International Review of Law and Economics 68 (2021) 106022

Contents lists available at ScienceDirect

International Review of Law and Economics

Car accidents in the age of robots

Alessandro De Chiara®*, Idoia ElizaldeP, Ester Manna® !, Adrian Segura-Moreiras®

Check for
updates

2 Department of Economics, Universitat de Barcelona, and Barcelona Economic Analysis Team (BEAT), Avinguda Diagonal 696, 08034 Barcelona, Spain
b Department of Law, Universitat Pompeu Fabra, Ramon Trias Fargas, 25-27, 08005 Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 7 July 2020

Received in revised form 24 June 2021
Accepted 5 September 2021

Available online 16 September 2021

JEL classification:
K2

In this paper, we compare liability rules in a world where human-driven and fully-autonomous cars
coexist. We develop a model where a manufacturer can invest to improve the safety of autonomous cars.
Human drivers may decide to purchase a fully-autonomous car to save precaution costs to avoid road
accidents and shift liability to the car manufacturer. As compared to the negligence rule, a strict liability
regime on both human drivers and car manufacturers is proved to be a superior policy. In particular, strict
liability leads to more efficient R&D investments to enhance the benefits of the technology and favors
the adoption of fully-autonomous cars. We also recommend that users of fully-autonomous cars make a

1 technology-dependent payment to a third-party if there is an accident to discipline their activity levels.

Keywords:
Autonomous vehicles
Investment problem
Liability rules

Torts

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

The use of automated machines in different industries is
growing rapidly. Between 2013 and 2018 the yearly worldwide
investment in the robot industry grew at an average rate of 19%.
The main drivers of this rate were the automotive industry and the
electronics industry, which together accounted for more than 55%
of the total growth.! For the particular case of the vehicle industry,
before the Covid-19 outbreak, it was expected that over the period
2020-2021 an additional 10% of the current US mobility manufac-
turers would adopt some type of autonomous or semi-autonomous
systems.? In this paper, we conduct a normative study of how
civil liability rules should adapt to a world where humans inter-
act with automated machines. At the onset of the automation era,
the technology has limitations and these machines are not perfect.
Therefore, humans are in charge of their control. At a later stage,
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technological improvements will allow the machines to operate in
a fully-autonomous way. We precisely focus our attention on this
latter scenario, where machines have achieved a substantial level
of development and function without any human intervention.

The robot industry is very broad, therefore in order to contex-
tualize it in the right way, this study focuses on the autonomous
vehicle industry as a particular type of automated machine. The
reason why the automotive industry is chosen as the object of the
study is twofold: First, the World Health Organization estimates
that approximately 1.35 million people die each year as a result of
road traffic and those accidents represent a cost of almost the 3% of
the domestic product of each country.? Second, there are current
policy debates discussing the benefits and costs of Artificial Intelli-
gence, robotics, and the Internet of Things concerning this specific
industry.*

The introduction of autonomous vehicles into the market will
entail many benefits including a better use of travel time, a
reduction in traffic congestion and, consequently, pollution, and
primarily, a reduction in road accidents. This last benefit is due to
the fact that 95% of the current US road accidents are due to driver

3 Global status report on road safety (2018), World Health Organization.
4 See the Commission Report on safety and liability implications of Al, the Internet
of Things and Robotics, European Commission, 19 February 2020.
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behavior.”> On the other hand, it will also imply some disadvantages
on the assumption that accidents will still occur. As mentioned
before, it seems plausible that the amount of road accidents will
decrease but it is unclear whether the magnitude of damage will
be bigger or smaller than that of human-driven cars accidents.
Since the first automated vehicle accident until the present day,
at least five fatal automated vehicle accidents have occurred. Four
of them in the United States® and one in China. Many other auto-
mated vehicle accidents occurred around the world but without
casualties. Regarding the mortal accidents there are a lot of open
investigations and research but not a judicial decision yet. So, even
though there are some probable causes identified, there is not any
definitive conclusion.

Our work approaches this issue by presenting a model where
the production choice between an autonomous or a traditional
vehicle follows from an industrial investment problem. The main
difference in terms of precaution between the autonomous and the
traditional technology must be seen from the manufacturer’s per-
spective. On the one hand, manufacturers of traditional vehicles
put their efforts on mechanisms that require essentially only ex
ante investments (i.e., airbags, anti-lock breaking systems, etc.). On
the other hand, autonomous producers are mainly focused on ex
post precautionary systems which require constant updates and
improvements even after the initial investment has been under-
taken to ensure their proper functioning (i.e., software operating
systems).

We believe, as it is usually the case for most technological inno-
vations, that the introduction of fully automated vehicles in the
market will be gradual. Fully autonomous vehicles will eventu-
ally substitute the traditional ones if and only if it is rational for
consumers to purchase them. In essence, market forces and con-
sumers’ preferences will determine the fraction of each type of
vehicle that will be produced and sold. Our model builds on the
idea that substantial R&D investments are needed to develop the
autonomous-car technology, and such investments would only be
profitable if enough drivers shift from the alternative provided by
traditional, human-driven cars to the autonomous ones.

In this regard, we assume that fully autonomous cars are
developed and sold by a monopolistic manufacturer, whereas
human-driven cars are sold in a regime of perfect competition.
This simplification is meant to capture the higher market power
that producers of autonomous cars will enjoy. We also assume
that the manufacturer of autonomous cars can invest to improve
the technology of autonomous cars. The R&D investment deci-
sion is private and, if taken, reduces the cost of preventing road
accidents. As drivers can still purchase traditional cars, the monop-
olistic car manufacturer may decide not to make this investment if
only few drivers would be willing to pay a higher price to buy the
autonomous car. In this environment, we examine how different
liability rules affect investment, pricing, autonomous-car adoption,
and precaution choices.

Purchasing an autonomous car allows a driver to save the pre-
caution cost and to avoid liability, as this will be shifted to the car
manufacturer. We find that imposing strict liability on both human
drivers and the car manufacturer is the constrained optimum, even
though first-best efficiency will not be achieved. While both the
negligence rule and the strict liability rule can be designed to ensure
that first-best care decisions are taken, only the latter allows the

5 These estimates were collected at the National Motor Vehicle Crash Causation
Survey (NMVCCS) by the U.S. Department of Transportation.

6 Two men were found killed in Texas in April 2021 after a fatal crash of the
autonomous Tesla with which they were taking a drive. Even though the causes
were unclear at the time the accident occurred, this fateful example shows us that
autonomous vehicles do not perfectly protect us from having accidents.
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manufacturer to fully enjoy the benefit that its R&D investment
generates, which is associated with the reduction in the probability
that a road accident occurs. Intuitively, with the negligence rule, a
human driver could escape liability by exercising the required level
of care. Then, only the reduction in the precaution cost (but not
the avoidance of the damages following an accident) can prompt
a driver to purchase a fully autonomous car. This leads to an inef-
ficiently low level of adoption and, consequently, of investment.
Furthermore, we point out that when also victims’ care is important
to prevent road accidents, then we have a more balanced picture
because the negligence rule can induce victims to take precautions.
Our conclusion on the superiority of the strict liability rule does not
rest on the inability of the monopolist autonomous-car manufac-
turer to price discriminate, and the associated market inefficiency.
What appears to play a more prominent role is the inability to con-
dition liability on the firm’s initial investment in the quality of the
technology.

We also examine mixed rules, under which different liability
applies to human drivers and the autonomous-car manufacturer.
We show that applying strict liability to human drivers and adopt-
ing a negligence rule for the autonomous car manufacturer could
favor adoption and may stimulate investment.

Lastly, we also find that, when usage also affects the probability
of an accident, users of fully-autonomous cars would choose the
highest possible level of activity, irrespective of the quality of the
technology. This is because they would disregard the effect of activ-
ity on the expected cost of taking precaution (and on the expected
liability) which would be borne by the manufacturer. However, it
would be possible to induce efficient activity levels by requiring
the driver of a fully-autonomous car to make a payment to a third
party (e.g., the state) when their car causes an accident. Notably,
this payment would not exonerate the manufacturer from liability
and, in order to obtain first-best, should be tied to the quality of the
technology of the autonomous car.

The paper is organized as follows: Section 2 discusses the related
literature. Section 3 presents the formal model. Section 4 explores
the implications of the model under the main liability rules. Section
5 analyzes mixed rules, whereas Section 6 provides some exten-
sions. Section 7 concludes.

2. Related literature

This paper intends to answer the topical question of which civil
liability rule should be chosen to optimize social costs in a world
where there are fully-autonomous vehicles. The topic of how the
level of care chosen depends on the civil liability rule applicable has
been studied by legal scholars since very early. The care taking liter-
ature (e.g., Calabresi, 1970; Brown, 1973; Shavell, 1980; and more
recently, Shavell, 2003) looks into the incentives that agents have
to prevent or to reduce accident risks. Those works approached this
issue by studying the effects of liability systems on the compensa-
tion of victims and on the allocation of risks between parties. Some
authors have compared the pros and cons of liability systems with
respect to others methods of controlling harmful activities, such
as corrective taxation (e.g., see Kaplow and Shavell, 2002; Shavell,
2011) or public regulation (e.g., see Shavell, 1984; Hiriart et al.,
2004; Immordino et al., 2011; Schwartzstein and Shleifer, 2013).

How liability rules should adjust to accommodate the arrival of
autonomous cars has attracted media and scholarly attention. Some
recent studies have looked into this issue in-depth. Shavell (2020)
models encounters between drivers of fully autonomous cars that
can hurt each other. The author finds that a new alternative liabil-
ity rule can be suitable for shifting the curve of accidents to lower
levels. Specifically, a liability system that induces payments to the
state, rather than to the harmed party, proves to be a superior rule.
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In a different model, where there is a clear separation between vic-
tims and injurers, we also show that a payment to a third party can
help align private and social incentives, butitis not meant toreplace
damages paid to the harmed party. The scope of the paper is dif-
ferent in that we aim to study which liability regime best prompts
adoption of autonomous cars and investments that improve their
safety.

Friedman and Talley (2019) extend the standard multilateral
precaution framework to analyze the interactions between algo-
rithmic and human decision makers. The specific aim of this work
is to investigate what sorts of liability structures fare best in dis-
tributing the risks during a transition period (where human and
autonomous vehicles may coexist). Their results show that some
negligence-based rules are capable of achieving an efficient out-
come. Di et al. (2019) model the uncertainty in the behavior of
human actors and in the impact of autonomous vehicles manu-
facturers through a unified game-theoretical model. They find that
human drivers could develop moral hazard if they perceive that the
road environment has become safer and, as a result, the design of an
optimal liability rules turns out to be crucial. Despite dealing with
some of the questions covered in the aforementioned contempora-
neous studies, our paper takes a different approach. We endogenize
the level of adoption of the autonomous car technology as well as
its level of sophistication.

With the advent of autonomous cars, the borders between dif-
ferent branches of liability law have blurred. As a result, we also
draw on other contributions, like those dealing with product lia-
bility. Polinsky (2003) examines some of the principles of liability
when harm is caused by an agent who is under the supervision
of a principal. In a similar line of research, Polinsky and Shavell
(2009) review the main benefits of product liability. This is a legal
term that stands for the liability that a manufacturer incurs for pro-
ducing or trading a certain product. In particular, in this previous
work it is argued that product liability may prove to be a useful tool
when market forces and regulation of a given product are weak. In
Daughety and Reinganum (2013) a vast literature on product lia-
bility is reviewed. There are some works dealing with the effects of
product liability when firms offer products with privately-observed
safety characteristics (Daughety and Reinganum, 2008). In Ganuza
et al.(2016) it is discussed how firms’ reputation interact with dif-
ferent product liability rules. Choi and Spier (2014) shows that
imposing tort liability on manufacturers for uncovered accident
losses and prohibiting private parties from waiving that liability
can improve social welfare when the likelihood of an accident
depends on the unobserved precautions taken by the manufacturer.
Recently, Hua and Spier (2020) also considers a monopolist selling
to heterogeneous consumers and investigates the role of contract
clauses as well as legal interventions, such as product liability, in
inducing the firm to invest in product safety.

Our paper is also related to the analyses of optimal investment
incentives in the presence of care choices and the issues inher-
ent to market structure with regard to product liability. There is
a line of research shared by some authors exploring the relation-
ship between competition and product liability. In Chen and Hua
(2017), the authors studied how these two concepts interact.” Some
authors explore how innovations alters the status quo of liability
systems. Following this vein of research we should highlight the
work by Galasso and Luo (2018) which provides empirical evidence

7 Theirs findings suggest that the kind of relationship is dependent on the causes
that motivate a change in competition. In particular, given a particular market struc-
ture, when there is an increase in competition due to a lower level of product
differentiation the social optimal product liability increases. However, if the increase
in competition is motivated by an increase in the number of competitors the optimal
liability varies non-monotonically, first decreasing and then increasing.

International Review of Law and Economics 68 (2021) 106022

from medical implants industry showing that an increase in liabil-
ity risk has a relatively large and negative impact on downstream
innovation, but has no relevant effect on upstream innovation.
Dari-Mattiacci and Franzoni (2014) present a model that shows the
interplay of the adoption of a new technology with the standards of
a negligence system. The authors compare alternative negligence
rules when injurers can adopt harm-reducing technologies high-
lighting the tension between incentives to exert efficient care and
efficient adoption. As compared to these papers, our model high-
lights how the strict liability rule can better induce users to adopt
a superior technology and stimulates firm’s investment.

3. The model

We develop a standard law & economics precaution model
where injurers, that we assume to be car drivers, can exercise care
toreduce the probability of an accident. Our innovationis thatinjur-
ers can purchase a fully-autonomous vehicle, in which case they
do not need to take precautions to avoid accidents. In our analy-
sis, victims are those human beings who can suffer injuries H>0
in a car accident. Drivers derive utility v > 0 from using a car, that
we assume large enough so that all drivers are willing to get one.
Drivers decide whether to buy an autonomous car or a traditional
vehicle. In the latter case, they also choose the level of care while
driving. We assume that there is a unit mass of human drivers are
heterogeneous with respect to the marginal cost of taking precau-
tions. For simplicity, there are just two types of drivers: high and
low marginal cost, with ¢;, >¢; > 0. It is known that there are o < (0,
1) high-cost drivers and 1 — « low-cost ones in the population. The
probability of an accident is p(x) € (0, 1), that is decreasing in x and
convey, i.e., px(x) <0 and pxx(x)> 0.

We assume that traditional vehicles are sold in a perfectly-
competitive market at a price equal to marginal cost, that we
normalize to zero.® Conversely, fully-autonomous cars are pro-
duced and sold by a monopolistic manufacturer, that is interested
in maximizing its profits. The manufacturer decides (i) the invest-
ment, (ii) the price of the autonomous cars, and (iii) the level
of precaution for its cars. More details on all the manufacturer’s
choices are provided in the next subsection.

A welfare-maximizing social planner decides the liability rule.
We restrict attention to (i) strict liability, (ii) negligence, (iii) no
liability rule. All players are risk neutral and welfare is given by
the sum of the manufacturer’s profit, the drivers’ and the victims’
utility.

The sequence of events is the following:

1. The social planner sets the liability rule.

2. The manufacturer may observe and take an investment oppor-
tunity to improve the technology of fully-autonomous cars.

3. After observing the result of the investment, the manufacturer
chooses the price for the automated cars.

4. Consumers decide which car to buy (human-driven or auto-
mated).

5. Care is exercised: by humans if the car is human-driven; by the
manufacturer if the car is autonomous.

We solve the game by backward induction and we employ as
equilibrium concept subgame perfection. All technical proofs are
reported in Appendix A.

8 Otherwise, one could interpret v as the gross benefit of using a car, that is
inclusive of its marginal cost of production.
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3.1. Precautions, price, and investment

In the absence of autonomous cars, each type of human driver
takes precautions to minimize the following objective function:

minc;x; + p(x;)D,
Xj

for i=1, h, where D are the damages that depend on the liability
rule.? Solving the minimization problem, we obtain ¢; = —px(x{)D
fori=1, h.

Suppose now that fully autonomous cars are also available. Buy-
ing an autonomous car allows a human driver to shift liability
for accidents to the manufacturer. Let d € [0, 1] be the fraction
of human drivers who buy an autonomous car. The manufacturer
makes a single care decision, denoted z, at cost §, that affects
the probability of accidents of each driver that has purchased the
autonomous car:

mindz + dp(z)D.
z

First-order condition yields § = —dp,(z*)D, which is increasing in
adoption. Intuitively, the higher the number of autonomous cars
that have been sold the more socially desirable the manufac-
turer’s precautions to avoid accidents. We assume that z has the
same effect on the probability of an accident as x. Thus, the dif-
ference between human-driven and autonomous cars lies in the
marginal cost. We assume a baseline technology for the fully-
autonomous cars &, <acy. This means that, with this technology,
it would be socially desirable if all the high-cost drivers switched
to autonomous cars. It may or may not be desirable that low-cost
human drivers purchase an autonomous car. Throughout the anal-
ysis, we also assume that ¢; < ac,.

The manufacturer sets a purchasing price P for the autonomous
car. A driver i would buy the autonomous car if and only if:

v—P>v—cx; —p(x;)D.

For an injurer’s perspective, the advantage of buying an
autonomous car is twofold: s/he saves the cost of taking precau-
tions while driving and s/he will not incur in liability if an accident
occurs. We have not considered any specific benefit in terms of util-
ity associated with the purchase of an autonomous car. That is to
say that some of the potential benefits that an autonomous car will
have on the activity level of the vehicle (i.e., miles travelled) are
disregarded.

In stage 2, we suppose that the firm privately observes an oppor-
tunity to improve the precaution technology by bearing a fixed
investment costI> 0. We caninterpret thisimprovement as a reduc-
tion in the marginal cost of exerting care. That is, this reduces the
marginal cost to §;<§. If the investment is made, the new tech-
nology is publicly observable, that is everyone observes if § =6, or
8 =4p,. The manufacturer will invest whenever this is profitable.

3.2. Discussion of the assumptions

In this subsection, we comment on some of the assumptions of
the baseline model.

First, we have assumed that there is a monopolistic manufac-
turer of the autonomous car. As only few key players are currently
developing this technology, and this is known to require substan-
tial R&D investments, we believe that focusing on a monopolistic
market may be a fairly good approximation of the type of market

9 For ease of exposition, we are assuming away any direct, monetary or psycho-
logical, cost that the driver would suffer from the accident.
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structure it would emerge, at least initially, in this industry. Monop-
olies may give rise to inefficiencies that might drive our findings.
Therefore, in Section 6.3 we discuss the robustness of our results
when the monopolistic manufacturer can engage in first-degree
price discrimination, as this typically restores allocative efficiency.

In our model, the manufacturer exerts care after the adoption
of autonomous cars by humans, although it can initially make an
investment that affects the marginal cost of taking precautions.
With its care decision the manufacturer ensures the proper func-
tioning of the autonomous vehicles, constantly update and upgrade
algorithms to avoid failures, and prevent hacks to its software. All
of this is essential to preventing car accidents. Many commenta-
tors have stressed that autonomous cars will require constant care
after they are sold to consumers. As cars’ operating systems become
more and more central to their correct functioning, automakers are
already reliant on sending updates via satellite, Wi-Fi or cellular
signal. According to Richard Wallace, a director at the Center for
Automotive Research Software, “upgrades will be almost manda-
tory once we move up to higher forms of autonomous driving. . .
The artificial intelligence underpinning self-driving will require
constant upgrading to deal with novel situations.”!? For the need
to receive constant security updates so as to prevent hacking see
Filiz (2020).

The opportunity to make an investment that improves the pre-
caution technology for autonomous vehicles is privately observed
by the manufacturer. That a legislator cannot observe which invest-
ment opportunities are available to a firm ex-ante but can verify
which investments are effectively undertaken, or their results,
seem plausible.!! The role played by this assumption will be clari-
fied in Section 6.4 where it is relaxed.

Lastly, in the baseline model, we assume that precautions can
only be taken by injurers and we have not included the activity level
that may affect both the benefits of driving and the probability of
accidents. We discuss how are results change when we allow for
bilateral care and activity level in Sections 6.1 and 6.2, respectively.

4. Comparison of liability rules

In this section, we describe and compare the different liability
regimes with respect to their precaution and adoption incen-
tives. As a benchmark, we describe the efficient solution. First-best
(denoted FB) care for low-cost and high-cost drivers, respectively,
would be:

= _px(X,FB H;

ch = —px(x[B)H.

Similarly, for the manufacturer of fully-autonomous cars the first-
best care decision is:

8i = —dp,(z/P)H,

for i=1, h.In all cases, the efficient level of care is decreasing in the
cost. That is, as the marginal cost of taking precaution decreases,
the efficient level of precaution increases and the expected harm

10 See Your Car’s New Software Is Ready. Update Now? (New York Times, September
8,2016).

11 Berkovitch and Israel (2004), Armstrong and Vickers (2010), and De Chiara and
lossa (2019), among others, study models where a principal (e.g., a regulator) can
verify the characteristics of the project or investment selected by an agent, but
cannot observe which other projects or investments were available to that agent.
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goes down. To see this, note that the optimal level of precaution
decreases as the marginal cost of taking precaution goes up:'2
ot _ 1y

dc Pxx(xB)
As a result, p(xfB) > p(xB). It would be socially desirable that all
drivers switch to an autonomous vehicle if § < ¢; and only high-cost
drivers if § € [c}, acp).

Consider now the socially optimal choice of investment. Sup-
pose first that 8§, € (¢, acy). If & € [c;, ), then human drivers
should continue to drive their car themselves if they are low cost.
The investment is socially desirable if its ex-post benefits outweigh
the fixed cost!? :

[8nzp” (@) + ap(zfP(@)H] — [(812° (@) + ap(z{P(a))H)] = I.
If the reduction in the cost of care would be such that §; < c;, invest-
ment would be socially desirable if:

FB
220 | (e — (8 + p(H)

+(1 = a)lepx® + p(xPIH — (8:z{% + p(z{P)H)] = I.

This is because also the low-cost human drivers should get a fully-
autonomous car if their technology has been enhanced.

If 8, <c, even low-cost human drivers should use fully-
autonomous cars with the baseline technology. Thus, the condition
under which an improvement in technology is socially desirable is
the following:

[8nzf? + p(PH — (812" + p(z{P)H)] = I.

Another benchmark is provided by the no liability rule (NL),
under which the victim is not reimbursed if there is an accident,
that is D=0. It follows that neither human drivers nor manufactur-
ers would take any precaution, that is x}'t = zN = 0 for i=1, h. No
human driver would be willing to purchase the autonomous car.'#
The manufacturer would not have any incentive to invest. Interest-
ingly, our model highlights how the lack of a liability regime may
not prompt investment and adoption of (precaution) cost-saving
technologies.

We examine strict liability and negligence rules in detail in the
next two subsections. Importantly, as we focus on liability rules,
we do not contemplate a no-fault insurance as an alternative since
it dispenses, precisely, with liability rules.!”

4.1. Strict liability rule

Under the strict liability rule (SL), should an accident occur, the
injurer would have to reimburse the victim for the suffered harm,
i.e.,, D=H. The equilibrium levels of care are:

¢ = —px(x;")H,

12 This is shown for human drivers by using the Implicit Function Theorem. The
same result can be found for the autonomous-car manufacturer and by using other
techniques: e.g., monotone comparative statics (see, e.g., Milgrom and Shannon,
1994) showing that the function —c x — p(x)H has increasing differences in (x, —c)
and, as a result, x* is decreasing in c.

13 As /B is a function of the manufacturer’s demand, we now write z/(«) if only
high-cost drivers buy the autonomous cars and simply ziFB if all human drivers pur-
chase the autonomous cars. We will use a similar notation for the other solutions
analyzed in the paper.

14 If the injurers bear some positive but small costs when an accident occurs, some
care would be exerted by both human drivers and car manufacturers. Then, some
drivers might be willing to switch to the autonomous vehicle.

15 See Schellekens (2018) and Engelhard and de Bruin (2018) for a no-fault insur-
ance model as a solution for autonomous vehicles accidents.
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fori=1, h, and
8 = —dp,(z;"(d))H,

fori=1, h. Thus, strict liability induces the first-best level of care for
the injurer: x5 = xf® and z!(d) = z%(d) for all i and demand levels.
The firm would choose the price that maximizes expected profits!®

1

max  Pd(P) - [62°(d(P)) + d(P)p(z;*(d(P)))H]. (1)

The human drivers’ participation constraints are type-dependent:
SL
PC;

v—P>v— (cixf’ + p(x{P)H) .

The market demand function for autonomous cars is decreasing in
the price and equal to:

0, if P> cpxf® 4 p(xIB)H;
dH(P) = a, if P e [oxB + p(xIB)H, cuxfB + p(xIB)H];

. if P < oxfB + p(xfB)H.

—_

To see why there exist prices for which only high-cost drivers would
purchase autonomous cars, consider the following inequalities:

cnXf2 + p(XEBYH > ixfB + p(xfB)H > cixf® + p(xfP)H,

where the first strict inequality owes to ¢;<c, and the second
inequality owes to xI® e arg min ¢;x + p(x)H.

Depending on the parameter values, there are two possible equi-
librium prices, as shown in the following lemma.

Lemma 1. If$ € ¢, acy), the manufacturer sets:

Pt = Xl + p(xIB)H.
If §<c, there exists & € (0, 1) such that the manufacturer sets

Pl _ chXB + p(xfB)H, if a>a
cxfB + p(xfB)H,  otherwise.

If the quality of the technology is intermediate, i.e., § € [c, acp),
the manufacturer will serve only high-cost drivers. If so, it will
charge a price that makes these drivers indifferent between pur-
chasing a traditional car and an autonomous one.

If the quality is high, that is § <¢;, the firm may be willing to
sell also to low-cost drivers, provided that their fraction in the
population is large enough. Intuitively, the manufacturer faces the
typical monopolist trade-off between volume and margin: selling
to low-cost drivers increases sales volume but lowers the margin
on all units sold. It is profitable if the increase in volume is large
enough as to more than compensate for the reduction in the mar-
gin. Henceforth, we say that the market expands when autonomous
cars would be sold to low-cost drivers only if there is a superior
technology for automated cars, that is, if §; < 8p,.

Consider now the investment incentives that this liability
regime provides. When the reduction in the marginal cost would
not generate a demand expansion effect, e.g., when §; € [c, acy),
then it is easy to see that the condition for the investment to be

16 In the baseline model, we maintain the assumption that the manufacturer sets
only one price, implicitly assuming that it cannot engage in price discrimination.
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undertaken coincides with the first-best one. For instance, if §; € [c,
acy), the investment is made only if'” :

(&) — 8L (8y) = 1
& [8nzfB(a) + ap(z[B(a))H] - (812%(er) + ap(z[B(@)H)] = I.

Suppose instead that the investment would lead to a demand-
expansion effect. Thisis the case if §, € [¢;, acy)and;<canda < @&.
The condition under which the firm will make the investment is:

7L(8) — 7L(Sp) = 1

& [(ixf® + p(xIB)H) — (812 + p(2fB)H)]
FB
— o | (cpxl® + p(xIB)H — (Shz’&m) +p(zﬁ3(a))H>} >

Compared to the efficient level, it is possible to see that this is
more unlikely to hold.'® We summarize this result in the following
proposition.

Proposition 1. Under strict liability, investment incentives are
aligned with first-best unless there is a market-expansion effect, in
which case there is underinvestment.

Strict liability tends to provide the manufacturer with efficient
incentives to undertake investments that increase the efficiency of
autonomous cars technology. The only exception arises when the
investment would lead to market expansion and would disappear
if the monopolist were able to price discriminate, as we show in
6.3.

4.2. Negligence rule

Under the negligence rule (N), the social planner would impose
that human driver (respectively, the manufacturer) i=1, h would
have to choose x; > xI® (resp., z > zf®(d)) to avoid having to pay
D =H if there is an accident. The underlying assumption is that the
social planner can identify the different marginal costs of human
drivers and that of the manufacturer. This would induce optimal
care by both human drivers and the manufacturer.

Thus, under negligence, the injurers, irrespective of their type
and nature, can make sure that they do not pay damages by select-
ing the minimum required level of care. This is exactly what they
would do in equilibrium. Let us now determine the price the man-
ufacturer would set under negligence:

max Pd(P) — 8z;(d(P)). (2)
P=0

The drivers’ participation constraints are:

pcy

v—P>v-cxtB,

for i=1, h. In stark contrast to the case of strict liability, under neg-
ligence it may be the case that the firm does not find it profitable
to sell the autonomous car even to high-cost drivers when §; < cp,.
To see why, notice that the maximum price the high-cost drivers
would be willing to pay for the autonomous car is chx';B, namely
the equilibrium precaution cost they would save by purchasing the
autonomous car. However, the manufacturer may not turn a pos-

itive profit with this price even if &; <acy: if zB(8;) > xfB, it may

17 1f §; <8, <¢; and o < @&, we obtain the same condition with the only difference
that « is replaced by 1.

18 The left-hand side of the above inequality can be rewritten as the left-hand side
of the efficient condition plus a negative term.
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be the case that achxﬁ’ < 8;zfB(8;). Hence, negligence may entail an
inefficiently low adoption of autonomous cars.

Remark 1. Under negligence, the manufacturer may decide not
to sell fully-autonomous cars even if §;, <acp,.

Further note that this inefficiency would not be solved even if
the manufacturer could price discriminate. Therefore, while price
discrimination would lead to efficient adoption of autonomous cars
by human drivers under the strict liability rule, this would not
necessarily be the case under the negligence rule. We impose a
restriction, which ensures that the equilibrium precaution cost is
increasing in the marginal cost. When this assumption holds, this
downside of the negligence rule does not occur.

Assumption 1. We impose that % > 0.
Then, with this restriction, the manufacturer’'s demand is:

0, if P> cyxfB;

aN(p) a, if P e [cxfB, cuxlB];

1, if P<cpxf®.

We can now proceed with characterizing the two possible equilib-
rium prices in a negligence regime.

Lemma 2. Suppose Assumption 1 holds. If § < [c;, acy), the manu-
facturer sets:

N FB
P = cpx,”.
If §<c, there exists & € (0, 1) such that the manufacturer sets

" cpxfBif a>a,
PN —

cxfB, otherwise.

When Assumption 1 holds, we obtain a result which is remi-
niscent of that illustrated for strict liability. If the quality of the
technology is intermediate, ie., § € [c;, acy), the manufacturer
will serve only high-cost drivers. It will set a price for the fully-
autonomous car that makes them exactly indifferent between
purchasing either type of vehicle, thereby leaving them with no
rent. If the quality is high, that is, § <¢;, the firm will also sell to
low-cost drivers, provided that their fraction in the population is
large enough.

Consider now investment incentives. By improving the technol-
ogy, the ex-post requirements would be increased, accordingly. The
firm will escape liability for accidents if z > leB(d). If the investment
could not increase demand (§; > ¢;). Investment would be made if:

N(8) — N(8p) = 1,
8nzfB(a) — 8128 () = I.

While 8, > 8, the requirement would be stricter: zfP(a) < zf%(). As
a result, total prevention cost may increase, and the profit the firm
may obtain which is closely related to it, may actually decrease.
So even if I were very small, the firm may be reluctant to make
the investment. If Assumption 1 holds, profits do increase. Even
50, as py(zFB(a))H — p(zf®(a))H > 0, there would always be under-
investment. Likewise, if 8, <¢; and o < &, investment would be
made if

() — N(8p) = 1,
ShZ’fB 7(3121[:3 > 1

Intuitively, with the negligence rule there would be under-
investment because the firm is not made to internalize the benefits
of a reduction in the probability of causing accidents.
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Under-investment is observed also in the case of market expan-
sion as formally shown in the proof of the following proposition.

Proposition 2.
investment.

The negligence rule always leads to under-

Comparing the two liability regimes, we have highlighted that
strict liability may entail under-investment and too little adoption
of autonomous cars. Under negligence, the adoption problem is
magnified and the under-investment problem always arises. There-
fore, considering the market structure and investment incentives
is critical to understanding the pros and cons of alternative liability
regimes.

5. Mixed rules

As illustrated in the previous section, the downside of the
negligence rule is that the firm does not capture the benefit of
investment on the reduction in the probability of causing accidents.
In fact, once the technology improves, the firm is subject to stricter
requirements. Other solutions may generate other inefficiencies.
For instance, while keeping the negligence rule, the planner could
impose laxer requirements on the firm. This can increase adoption
of autonomous vehicles, thereby boosting the firm’s expected prof-
its, and stimulating investment. Yet, an ex-post inefficiency would
emerge as too little care would be taken. Alternatively, the require-
ments on the firm can be made stricter over time, irrespective of
the actual technology in use. This would prompt the manufacturer
to undertake investment just to keep up with the more stringent
standards imposed by the planner. This approach could backfire if
the firm does not have the opportunity or simply fails to improve
the technology. While the issue of entry has not been considered
in the model, in reality, a car manufacturer could decide against
producing autonomous cars, anticipating that it will be subject to
overly strict ex-post requirements in terms of car safety.

More in general. one could argue that human drivers and manu-
facturers may well be subject to different liability regimes, whereas
we have so far restricted the social planner to use the same rule
regardless of the identity of the injurer. We now explore to what
extent our results vary in these mixed regimes.

First, suppose that human drivers are subject to the negligence
rule, whereas the manufacturer is subject to strict liability. We
henceforth denote this mixed regime with the superscript NSL. In
a sense, when an autonomous car is involved in a road accident,
its manufacturer may be liable for the damages that their product
has caused. As Friedman and Talley (2019) document, while the
negligence standard is typically invoked for conventional vehicular
accidents, product liability rules normally impose strict liability on
injurers, at least in the U.S. As emphasized in the previous subsec-
tions, with unilateral care, both negligence and strict liability can
induce the optimal level of care in stage 5. As compared to strict lia-
bility on both human drivers and manufacturers, this mixed regime
would lead to too little adoption in stage 4 and its effect on the
manufacturer’s investment in stage 2 is ambiguous.

Remark 2. Under strict liability for the autonomous-car manu-
facturer and negligence for human drivers,

(a) adoption incentives are lower than under negligence;
(b) investment incentives may be higher or lower than under strict
liability.

To understand the dampened effect of this mixed rule on adop-
tion, consider that human drivers can escape liability by taking the
required precautions. Hence, their only incentive to purchase an
autonomous car lies in the possibility of offloading the precaution
costs to the manufacturer. By contrast, the manufacturer will find it
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profitable to serve the market only if the price can cover the cost of
precautions as well as the damages it will have to pay in the case of
an accident. Thus, the price at which autonomous cars can be sold
is low, whereas the liability-related costs that the manufacturer
would have to incur are high.

This mixed regime would strengthen incentives to invest, as
compared to the negligence one. This is because the firm would
internalize the benefits of a reduction in the probability of causing
accidents. Yet, as its profits are lower than with strict liability on
both categories of injurers, the firm may not have a strong enough
incentive to invest resources to improve the technology.

Alternatively, human drivers may be subject to strict liability,
whereas the manufacturer may be subject to negligence. We hence-
forth refer to this mixed rule with the superscript SLN. Although
this rule may entail inefficiencies, it may favor adoption and invest-
ment.

Remark 3. Under negligence for the autonomous-car manufac-
turer and strict liability for human drivers,

(a) there are excessive incentives for autonomous-car adoption;
(b) investment incentives may be higher or lower than under strict
liability.

To understand why there might be over-adoption, notice that
human drivers would be willing to purchase autonomous cars to
avoid having to pay damages and save the precaution cost. As the
manufacturer can always avoid damages by selecting the efficient
level of care, human drivers can be easily convinced to purchase
autonomous cars. The effect on investment incentives is ambigu-
ous. On the one hand, being subject to negligence, the manufacturer
would not directly enjoy the benefits associated with a reduction
in the probability of causing accidents. On the other hand, thanks
to a regime which is especially burdensome to human drivers, the
firm can obtain higher profits and, thus, its incentive to invest is
stronger.

Very similar results to SLN could be obtained under a negligence
rule imposed on both human drivers and the autonomous car man-
ufacturer where the determination of negligence also includes the
choice of the vehicle. Specifically, suppose that a human driver who
causes an accident could be deemed negligent regardless of her
precaution choice if she should have switched to autonomous cars
for efficiency reasons (i.e., if her cost of taking precautions were
higher than the manufacturer’s). This modification would favor
adoption, since a driver’s participation constraint would effectively
be (PCfL) rather than (PC?’) whenever she should optimally switch
to autonomous cars. Akin to SLN, under this modified negligence
rule the manufacturer could charge higher prices and, as a result, it
may have stronger incentives to invest in R&D.

To conclude this section, we observe that our analysis finds
that mixed rules may be desirable under some circumstances. In
particular, applying the negligence rule to the car manufacturer,
whereas human drivers are subject to strict liability may especially
be desirable if the social planner’s primary aim is to promote the
manufacturer’s investment in a superior technology. By contrast,
if strict liability applies to the car manufacturer whereas negli-
gence applies to human drivers, autonomous car adoption will be
discouraged and, as a consequence, investment could be depressed.

6. Discussion and extensions

In this section, we discuss the results of our model, we comment
on some of the assumptions, and we present some extensions.
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6.1. Bilateral care

Up to now, we have assumed that only injurers can take precau-
tions that lower the probability of an accident. In reality, victims
also can exercise care that reduces the probability of an accident.
The literature (Shavell, 2003, 2007) has highlighted that the negli-
gence rule can induce both victims and injurers to take the desired
precautions, by appropriately setting the standards. By contrast,
imposing strict liability on the injurers can prompt victims to take
little or no precautions, anticipating that the injurers will have to
make them whole if an accident occurs.

Thus, without formally developing a model, but building on the
framework developed and analyzed in the previous sections, we
can illustrate a trade-off between incentives for precautions and
incentives for investment and adoption of superior technologies.
The negligence rule proves (weakly) superior to the strict liability
rule for what concerns the provision of incentives to take precau-
tions. The strict liability rule performs better with respect to the
provision of incentives for undertaking R&D investments and the
adoption of the autonomous cars by the drivers.

The more important the effort that victims can take to avoid
accidents, the more likely it is that the negligence rule dominates.
Conversely, strict liability becomes more desirable when incen-
tivizing investments, as well as ensuring prompt adoption by the
users, is more important.

In light of this, a policy prescription that our model yields is that
of relying on strict liability as the technology is still developing and
moving to a regime of negligence when the technology reaches
maturity.

6.2. Liability rules and activity levels

In this extension, we augment the baseline model by including
the activity level, namely, the drivers’ level of usage of the cars.
Following the standard approach in the literature (e.g., Shavell,
1980, 2009), we assume that the activity level, denoted a € [0, a],
affects the benefits that drivers derive from using the cars and the
probability of an accident. In particular, we now impose that the
benefits of driving a car are given by the twice continuously differ-
entiable function v(a), which is strictly increasing and concave, i.e.,
vg(a) > 0, and vqe(a) < 0. Furthermore, we assume that the proba-
bility of an accident is linearly increasing in the level of the activity:
a p(x). Notably, we assume that the cost of exerting care is inde-
pendent of the activity level, irrespective of the type of car that is
used. Arguably, this assumption is more plausible for autonomous
cars than for conventional, human-driven cars. However, we have
opted for this modeling choice not to bias the adoption in favor of
self-driving cars.!?

At first best, activity and precaution levels for each type of
human driver are derived from the maximization of the following
expression:

U(a, x) =v(a) — cx — ap(x)H.

Optimal levels of precaution and activity are thus given by the first-
order conditions:

¢; = —afPpy(xIB)H;

va(al?) = p(xfB)H,

19 See Nussim and Tabbach (2009) for a more general model that allows for inter-
action between care and activity level.
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for i=1, h. Likewise, for autonomous cars, the corresponding first-
order conditions for the optimal levels of precaution and activity
are given by:

8; = —dafBp,(zfB(d, af®))H;
va(af®) = dp(zfB(d, afB))H,

for i=1, h. The first optimality condition in (3) tells us that, at the
social optimum, the marginal precaution cost per unit of activ-
ity must be equal to the marginal benefit of precautions, which is
associated with the reduction in the expected accident harm. The
second optimality condition says that the level of activity should
be chosen in such a way that the marginal benefit of using the car
be equal to the expected total cost per unit of activity. The latter is
simply the expected harm.

Importantly, when the marginal cost of taking precautions is
lower, the equilibrium level of care is higher. To see this, con-
sider that a human driver’s objective function U(x, a;c) = v(a) —
cx — ap(x)H exhibits increasing differences in (x, — c). Then,

oz Py OXI
dadc —Px(XH dc

thatis, U(x, a; ¢) also exhibits increasing differences in (a; — c) and,
consequently, the lower c, the higher the precaution level and the
higher the equilibrium level of activity. Stated differently, a reduc-
tion in the marginal cost of care will lead to a greater usage of the
car.? The same logic applies for autonomous cars, i.e., the lower §,
the higher z and the higher a.

With respect to the baseline model, first-best adoption and
investment choices are different in that the drivers would also
enjoy the benefits associated with a greater usage of the vehicle.
The specific conditions for the socially optimal investment choices
are reported in the appendix alongside other technicalities related
to this extension.

Consider now the different liability rules and assume that
drivers perfectly predict future benefits they derive from the car
when they decide which car to purchase.?! Under the no liability
rule, the driver would always choose aM = @and xNL = zNL = 0. There-
fore, there would be excessive usage and zero precautions which,
taken together, would result in an excessive number of accident
and harm. Therefore, with the no liability rule, drivers would have
no incentive to purchase a fully-autonomous car, which means that
there would be no investment to develop the technology.

The strict liability rule gives rise to excessive activity with a
fully-autonomous car, but also induces the optimal level of care,
conditional on over-usage. To understand why, consider that activ-
ity and precaution choices are made by different players when the
car is fully autonomous: the manufacturer makes the precaution
choice, whereas the driver makes the activity choice. As a result, the
driver would disregard the positive effect of usage on the probabil-
ity of an accident and choose a = a. The manufacturer would choose
z; to maximize —8;z; — dap(z;)H which leads to z; = z[®(d, @). Impor-
tantly, drivers would overuse the fully-autonomous car, regardless
of the quality of its technology. As we show in the appendix, this
leads to generally non-optimal adoption and investment choices.
One the one hand, the investment does not affect the driver’s ben-
efit from using the vehicle which discourages investment. On the
other hand, the manufacturer is more willing to invest when drivers
overly use the fully-autonomous cars: as over-usage increases the
probability of accidents, there is a greater return from investing in a

<0,

20 Note that second-order conditions for a maximum are satisfied at the optimum if
—vaa(@)pxx(x)H — 2px(x)H? > 0 ata=a'®,x=x"B. See thatvaq(a) < 0and —apy(x)H<O0.

21 See Baniak and Grajzl (2017) for a model where consumers mispredict future
usage.
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technology that reduces the occurrence of accidents for any activity
level.

The strict liability rule can (and should) be amended to restore
its desirable property of inducing optimal investment and adoption
by inducing users of fully-autonomous cars to choose the first-best
activity level. While the activity level may not be verifiable, the
social planner could set a fine F that the users of fully-autonomous
cars should pay in the case of an accident. The fine should be set
in such a way that a user finds it beneficial to choose the optimal
activity level when she purchases a fully-autonomous car. Thus, the
fine would be a function of the technology of the car and the market
demand. Specifically,

F=d(P)H,

so that, when choosing the activity level, the driver of a fully-
autonomous car would maximize:

max v(a)— dap(z;)F
ael0,a]

& max

ae[0,a]

v(a) — dap(z;)H,

exactly as in first-best. Note that this co-payment F is not meant to
reduce the liability on the car manufacturer, that should continue
to pay H to the injured party. Therefore, the payment F could be
made to the state. In this respect, this hybrid rule is similar to that
proposed by Shavell (2020), whereby the payments are made to
the state rather than to the victims. However, the two proposals
differ in that our alternative rule entails the manufacturer paying
the damages to the victim - so that there are first-best incentives
to exert care - and the user of the fully-autonomous car making a
payment to the state - to discipline her usage incentives.>?

Consider now the negligence rule. Following the literature, we
assume that the usage level is not included in the negligence stan-
dard, since it would be prohibitively costly to obtain information
about the activity level. Yet, in setting the standard, the social plan-
ner would take into account the consumers’ incentives to choose
the activity. When the car user drives the car herself and there is a
clear separation between the identity of injurers and victims, it is
well established that the negligence rule can be set in such a way
that the driver is willing to choose the optimal level of care. Specif-
ically, this can be achieved by imposing damages D=H if it turns
out that x; < xf? for i=1, h and D=0, otherwise. Then, the driver
would exercise the first-best level of care, but usage level would
also be above first best. Similarly, if the user of the car drives a
fully-autonomous car, she would not factor in the increase in the
expected total cost of precautions that her activity entails. There-
fore, the user of a fully-autonomous car would choose a = a.

Following a similar approach to the one described above for the
strict-liability rule, it is possible to devise a hybrid rule that can
overcome the inefficiency of the negligence rule: specifically, the
user of the fully-autonomous car can pay a fine to the state when an
accident occurs. This solution can restore incentives to choose the
optimal usage level. Yet, although this negligence rule augmented
with this co-payment to the state can induce a=af®, adoption and
investment continue to be inefficient. This is because a human
driver would not consider the benefits associated with the avoid-
ance of the damages following an accident, but only the reduction
in the precaution cost, when making the purchase decision.

22 It is also important to point out that Shavell (2020) studies a different scenario
in which the two parties to an accident harm each other, whereas we focus on the
case in which only one party is harmed. Furthermore, Shavell (2020) also allows for
a mileage fee that the manufacturer can charge to the buyer.
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6.3. Price discrimination

In this subsection, we examine to what extent the results of the
baseline model depend on the assumption that the monopolistic car
manufacturer sets a uniform price for the autonomous cars. As is
well known, an inefficient outcome typically arises under a uniform
pricing policy because the monopolist may find it profitable not
to serve all consumers with a valuation greater than the marginal
production cost. We now suppose that the monopolistic firm can
engage in first-degree price discriminate and, accordingly, sets two
distinct prices: P, and P, for high- and low-cost human drivers,
respectively.

Under both liability regimes, the car manufacturer will set a
price that extracts the entire drivers’ willingness to pay for the
good. That is, P = ¢;x® + p(xfB)H, for i=1, h under strict liability,
and PN = c;xf8, for i=1, h, under negligence.”®

Notably, optimal investment is achieved under strict liability:
in the baseline model, under-investment occurs because the man-
ufacturer is unable to fully extract the drivers’ increased surplus
associated with the development of a superior technology. It fol-
lows that, if the manufacturer were able to price discriminate, it
would always make the first-best investment. By contrast, price
discrimination does not solve the under-investment problem under
the negligence rule, which ultimately owes to the too little increase
in surplus the manufacturer could appropriate following an invest-
ment. The following remark summarizes this result.

Remark 4. If the monopolist can perfectly price discriminate,

1. investment incentives are always aligned with first best under
strict liability;
2. there is always under-investment under negligence.

6.4. Public observability of the investment

In contrast to the baseline model, we now suppose that the
opportunity to make an investment that improves the precaution
technology is publicly observable. Then, in designing the liability
rule, the social planner could take into account whether the firm
invested or not, imposing more stringent requirements if the man-
ufacturer fails to make the desired technological upgrade. While the
analysis of the strict liability rule is unaffected by this amendment
to the model, the outcome that can be achieved with the negligence
rule can be greatly affected. Specifically, the precaution require-
ment on the firm might consist of (i) an efficient ex-post precaution
decision and (ii) an efficient ex-ante investment. If the firm fails in
at least one dimension, it will have to pay damages D=H when an
accident takes place.

As a result, the adoption choices will be unaltered, whereas
the under-investment problem can be at least partially solved.
Specifically, it is solved unless the investment would lead to a
market-expansion effect, in which case it may fail to provide
enough incentives. Notably, the manufacturer’s ability to price dis-
criminate between the two types of drivers would not lead to an
efficient investment. When the market expands, the feature of a
negligence rule that an injurer can avoid paying damages if it takes
the efficient level of precaution inevitably dampens the injurer’s
incentives toinvestinabetter precaution technology. The following
remark summarizes this result.

23 We focus on whether the ability to engage in first-degree price discrimination
can lead to investment efficiency. How it affects the manufacturer’s willingness to
serve both types of drivers or only high-cost ones is not reported here for brevity,
but its analysis be provided under request.
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Remark 5. Under the negligence rule and public observability of
the manufacturer’s investment opportunity, investment incentives
are aligned with first-best unless there is a market expansion effect.
The manufacturer’s ability to perfectly price discriminates does not
overcome the investment inefficiency.

We show below how investment efficiency can be achieved
under negligence if the availability of the investment is publicly
observable and there is no market expansion. Suppose first that
8y >8> ¢, and investment is socially desirable. If the firm invests,
it will later choose z; = leB(d) as this is the minimum level of care
that complies with the standard. If the firm does not invest, it will
choose z; to minimize the liability cost: 8z, +d p(z;,)H, which coin-
cides with that of strict liability and gives z, = z[F(d). Intuitively, if
the firm does not invest when it is socially desirable, it will be found
negligent in the case of an accident no matter the precaution taken.
Now consider the firm’s investment incentives:

N - () = 1,
5hZﬁB(a) + ap(z,fB(a))H _ 5lZlFB(a) -

When investing is socially beneficial, this inequality is always sat-
isfied. This owes to the damages that the manufacturer would have
to pay if there is an accident and it did not invest to improve the
precaution technology.

Consider now the case in which §; < §, <¢;and @ < &. Once again,
if the firm decides against making a socially desirable investment, it
will always be found negligent for an accident. Therefore, in choos-
ing z;, the manufacturer would minimize 8,z + p(z, )H and first-best
precautions would be taken. But then the firm would always find
it profitable to invest. To see this note that:

aN§) —aN©sy) = 1,
[8n2fP + p(z;P)H — 812%] = 1,

which is always satisfied when the investment is socially desirable.
The case in which the investment engenders a market expansion is
dealt with in the appendix, under both uniform and personalized
pricing.

6.5. Non-monotonically increasing precaution cost

In studying the negligence rule in Section 4.2, we have made
the assumption that the precaution cost is monotonically increas-
ing in the marginal cost. This has ensured that the manufacturer
can find it profitable to sell autonomous cars to more inefficient
human drivers. If Assumption 1 does not hold, it may well hap-
pen that the precaution cost is hump shaped and, for P=cyx,;, only
low-cost drivers would purchase autonomous cars, whereas high-
cost drivers would not switch. Notably, if the precaution cost were
monotonically decreasing, that is, if % < 0, the negligence rule
might lead to no adoption of autonomous cars. To understand why,
notice that not only would this opposite monotonicity condition
imply that ¢;x;>cpx,, but also that §;z; > ¢x;. Then, if the fraction
of the low-cost drivers in the population is not too low, it may
happen that the manufacturer would find it unprofitable to sell
autonomous cars to either group of drivers.24

To summarize, the negligence rule might hinder the adoption of
safer autonomous cars, unless a monotonicity condition is satisfied.
This problem is not due to uniform pricing but solely to the limited
savings that a human driver could realize by switching to fully-
autonomous cars.

24 Recall that the manufacturer takes a single precaution decision for all cars
that have been sold. If only low-cost drivers purchased autonomous cars, §; =
—(1 - a)pz(z*(1 — a))H.
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7. Conclusion

To the best of our knowledge, this is the first paper that studies
how alternative liability rules can affect incentives to invest and
adopt fully-autonomous cars. The main take-away of the model is
that strict liability provides better incentives for investment and
adoption of this technology and, as a result, dominates the negli-
gence rule in so far as victims’ precautions are not very important
to avoid road accidents. Unlike the negligence rule, strict liability
allows the manufacturer of fully-autonomous cars to fully enjoy
the benefits of its R&D investments that are aimed at improving car
safety. What is more, strict liability encourages adoption of fully-
autonomous cars by higher-cost drivers, who would have more to
gain from shifting liability to car manufacturers. Intuitively, under
the negligence rule, human drivers can only save precaution costs
by purchasing the fully-autonomous car whereas, with strict lia-
bility, they would avoid road-accident related damages too. We
have also put forward a variant to the strict-liability and negli-
gence rules which involves a payment made by the driver to a
third party in the case of an accident. This payment would kick
in only when the driver uses a fully-autonomous car and is meant
to discipline incentives to choose activity levels, which would oth-
erwise be excessively high as the driver could shift liability to the
manufacturer.

Whilst the model considers a one-period investment prob-
lem, its results can also provide some insight on how we can
expect different liability rules to influence the speed of adoption
of autonomous cars. In light of the above, strict liability appears
to be better positioned to stimulate investment. Therefore, this
rule should be favored, at least as long as the technology is in a
development phase. Clearly, our stylized model has limitations and
should only be viewed as a first step in the direction of incorporating
investment and adoption decisions in the design of liability rules
for fully-autonomous vehicles. In particular, in order to simplify the
analysis, we have distinguished between two polar market struc-
tures: traditional cars are sold in a regime of perfect competition,
whereas there is a monopolistic seller of fully-autonomous cars.
While this does not exactly reflect the real market structures, it is
meant to capture the higher market power that manufacturers of
fully-autonomous cars are likely to enjoy. In any case, the manu-
facturer of fully-autonomous cars must enjoy some market power
to be willing to undertake some quality-enhancing investment.
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Appendix A
A.1 Proof of Lemma 1

If § € [c, acy), then the best the manufacturer can do is to set
PSE = ¢ xfB + p(xfP)H so as to induce high-cost drivers to purchase
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the autonomous car, without leaving them any surplus. The firm
would obtain profit:

828 (a
o | (cnXf? + p(dPIH) — (a() +p(zFB(a))H>} :
which is strictly positive because

chXf? + p(xIB)H > gx'gB +p(xfB)H = ngB(a) + p(zfB(a))H,

where the first inequality owes to § < @cy, and the second inequality
owes to zB(a) e arg min xcpx + ap(x)H. Following a similar argu-
ment, for § > ¢; the firm could not set a price that is simultaneously
acceptable to low-cost drivers and is profitable.

If § < ¢;, the manufacturer can also set a price that can induce low-
cost drivers to purchase the autonomous car and is profitable. The
best such price is ¢;x® + p(xIB)H which exactly satisfies the low-
cost drivers’ participation constraint. Yet, as the firm cannot engage
in price discrimination, it would have to lower the price to high-
cost drivers. By comparing the profits, it is possible to determine
the threshold value of & below which the firm sells to both drivers’
types. In particular, let the intermediate profits with a low and a
high price be, respectively:

it = (axf® + p(fP)H) — (82 + p(z™)H)

T
and
() = o (epxf? + p(XPIH) — (82" () + ap(z™(a)H) .

To prove the existence of & € (0, 1) such that 73" = 73(&), note
that n,SL isindependent of @ whereas 73 («) is continuously increas-

h
ing in «.. To see that, note that for the Envelope Theorem:
omsl(a)
—o— = (i + PEDH) = p(e)H,

and this is always positive because p(x}?) > p(zf¥(«)). Whena — 1,
mit(a) > 7St because (c,xlFB +p(xfB)H) < (chx‘;B +p(x£B)H), and
when a— 0, m3l(a) = 0 < myt. Therefore, there must exist & e
(0, 1) for which 7t = mH(@). O

A.2 Proof of Lemma 2

If 6 € [c, acy), then the best the manufacturer can do is to
set PN = chxﬁB so as to induce high-cost drivers to purchase the
autonomous car, without leaving them any surplus. The firm would
obtain profit:

acyxf? — 8218 (),

which is strictly positive. To see why, note that x# = x"(c;) and
2B(a) = x™B(2) and

acyxfB(cp) > SxB (2)

& <ch - 2) xFB(cy) + gxm(ch) - ngB (2) >0

5 X() ~x(2)
< xB(c) + &70‘ > 0.

C —_
h o

3 we can rewrite the last

Taking the limit for ¢, which goes to 3

inequality as:
X/FB é >0
o )

xfB <8) L0
a)  «a
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which is always satisfied if Assumption 1 holds.

If § < ¢;, the manufacturer can also set a price that can induce low-
cost drivers to purchase the autonomous car and is profitable. The
best such price is c,xlF B which exactly satisfies the low-cost drivers’
participation constraint. Yet, as the firm cannot engage in price dis-
crimination, it would have to lower the price to high-cost drivers,
giving up a rent to these drivers. By comparing the profits, it is
possible to determine the threshold value of o below which the
firm sells to both drivers’ types. To determine the cutoff &, let the
intermediate profits with a low and a high price be, respectively,

7 =B — 528
and
7o) = acyx? — 827 (ar).

Note that 7{(«) is continuous in « and, as a— 1, 7)\(a) > 7V
because c;xf? > ¢;x{® due to Assumption 1, and, as & — 0, nﬁ(a) -
0< nf’ . Yet, we need to impose some condition to guarantee that
there exists a unique & € (0, 1) such that 7}/(&) = 7. Specifically,
we impose that nhN (a) be strictly increasing in « which requires

FB o (pa(2PB(e))’H
that chXp” > P

derivative of 7)¥(er) with respect to « is c,x® — 8zf(a). For the
Implicit Function Theorem,
_ pa(Z"(a))H

apzz(zPB(a))H’

. To see why, consider that the first order

7M@) =

whereas from the first order condition, 8 = — ap,(z"8(«))H. Hence,

N () FB( o)))2
h _ FB _ (pz(z™"(a)))"H
T =¥ T @y

A.3 Proof of Proposition 2

To show that there is under-investment also in the case of mar-
ket expansion, suppose §;<cj, & € [c), @cy), and @ < @. Investment
is undertaken if:

N8 — N (8p) = 1,

SnzfB ()
FB _ §,7FB] _ FB _ “h“h I
[ax; 1z’ - {chxh p >

To see that there is under-investment, consider the following:

5h2,f3(01)]

N _ N — FB _ §,,FB] _ FB _
T (51) T ((Sh) [CIX, (SIZ’ ] o |:ChXh o

828 ()
& al(exl® — §2fB) — (epxfP — —L——"

)l

+ (1= a)[cpxfB — 82B]

Snzpl (@)

<o

+ (1 — a)[xfB + p(xfBYH — (8,2 + p(zf®)H)].

+p(ZiP)H = (812 + p(z{"H)]

Consider first the terms multiplied by (1—«): since p(x®)H —

p(zfB)H > 0, the term on the right-hand side of the inequality is

larger. Consider now the terms multiplied by «. Note that
(D(ZPH + epxp?) = (p(z(P)H + (ex[P)) > 0

because p(z[?) > p(z{?) and c;xf? > c;x[® under Assumption 1.0
A.4 Proof of Remark 2

Point (a). The manufacturer’s problem in stage 4 is given by (1),
where the drivers’ participation constraints are given by (PC?’) and
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consequently, under Assumption 1, the manufacturer’s demand is
dN(P). To see that the manufacturer has a reduced incentive to sell
cars and, therefore, efficient exchanges may fail to take place, it
suffices to compare the manufacturer’s intermediate profits under
this mixed rule with those under the negligence rule with a high
and a low price:

FB
) =«a |:ChX£B - ((Sza(a) +p(zFB(a)H)] < acpxt?

— 82" () = 7fl (),
and
7L = Xt — (82 + p(zB)H) < cixfP — 62" = 7).

Point (b). It is easy to see that the conditions for investing
coincide with those under strict liability when there is no market
expansion. In the case of market expansion, the firm would invest
if
L (8)) — NOH(8) = 1

& [exfB — (8,2fF + p(2[®)H)]
) FB
—a {chx'f - <hzlzx(a) +p(zﬁ3(a))H)] > 1.

Compared to the left-hand side of the investment condition under
strict liability, the following terms are missing:

P(xP)H — ap(x}P)H,

which can be greater or lower than 0. O

A.5 Proof of Remark 3

Point (a). The manufacturer’s problem in stage 4 is given by (2),
where the drivers’ participation constraints are given by (PCfL) and
consequently the manufacturer’s demand is d5.(P). To see that there
is an excessive incentive for adoption, note that if § > ), the firm
could set a price PSIN = ¢x + p(xI®)H, which is acceptable to low-
cost drivers, and gives positive profit to the firm:

oxfB + p(xfB)H — 8z > 0,

if p(xf®)H > 8z — c;x{®. Note that the manufacturer will opt to sell
to all drivers when:

cixfB + p(xIB)H — 8z > al(cpxfB + p(xFB)H) — Sz(),

which may or may not hold.

Point (b). It is easy to see that the conditions for investing
coincide with those under negligence when there is no market
expansion. Hence, there would be under-investment. In the case
of market expansion, the firm would invest if

TSIN(S)) — TIN(S) = 1
& [(cif® + p(x[P)H) — 5,2

nZi(a) .

)
— o | (cpxf® + p(xfB)H) — L.

Compared to the left-hand side of the investment condition under
strict liability, the following terms are missing:

ap(ZfB(a))H — p(zI®)H),

which can be greater or lower than 0. OJ
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A.6 Liability rules and activity levels

Consider socially optimal investment choices. If 6, € (¢}, ac,) and
d; € [cy, ady), investment is socially desirable if:

(v(aFB(a,)) - SeT00TR) aFBtal)p(zFB(al))H>
- (v(aFB(ah)) - OO aFBwh)p(zFB(ah))H) =L

If 8, € (¢, acy) and §; < ¢}, investment is socially desirable if:

(v(afB(8))) — 8,a™(8)2(8)) — aB(8,)p(2B(8))H)

SnaB(81)2"B(8r) B
o

-« (V(aFB(Sn)) - (5h)P(ZFB(5n))H>

— (1 - ) (1aB(cp)) — cia™B(cxB(c;) — aB(c p(XFE(cp)H) = I.
If §,, < ¢;, the condition for investment to be socially desirable is:
((a™(8))) — 8,a7B(8,)2FB(8;) — a™B(8)p(2™B(8,))H)

— ((a™®(8y)) — 8,afB(8,,)2B(8y) — a™(8y)p(2B(8p))H) = I.

Let us now show that strict liability does not induce optimal
adoption and investment choices when activity matters for the
probability of accidents and the cost of exerting precautions. We
use the superscript SLa to denote the solutions, as we are also
including the activity levels. The firm would choose the price that
maximizes expected profits:

max Pd(P) — [82%(d, @) + d(P)ap(zfB(d(P), @))H].

The drivers’ participation constraints are:

SL
pcsla

U@ — P = ua™(c;)) — (cixf® + aB(c)p(x®)H) .

With respect to the baseline model, drivers have an additional rea-
son to purchase the fully-autonomous car: given that their usage
choice would not be restrained from the fear of having to pay dam-
ages in the case of a car accident, they are more inclined to adopt
the new technology.

Similarly to what shown in Lemma 1, depending on the value of
6 and the fraction of high-cost drivers, we can have two equilibrium
prices. Differently from Lemma 1, the threshold values of § need not
coincide with ¢; and this can once again be ascribed to the choice
of the activity level. Specifically, there exist two cutoff values of §,
0<§1 <89, such that for § € [81, §2]:

PS — [u(@) — (@™, )] + (chXl® + 0™ (e, )p(xP)H) .

Atthis price only high-cost drivers would purchase the autonomous
car. The firm would obtain:

o [ (@) - v(aB(cy)) + cpxd® + aB(cy)p(X{PH)

B (BZFB(a,a)

o

+ap(z¥(a, a))H)} .
To see why the cutoff §; need not coincide with c;, note that

FB(, &
(ChX£B+aFB(Ch)p(XEB)H) _ (52 Exa,a)

+aP(ZFB(Ot,a))H> ,

may not be strictly positive because @ > af8(cj,). At the same time,
there is an additional term »(a@) — v(a’®(cy,)) > 0. Thus, §; Z .
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]f8<81,

[v(@) — v(a™(cy))] + (chngaFB(c,,)p(ng)H), if « is sufficiently high;
PSLﬂ —

(1@ — (@™ (c)] + (anf? + a(c)p(x)H) . otherwise.

Consider now the investment incentives that this liability regime
provides. Suppose first that the reduction in the marginal cost
would not generate a demand expansion effect. For instance, if

8; € [81, 8y), the investment is made only if?° :

7e(8)) — 1(8p) = 1

812%(t, @) 82, @)

+ap(zf¥(a, @))H — ( +Ep(zf3(oz,ﬁ))H)} >

Note that the investment will be generally different from first best,
since injurers will overuse fully-autonomous cars. On the one hand,
there is a positive term equal to v(a™(8;)) — v(af®(8;,)) missing on
the left-hand side of the inequality because the investment does
not affect the benefits of the activity. The reason is that drivers
would overuse the fully-autonomous car, regardless of the quality
of its technology. On the other hand, as @ > a8(§;) > a8(8y), the
firm has an additional incentive to invest under the strict-liability
rule: since the excessive use of fully-autonomous cars increases the
probability of accidents, there is a greater return from investing in

a technology that reduces their occurrence for any activity level.
Lastly, note that the investment would be different from first-

best, even if it led to a market-expansion effect. In that case, the

condition under which the firm will make the investment is:

() — wL(8y) = 1
& [v(@) - v(a™®(c;) + (xf® + a™B(c))p(x[B)H) — (812 + ap(zB(a))H)]

812%(cr, @)

—o[u(@) - v(a™(cp) + cuxf® + a™(cp)p(x;PIH — ( +ap(zP (e, )] = 1,

which does not coincide with the socially-optimal one.

A.7 Proof of Remark 4

Consider strict liability first. It is immediate to see that the con-
ditions under which the manufacturer invests coincide with those
in the baseline model when the adoption of a superior technology
does not lead to market expansion. By contrast, when there is mar-
ket expansion, investment is first-best. To see this, note that the
firm invests if26 :

pp(81) — 7pp(8n) = 1

o (1~ (cnt? + PO )
(828 + p(zB)H) — <82F2(a) +p(ZFB(05))H)} =1,

which can be straightforwardly rewritten as the expression for the
efficient condition for investment.

Consider the negligence rule. Without market expansion, there
is no difference with the baseline model and negligence is thus

25 If §; <8, <8 and « is lower than the cutoff, we obtain the same condition with
the only difference that « is replaced by 1.

26 We use the subscript PD to denote the profit expressions when the manufacturer
can price discriminate.
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associated with under-investment. Same occurs in the presence of
market expansion. To see this, investment is undertaken if:

NII;]D(SI) - nl[;’D(Sh) > I
(1 - )oxfB — 8218 + 8,2FB(a) > 1
5128
o {h’(‘x(a) - 6121”3] +(1—a)[cxf® - 5,z > I.

Since p(xfB)H — p(zf®)H > 0 and p(zfB(a))H — p(zf®)H > 0, there
will be under-investment. [

A.8 Proof of Remark 5

Suppose that the investment would engender a market expan-
sion. To see that the negligence rule may not prompt the firm to
make a socially desirable investment, suppose that §;<¢;<§, and
o < &. Investment is undertaken if:

N (@8y) —7N(8p) = 1

ZFB(O{)
& [exf® = 8,2f%) — alepd® — 81— — plefP(e)H] = |
8nzfB(a
> al(enf® — 8 (ef? - D piainiap)

+ (1 —a)(exf®B — §;2fB) > I.

Compared to the first-best investment condition, the terms mul-
tiplied by o may be higher or lower because c,xt? > ¢;x® under
Assumption 1, but there is a term —p(sz )H missing. The terms mul-
tiplied by 1 — « are larger in the condition for the investment to be
socially desirable as shown in the Proof of Proposition 2.

Suppose now that the manufacturer can perfectly price dis-
criminate. An investment leading to market expansion would be
undertaken if:

HII;]D((SI) - n[’l’p(ah) >1,

FB)

z
(1 —a)[cxf® — 81z + a8y Z (@)

m +p(ZB)H - 828 > I.

Compared to the first-best investment condition, the term multi-
plied by « is lower because there is a term —p(sz)H missing; the
terms multiplied by 1 — « are larger in the condition for the invest-
ment to be socially desirable as shown in the Proof of Proposition
2.0
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