂Π(,θ;*)/∂p = 0; that is, (θ;*) = (a/b - *L

C

+ c(1-αθ) + θL

F

)/2 > p*(*;*). The resulting profitsare(θ;*)=Π((θ;*),θ;*),and∂(θ;*)/∂θ<0.

Thus i f t he f irm d rawing a p roduct w ith s afety θ > * w ere t o p roduce, it w ould c harge t he o utof-equilibrium price (θ;*) and allow itself to be taken as a product with safety *. Despite this advantageous (though mistaken) inference on the part of consumers, the θ-type would enjoy lower profitsthanthe*-type: (θ;*) < Π*(*;*). This follows because, for all θ > * and all p, Π(p,θ;*) < Π(p,

*;*) ≤ Π*(*;*), where the latter inequality follows from the fact that p*(*;*) maximizes Π(p,*;*).

NowconsidertheexpectedgainfromonemoreR&Dtrialforafirmwithcurrentproducttypeθ>*: *θ G(θ;*)=-k+∫[Π*(t;*)-(θ;*)]dΦ(t)+∫[(t;*)-(θ;*)]dΦ(t)

0 *

>G(*;*)=0.

Thusthefirmwithproducttypeθ>*preferstocontinueR&D.