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Abstract

This paper studies how the combination of product liability and tort law shapes
a monopoly’s incentives to invest in R&D for developing risky Al-based technologies
("robots") that may induce accidental harm to third-party victims. We assume that
robots are designed to have two alternative modes of motion (fully autonomous versus
human-driven). In the autonomous mode, the monopoly (i.e., robot manufacturer)
faces product liability and undertakes maintenance expenditures to mitigate victims’
expected harm. In the human-driven mode, robot users face tort law and exert a level
of care to reduce victims’ expected harm. In this set-up, efficient maintenance by the
robot designer and efficient care by robot users result regardless of the liability rule
enforced in each area of law (strict liability, or negligence). However, the equilibrium
output and R&D invesments levels are generally suboptimal, and no combination of
tort law and product liability law provides higher output, higher R&D investment, and
finally higher social welfare than the others. Combining regulation of the output with
the general use of strict liability in both areas of law yields the efficient investment
level only when the monopoly uses (perfect) price discrimination.
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1 Introduction

The rapid progress in the field of Artificial Intelligence has recently led to extensive appli-
cations of automated technologies in various sectors such as transportation, medicine, etc.
The most advanced robots have the potential to learn from their past actions/experiences,
gathering and analyzing new information, with the purpose of adapting their behavior. But
algorithms operate as black boxes for a human brain, since their complexity often makes their
operation/decision-making processes difficult to be foreseen and understood by robot users.
In cases of robots-related accidents, this raises legal issues currently in debate (Abraham and
Rabin [2019], Buiten [2024], Davola [2018], Guerra et al. [2022a], Lemley and Casey [2019]).

Since the first reported fatal accident between an autonomous Uber-Volvo XC90 and
a pedestrian in USA (March 2018), hundreds of similar cases have occurred around the
world (among which the sudden acceleration of a Uber-Tesla Model 3 in Paris, Dec. 2021);
subsequent investigations in all cases have revealed that both robot design limitations and
human failures in understanding robot operations are usually at stake. For human-driven
cars, the legal provisions hold that the human driver faces a negligence rule (i.e., he is liable
only when failing to exercise a due care standard), whereas the car manufacturer is liable
only if the cause of the accident stems from a design flaw or a manufacturing defect. But
autonomous vehicles point out some blind spots in the law. Known Al design limitations do
exist but are not enough for robot manufacturers to be found at-fault from a legal perspective;
in turn, human operators of robots may be unable to understand the robot’s rapid decisions.

Such legal blind spots translate into the risk for victims of being unable to recover
damages from their injurers in case of robots-related accidents, such that de facto, a no-
liability regime prevails. Acknowledging this problem, the European Commission [2022a,b]
has recently promulgated two directives on liability issues (for defective products and for
non-contractual liability), urging Member States, first, to adapt their law to the increasing
presence of Al in extended domains of economic activity, and in way warranting incentives

a high R&D activity in the Al sector to develop safe Al-products; and second, to use more



largely the strict liability rule, in order that victims recover damages in case of accidents
more easily, i.e., without the need to prove the injurer is at-fault.

From a Law & Economics point of view, the debate about the design of liability regimes
and the impact on Al designers’ incentives to invest in safer robots must rely on the social
benefits of Al technologies, and the social cost of Al-related accidents. So far, literature! has
often focused on the case of Autonomous Vehicles as a laboratory of ideas, considering the
impact of liability regimes on victims’ incentives, AV designers’ incentives, and AV users’
incentives to undertake precautionary measures. On the one hand, Kim [2024], Shavell [2022],
and Talley [2019]? focus on fully autonomous vehicles, and analyze the resulting allocation
of liabilities between AV users and third-party victims, while Guerra et al. [2022b] discuss
different negligence-based rules when the manufacturer is the residual liability bearer. On
the other hand, de Chiara et al. [2021] consider the transition period where human-operated
vehicles still exist together with fully autonomous vehicles, and analyze the impact of liability
regimes on investment in the sector of autonomous vehicles.

However, considering the long history of automatic pilots in aviation, one may expect
a third scenario to be very likely, not only for the transportation sector but also for the
health sector as well as the numerous automated processes employed in industry: at the
maturity stage, robot users will still be involved to various degrees in the operation of the
robot; hence Al-related technology will be only partially autonomous.® The main argument
is that advanced Al-related technologies also face engineering defaults and design limits,
as well as material flaws. At the engineering stage, it is thus acknowledged that the Al
technology may perform poorly under some circumstances known and perfectly anticipated
— thus undertaking erratic decisions with consequences that are worse than those resulting

from a human decision-maker (losses, harms to some victims).

IThe literature reviewed here is focused on performative algorithms, i.e. that are able to collect and
analyze information, before accomplishing autonomous actions. There is a different literature dealing with
advisory algorithms (Chopard and Muzy 2023, 2024; Obidzinski and Oytana 2022, 2024), i.e. that provide
decision-making support to humans decision makers.

2Di, Chen, and Talley [2020] afford a more technical extension of this work.

3Remind that in the tradition of the L&E literature, the kinds of activity at stake here are those dedicated
to the prevention of accidental harm.



The purpose of this paper is to investigate in this third scenario the effects of alternative
combinations of product liability and tort laws on R&D investments and the market for
robots. We consider the following general problem: A robot manufacturer (i.e., Algorithms’
developer) makes a costly initial R&D investment for developing robots. Post-investment, the
manufacturer informs potential users that a robot has two alternative modes of operating: i)
either an autonomous mode, recommended in some pre-determined circumstances or “states
of nature”,? or ii) the human-driven mode, when the latter circumstances are not satisfied.
This reflects that “algorithm limits” do exist and are known at the engineering stage. In
both cases, an operating robot may entail accidental harm for some victims. Then the robot
manufacturer sets a monopoly price for its robots, and robot users consider whether they
buy or not one unit of good (one robot). Finally, after the market for robot clears, the
“state of nature” is observed (verifiable by courts and users owning a robot). This implies
that when the autonomous mode is activated, victims’ expected harm can be reduced by
the maintenance efforts realized by the robot manufacturer (i.e., updating soft-wares, up-
grading infrastructures: i.e., Wi-Fi, satellites, demarcation) who is subject to court; instead,
when the human-driven mode is activated, victims’ expected harm can be reduced through
precautionary efforts by robot users (alertness, sobriety, compliance with the driving code)
who are subject to tort law.

In this set-up where information is verifiable, we show that any combination of liability
rules (strict liability or negligence) implemented in court and tort law provides efficient
incentives to the robot manufacturer for his maintenance efforts, as well as to the robot users

for their care levels. In contrast, the output distortion is regime-specific: if the standard

4In the case of applications to Autonomous Vehicles for example, a specific state of Nature summarizes the
weather conditions, quality of the road and surrounding infrastructures, complexity of the network, traffic
intensity and so on. The Al-based technology is based on a decision-making process controlled by algorithms,
thus programmed to routinely/automatically adapt to all pre-specified situations (fully anticipated, and
described), resulting in all precautionary measures required to avoid an accident in these instances (domain
with Robot Full Capacities or Full Control). At the level of the Injurer equipped with such a technology, the
performances/quality of the Robot (in the sense where the Robot fully performs under a domain of states
of Nature, with no failure) are given: the expenditures in terms of R&D, engineering and design required
in order to develop and expand the Robot domain represents up-front investment born at the level of the
industry by the Robot Designer.



result (under provision) with a monopoly still holds when strict liability is used in both areas
of laws, it turns out that other combinations of the strict liability /negligence rules may entail
either under or over provision of output by the monopoly. Finally, we show that the distortion
in R&D investment is also regime-specific; generally speaking the monopoly may overinvest
as well as underinvest in R&D at equilibrium regardless of the combination of liability regimes
in product liability and tort law, and whether the monopoly price discriminates or not.

These results are in a sense no surprise since the objective of liability laws is to provide
potential injurers with incentives to minimize the cost of accidents (Calabresi [1970]). Rem-
edying to market distortions must be achieved by other tools. The coordination between
the enforcement of liability laws and other public interventions is an issue whenever market
power exists (taxation: see Hamilton [1998]; market regulation: see Hamilton et al. [2023];
competition policy: see Charreire and Langlais [2021]). Nevertheless, de Chiara et al. [2021]
suggest that allowing a AV monopoly to use perfect price discrimination would be sufficient
for reaching the first best R&D investment level as long as strict liability is used both in
tort law and product liability. Indeed we show here that this also requires output regulation
by a public authority. In words, reaching the first best requires the consistency between the
strategies of courts, the regulator and the monopoly. Failure to coordinate one side with the
two others yields an inefficient outcome.

The rest of the paper is organized as follows. Section 2 provides the description of the
model and characterizes the social optimum. Section 3 analyzes the decentralized equilibrium
when the robots market is a non-discriminatory monopoly. We compare the impact of
different combinations of liability regimes in product liability and tort law on monopoly
incentives to invest in R&D, before marketing robots. Section 4 discusses the implications

of combining output regulation together with liability laws. Section 5 concludes.



2 The model
2.1 Assumptions

We consider a set-up with three kinds of agents: a robot manufacturer/developer (i.e.,, algo-
rithms’ developer, car or aircraft producer, medical robot manufacturer, etc), a population
of potential robot users (i.e., firms, drivers or pilotes, surgeons, etc), and victims suffering
from an exogenous harm (i.e., consumers, pedestrians, passengers, patients, etc).”

The manufacturer makes an initial R&D investment a at a cost v(a), where 7'(a) > 0
and 7" (a) > 0 (this latter being large enough for the SOC to hold in the rest of the paper).
Once the R&D investment is realized, the manufacturer warns potential robot users that the
optimal mode of motion/use of a robot is conditional to the realization of the state of Nature
w (verifiable). For the sake of simplicity, let us assume that w € {Aut, NAut} is obtained
with probability p(w): if w = Aut is observed, then it is common knowledge that optimal use
of robots is in autonomous mode; instead, if w = N Aut is observed, then the human-driven
mode is the optimal mode.® Since it is reasonable to consider that the purpose of R&D
investment is to expand the set of circumstances where the autonomous mode applies, we
assume wlog that p(Aut) = a and p(NAut) = 1 — a. More generally, the technology/robot
developed by the monopoly defines a "general technology of accident" for society with the
following characteristics:

i) In state w = N Aut, a robot user with type v € [0, 1], receives a benefit v from using the
robot in the non-autonomous mode, and has to undertake its precautionary measure/care
x at a cost c¢(x), where ¢/(z) > 0, ¢’(z) > 0; an accident occurs with probability ¢(x),

where ¢'(x) < 0 < ¢"(x), and some third-party victims are injured, bearing the harm h. We

5Qur framework has a straightforward interpretation in terms of market for Autonomous Vehicles; how-
ever, it has broader application since it captures any situation where victims are "passive", i.e., victims
do not undertake precautionary measures. Typically, the L&E literature distinguishes between, on the one
hand, the accident model with unilateral precautions (where injurers only undertake care), such as accidents
in urban areas between a car and a pedestrian, and on the other hand the accident model with bilateral
precautions (where injurers and victims do undertake precautions), such as a collision between two vehicles
on a highway.

6The erratic behaviors/responses of robots in state w = N Aut could be captured by the assumption that
the marginal cost of maintenance measures tends to infinity.



assume that v is distributed according to a density f(v) > 0 and a cumulative function F(v),
satisfying the usual property that & is increasing on [0, 1].

ii) In state w = Aut, the autonomous mode implies that each robot user receives the
same benefit (regardless of his own type) from using the robot (in the autonomous mode)
normalized to 1; the robot manufacturer makes efforts for maintenance y at a cost C(y),
where C'(y) > 0, C"(y) > 0; an accident occurs with probability ¢(y), where ¢'(y) < 0 <
q"(y), implying that some third-party victims are injured, h > 0 being the size of the harm.

For any user-type v € [0, 1], the expected benefit of being endowed with a robot, denoted
B(a;v) = a + (1 — a)v, is increasing with a and v. Also, we consider that the following
assumption is satisfied:

Assumption 1: For any e > 0, then: C(e) < ¢(e), and C'(e) < (e).

Assumption 1 requires that given the same intensity of effort, the autonomous mode for
the robot proceeds at a lower cost and a lower marginal cost than the human-driven mode.

This implies that min.(C(e) + g(e)h) < min.(c(e) 4+ g(e)h), meaning that the autonomous

mode for the robot proceeds at a lower cost of accidents than the human-driven mode.

2.2 Social optimum

The problem of the social planner is to select the set of human users who will hold a robot,
[Vsw, 1] (or equivalently, a level of output Qg, = 1 — F(vsy,)), to choose a level of care for
each human user served, x, and a level of maintenance for the manufacturer per robot, v,
and finally to choose a level of R&D investment, a, to maximize the expected social welfare

function defined as follows (saving on notations for the decision variables)

W=a / (1 - C(y) - qw)h)dF(v) + (1 - a). / (v — e(z) — q(@)W)dF(v) — ~(a). (1)

The first (second) integral is the probability of state w = Aut (w = NAut) times the
expected benefit of using a robot net of the cost of accidentss in the autonomous (resp.

human-driven) mode. It is easy to see that the decision of care and maintenance can be



solved independently of the others. For each robot delivered to a human user, the social
planner chooses

— the level of maintenance expenditures, required in state w = Aut, that minimizes the
cost of accidents in this state: y,, = argmin, (C(y) + ¢(y)h). We denote the associated
expected cost of accidents is Chs(Ysw; ) = C(Ysw) + q¢(Ysw)h-

— the level of care, required in state w = Aut, that minimizes the cost of accidents in this
state: x4, = argmin, (c¢(x) + g(z)h). We denote the associated expected cost of accidents is
Ch(zsw; h) = c(xsw) + q(s0) -

A consequence of Assumption 1 is that the inequality: Ch(ysw; h) < Ch(xgy;h) always
holds.

Let us denote the expected social cost of accidents per robot (at efficient care and main-
tenance levels) as: SC(a;h) = aCuy(Ysw; h) + (1 — a)Ch(xsy; h). Social welfare can thus
be written as: fvlsw (B(a;v) — SC(a; h))dF(v) — y(a). Hence, the social planner provides a
human of type-v with a robot only if the expected benefit for this latter is larger than the
expected cost associated: B(a;v) > SC(a;h). This inequality may be written equivalently
as a (1l — Cy(Ysw; b)) + (1 —a) (v — Cy(xsw; b)) > 0; hence, a condition necessary for that
inequality to hold, at least for a subset of users’ types, is the following:

Assumption 2: 1 > Cy(zgy;h).

Assume there exists a cut-off type vy, €]0,1] defined by the condition B(a;vs,) =

SC(a; h). Rearranging; yields:

Vsw = Ot (Tewi 1) + % (Corr(yswi h) — 1) (PO)

For 0 < v, < 1to hold, it must be that: Cy(2sw;h) €]c, 14| with ¢ = 1% (1 — Crs(Ysw; b)),
meaning that it must be that the social cost of accidents in the human-driven mode is large
enough, but not too large, compared with the net benefit of the autonomous mode. Assuming
this is verified, only users-types v € [vg,, 1] obtain a robot, such that the socially efficient

number of robots is equal to Qs = 1 — F(vgy)-

Finally, the social planner chooses the level of R&D expenditures that maximizes



W(a) = / (Bla;v) — SC(a; B))dF(v) — (a) 2)

sw

where vy, satisfies condition (PO). The derivative of social welfare w.r.t. a is given by:
W/(a) = fvlsw (1 -V = CM(ysw; h) + CH(xsw; h)) dF(U) - ’7/(&)'
Thus, the FOC for the optimal R&D investment, a,,, is written as’

st' ((1 - E(U|U > Usw)) + (CH<xsw7 h) - CM(yswa h))) = ’7/(01511;) (3)

1

where vy, satisfies condition (PO), and E(v|v > vg,) = fvsw 1’1_2((1;1“])0”: (v) denotes the

(conditional) average human-type endowed with a robot. The LHS term of (3) is the socially
efficient output level times the unit social marginal benefit of R&D expenditures, which has
two components: the first one is the social marginal benefit of allocating robots for the

average human’ type served (i.e., for a human having the conditional average type of the

B

, %o (a; E(v|v > vg,)) — this is the "composition effect”, i.e., it is related

population served)
to the selection of the population of robot users, and its size depends on the properties
of the (marginal) distribution of users’ types who are endowed with a robot; the second
component is the marginal effect of R&D expenditures on the unitary expected total cost
of accidents %(a; h), and is equal to the difference between the cost of accidents related
to the autonomous mode minus the cost of accidents related to the human-driven mode:
increasing R&D investments (the probability that state w = Aut is observed) is socially
worthwhile because this allows a switch from a high-cost human-driven mode for robot use
to a lower-cost autonomous mode. Finally, the RHS of (3) corresponds to the marginal cost
of R&D expenditures.

To sum up, the social marginal benefit of R&D is positively related to three components
(up to the marginal cost 7'): the first best output level; a composition effect, captured

by one minus the conditional average robot user (which depends on specific properties of

the probability distribution of human types); and finally, the saving in the social cost of

"It can be verified that; W”(a) = —v"(a) — (% )(OP) fvsw) (1 = vsw + Cr(@swi ) — Crr(Yswi b))

Hence, given that (dZTu) < 0, the Second Order Condition is satisfied whenever 4" is large enough.

(PO)



accidentss associated with a switch from human-driven mode to autonomous mode of robots
motion. The higher any one of these components, the higher the efficient level of R&D
Investment.

We then turn to the equilibrium analysis under alternative liability regimes.

3 The market for robots under different liability laws

The timing of decisions and events is as follows. At stage 0, courts set a liability regime
for robot production (product liability law) and human use of robots (tort law). At stage
1, the robot manufacturer chooses a at a cost y(a); a is verifiable. At stage 2, the robot
manufacturer sets a (monopoly) price P, and each human v considers whether to buy a robot
(and buys whenever it is individually beneficial to be equipped with one). At stage 3, the
robot manufacturer and robot users observe w € {Aut, N Aut}; either w = Aut is realized,
and thus the robot manufacturer chooses a level of maintenance y for each robot delivered;
or w = NAut is realized, and each robot user chooses his level of care x. At stage 4, the

victim’s harm is realized in case of accident, and the liability regime is enforced at trial.

tort law \ product liability H strict liability ‘ negligence ‘
DH: h,
strict liability Dy=h= Dy 0 if ¥y >Ysuw
Dy= :
h otherwise
) >
0 if x>24, Dy= 0 if z =Lsw ,
) Dy= S h otherwise
negligence h otherwise .
h otherwise

Table 1 — Compensation schemes under product liability law and tort law

We will assume that courts i) award full compensation for victims’ harm, and ii) when
the negligence rule is implemented, it is associated with due standards of precaution set at
their socially optimal level (i.e., at ys, for maintenance, and at xg, for care activities). The

relevant combinations of compensation schemes are described in Table 1, where Dy (D))



denotes the compensation paid to victims by the robot users (resp. the robot manufacturer)

in the different liability regimes.

3.1 Equilibrium for a given liability law

We solve backward. At stage 3, it is straightforward to see that the decisions made by robot
users and/or the robot manufacturer are consistent with those of the standard unilateral

care model, whether they face strict liability or negligence:

Proposition 1. If w = N Aut is observed, robot users undertake x, whether they are
subject to the strict liability rule or to the negligence rule. If w = Aut is observed, the
robot manufacturer undertakes v, whether it is subject to the strict liability rule or to the

negligence rule.

The formal proof is a straightforward application of the standard analysis of the unilateral
care model of accidents (left to the reader). The argument is that whenever the strict liability
rule is enforced (in tort law and/or product liability), the injurer (either robot user or robot
manufacturer) faces the expected social cost of the accident entailed by his decisions, like the
social planner. Instead, whenever negligence is used (associated with the socially efficient
due standard), then the injurer abides by the standard to avoid the payment of damages to
victims.

Below we denote robot users’ expected liability burden as Cy(z,; ph) = c(sw)+pq(Tsw)h
where p = 1 (resp. p = 0) if robot users are subject to the strict liability rule (resp. the
negligence rule); and similarly the robot manufacturer’ expected liability burden (per robot)
will be denoted as Chs(Ysw; 0h) = C(ysw) + 0¢(Ysw)h where o = 1 (resp. o = 0) if the robot
manufacturer is subject to the strict liability rule (resp. the negligence rule).

At stage 2, the market for robots clears as follows. Given the price P chosen by the
manufacturer, a potential robot user with type v will buy a robot given the liability regime
prevailing under tort law as long as its individual expected benefit is larger than its expected

cost (total expected liability cost); i.e., if the following inequality holds: B(a;v) — (1 —

10



a)Ch(xsy; ph) — P > 0. Let us define the marginal buyer, denoted v, € [0, 1], as the human-

type that satisfies the condition: B(a;v.) — (1 — a)Cry(zsw; ph) = P. Rearranging yields:

P—a

Ve = Cy(xsw; ph) + T o

(4)
Thus, all human types v € [v, 1] will buy a robot, such that the number of humans owning
a robot at a given price P (i.e., the market demand) is equal to 1 — F'(v,).

The robot manufacturer sets a price P that maximizes the stage 2-expected profit, given

the liability regime under product liability law, defined as

n(P) = / (P = aCii (s oh)) dF(v) (5)

where v, is defined by condition (4). The derivative w.r.t. P is 7'(P) = fvl 1dF(v) —

(P — aCh(ysw; oh)) f(ve) (‘f;]’;)( 2 which interprets as the difference between the marginal

market proceeds, minus the marginal cost corresponding here to the monopoly’s expected
liability burden per robot (which depends on the product liability regime that prevails). For
an interior solution, the stage 2-monopoly price P, = P(a) is thus given by the following

FOC®

P, = aCut(yow; oh) + (1 — a) (#) R (6)

Condition (6) shows, as usual, that the monopoly price covers the robot manufacturer mar-
ginal cost (i.e., the expected liability burden, per robot), plus a mark-up. Thus, using (4) and
(6), the stage 2-equilibrium marginal-type conditional to any given level of R&D investment,

denoted as v.(a), is defined by:

ve(a) = Cri(@ow; ph) + % (Cot (ysw; o) — 1) + (%) o (ME)

!
8Tt can be verified that: 7" (P) = f(ve)% <(1fF> - 1) < 0. Hence, given that the condition

!/
(%) < 0 holds at any v by assumption, the Second Order Condition is satisfied.

11



Once more, for 0 < v.(a) < 1 to hold, it must be that: Cy(zs,;ph) €]¢, 1 + ¢ where

f

burden in the human-driven mode is large enough, but not too large, compared with the

¢ = 1% (1 - Cn(Ysw; oh)) — (ﬂ>| « meaning now that it must be that users’ liability

benefit net of the manufacturer’s liability burden of the autonomous mode. This implies
that the stage-2 equilibrium output is Q.(a) = 1 — F(v.(a)). Using Assumptions 1, 2, and
—1
!/ /
<ﬂ> < 0, it can be verified that: (d”e)( = —1Cu@swioh) (1 — <ﬂ> ) <0

7). da /(ME) — (1-a)? f

(meaning: the higher the R&D investment, the higher the stage 2-output).

At stage 1, the robot manufacturer chooses a level of R&D investment that maximizes

[I(a) = w(P(a)) — v(a). Its derivative w.r.t. a is

1 = [ (%5 = Cutumeion) ) aF0~(Pl0) = aColvairh) S) (52) 00

which means that increasing R&D expenditures yields an effect on the marginal profit per
robot (integral term), plus a change in the composition of the robot users population (sec-
ond term), and finally, an increase in the physical marginal cost of R&D. Rearranging and
assuming an interior solution exists, the equilibrium level of R&D expenditures is defined by

the following condition (assuming I1(a) > 0)°

Qe- ((1 - Ue) + (CH<msw; ph) - CM(ysw; Uh))) = Vl(a)' (7)

where v, satisfies condition (ME). The LHS term is the equilibrium output level times the
private marginal benefit of R&D expenditures (per robot). Again, this later has two compo-
nents: the first one is also a selection effect, corresponding here to the monopoly’s marginal

benefit of selling robots to the last human’ types served by the monopoly (i.e., for the weak-

est type buying a robot), %(ae; v.); this selection effect goes in the same direction as the

output effect. The second one captures that the level of R&D investment depends on the

Tt can be verified that: I1"(a) = —'y”(ae)—(%)(ME) f(ve) (1 — Ve + Cpr(Zsw; ph) — Crr(Ysw; oh) + (%) ve).

Hence, given that (d”e

E) mE) < 0, the Second Order Condition is satisfied whenever +” is large enough once

again.

12



difference in liability burdens between robots users and the manufacturer — the higher this
difference (for a given output level), the higher the marginal benefit of R&D investment, and
thus, the higher the level of R&D investment. Finally, the RHS is the marginal cost of R&D
expenditures.

Hence, the monopoly’s incentives to invest in R&D are also driven by three main com-
ponents: the equilibrium output level; the composition effect which is now channeled by the
marginal consumers, 1 — v.; and finally, the difference in the liability burden between the
human-driven mode and the autonomous mode for robots.

The choice of the legal regime in tort law and product liability law affects each one of these
components. Hence, the legal design has an influence on R&D investment at equilibrium
through the allocation of the cost of accidents between the victims, the robot users (the

demand for robot), and the manufacturer (the supply for robots), as we discuss now.

3.2 Comparison of alternative legal designs

First, we focus on the stage-2 equilibrium. This allows to illustrate how the allocation of
the cost of accidentss between injurers and victims (through the combination of liability
regimes) influences the supply and demand for robots. Let us denote v%’(a) the solution to
(ME) when tort law is associated with the liability rule i € {sl, neg}, while product liability

is associated with the liability rule j € {sl,neg}. We obtain the following result:

Proposition 2: Conditional on any given level of R&D investment: i) The stage 2-output
level when strict liability is used both in tort law and in product liability is smaller than the
levels associated with each "mixed" legal regime combining tort law in one domain of law and
negligence in the other; these latter are also smaller than the stage 2-output when negligence
is used both in tort law and in product liability (i.e., Q:"*(a) < inf {Q:""*9(a), Q"9 (a) } <
sup { Q49 (a), Qreo=l(a)} < QUe9m*d(a)). ii) The stage 2-output level when tort law uses
strict liability while negligence is applied in product liability is smaller than under the reverse

legal design (tort law is based on negligence, while product liability uses strict liability) if
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the probability of using the robot in the autonomous mode is smaller than 3 (i.e., a <

1
2
2 = Q9(a) < Q°9*!(a)). In contrast, the stage 2-output level when tort law uses strict
liability while negligence is applied in product liability is larger than under the reverse legal

design only if the probability of using the robot in the autonomous mode is large enough

(i, a> Ml — — Qilnes(q) > Qreot(a)).

Proof. Under tort law (regardless of the product liability regime j € {sl,neg}), a switch
from negligence p = 0 to strict liability p = 1 corresponds to an increase in Cy (2 4,; ph); this
implies that the RHS in (ME) becomes larger: hence v (a) > v%(a). Similarly, under
product liability (regardless of the liability regime under tort law i € {sl,neg}), a switch
from negligence o = 0 to strict liability o = 1 yields an increase in C;(ysw; oh); again this
means that the RHS in (ME) becomes larger; hence v2%!(a) > vi"(a). As a consequence:

e

i) both vs'sl(a) > vstned(a) > V99 (q) and vehsl(a) > V"9l > nedned(q) hold, however

vehmed(q) and v"*9*!(a) cannot be compared generally. ii) Taking the difference between the
expression of the RHS of (ME) under the combination (sl,neg) and under the combination
(neg, sl), we obtain that (for any given a > 0) it is equal to: € = (¢(2sw) — 7= q(Ysw)) b,

where by construction ¢(7,) > ¢(Ysw). Hence: a < 5 = % < 1 = ¢ > 0, whereas

1
2
a > % = € < 0; more specifically, one may verify that for e > 0 to hold, it must be that

q(Tsw)
a > FTERRETTIIE Hence the results. B

Figure 1 represents conditions (4) and (6) in the plan (v., P.) for the different combina-
tions of liability regimes (see the Appendix for more details). It illustrates how the market
for robots clears when liability laws change.

The expected benefit for robot users if strict liability is used in tort law is below the
expected benefit when negligence is used in tort law; switching from negligence to strict lia-
bility in tort law pushes downwards the demand-price curve (condition (4)); simultaneously,
the expected cost for the robot manufacturer when strict liability is used in product liability
law is above its value when negligence is used in product liability; switching from negligence

to strict liability in product liability pushes upwards the supply-price curve (condition (6)).
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Figure 1 — The market for robots under alternative liability regimes

(sl: strict liability — neg: negligence — TL: tort law — PL: product liability)

Hence, the implementation of strict liability in both laws leads to the lowest number of
robots, since both robot users and the robot manufacturer must consider the full expected
cost of accident associated with each robot, which yields the lowest expected benefit for
users, and highest expected cost for the monopoly. In contrast, the adoption of negligence,
at least in one area of liability law, allows either robot users or the robot manufacturer to
avoid compensating victims in case of accident. As a consequence, applying negligence in
both areas of law provides the highest expected benefit for users and the lowest expected
cost for the monopoly, which results in the highest output level.

Finally the comparison between both legal designs combining strict liability in one domain
of the law and negligence in the other, is generally indeterminate; we only know that for each
one, the equilibrium output is between the legal regimes where the same rule (either strict
liability or negligence) is applied in both areas. A possible interpretation of the restrictions
appearing in Part ii) of Proposition 2 relies to different stages of development/maturity of
robot technology, as follows. When the technology is in its preliminary stage of development,
the probability of autonomous mode activation is low, in the sense that a < % (the human-
driven mode is used more often); then the market for robots will reach a higher output level
if negligence is applied in tort law while strict liability is applied in product liability, than if

the reverse combination is used. The opposite occurs only when the technology is sufficiently
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advanced (i.e., the probability of activating the autonomous mode is much higher than %)
We now analyze how the combinations of liability regimes affects both the equilibrium
levels of output and R&D investments (i.e., the solution to the system (EM)-(7)), denoted

as (Q,a%?), where i, j € {sl,neg}.

Proposition 3. i) Regardless of the liability regime in tort law, the equilibrium levels
of output and R&D investment are higher when negligence rather than strict liability is
implemented in product liability (i.e., Q5" > Qb and a’™*9 > a®*! where i € {sl,neg}).
ii) Regardless of the liability regime in product liability: a) When the market for robots is
weakly expanded, the equilibrium levels of output and R&D investment are higher when
negligence rather than strict liability is implemented in tort law (i.e., Q"% is low enough
= Q"9 > Q5 and a9 > a9 where j € {sl,neg}). b) When the market for robots
is highly expanded, the equilibrium levels of output and R&D investment are lower when
negligence rather than strict liability is implemented in tort law (i.e., Q797 is large enough
= Q97 < QM and a9 < a2 where j € {sl,neg}). iil) The equilibrium levels of output
and R&D investments are higher when tort law uses strict liability while product liability
uses negligence, than when the opposite combination is implemented (negligence in tort law,
strict liability in product liability), only if the probability of using the robot in autonomous
mode is large enough (i.e., a > % = Q3bnes > Qnedst and aglned > qnedst).

Proof. a) First, let us ignore the influence of the output and the composition effects on
stage-1 R&D investments. On the one hand, according to the LHS in (7), for any given v,
the higher C'y(2sy; ph) — Car(Ysw; oh), the higher the level of investment a(v,). On the other
hand, the following inequalities always hold (under tort law, negligence corresponds to p = 0
, while strict liability is associated with p = 1; while under product liability, negligence is

represented by o = 0 and strict liability is the case where o = 1):

CH(xsw; 0) - CM (ysw; h) < CH (xsw; O) - CM(ysw7 O)
< Cul(zy,;h)—-C
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Thus, this yields: a™9(v,) < a9 (v,) < a*>*'(v.) < a*>"9(v,).
b) Let us now consider the influence of the output and the composition effects. Condition

(7) shows that the lower v, the higher the marginal benefit of R&D, implying a higher level

dve

da )(ME) < 0), this later exerts a

of R&D investment at equilibrium; in turn (given that (
positive feedback effect on the (perfect Nash) equilibrium output. Hence, using Proposition
2, we may verify that:

i) Ql(a) < Q"°9(a) and a®**'(v.) < a*'"“9(v,) are both satisfied; hence we obtain
Qbst < Q3tned and aftst < @®tme9. Similarly, Q"9 (a) < QU9"%9(a) and a™9%(v.) <
a™e9m¢d(y,) are both satisfied; thus, we also obtain Qme9*! < Qn¢9me9 and q"e9*! < qnegnes,
Hence the result.

i) Ql(a) < Q9% (a) while a*t*!(v,) > a9 (v,); similarly, Q5"*9(a) < Q"9 (q)
while a*"9(v,) > a9 (v,). Hence, in this case the resulting influence of stage-2 output
on R&D investment, together with the feedback effect on R&D investment on the output
level is complex. We perform the formal analysis for comparative statics in the Appendix.
Denoting

1—F\’ 1 — Crvt (Ysw;
(5T s
f I’U;Leg,j (1 _ (agegvj))

, , 1-F
A= fug?) (1 — 00 + Cy(@sw; ph) — Cu(Yswi o) + <T> ) >0,
‘ ZLEQJ

we obtain that, for any j € {sl,neg}:

. . 1(,meg,J . . . .
- lf Qgeg,] > rige ) (ac ), then Q’gLeg,j < le’] and a"¢9 < CLSl’];

B
neg.j

. ,Y//(ae ) ne ’. A ’. l,‘ ’. l,"
_lfT > Qr97 > £ then Q97 > Q7 and a7 < a™/;

i A > Qo then Q99 > QM and a"®9d > ol 10

Hence the result.

iii) Given that a9 (v.) > a"*!(v,) holds, and that according to Proposition 2: a >
% = Q"9 (a) > QU9 (a), then we obtain a > % = Qshned > Qress!

and a9 > q*9*!. Hence the result. B

10Tn turn, we show that it is not possible for strict liability in tort law to yield a higher output and a lower
R&D investment levels than negligence, i.e. Q797 < Q357 and a?®97 > a3! never hold where j € {sl, neg}.
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Figure 2 represents the graph of conditions (ME) and (7), illustrating how the equilibrium
levels of output and R&D investment are affected by the combinations of liability laws. It is

easy to verify that the slope (in absolute value) of (ME) is lower than the slope of (7) as a

dve ) — ’7//(0')
da (7) (1_F(ve))+f(v€)(1_U€+CH(xsw§ph)_cM (ySw§0h)) ’

result of SOC: — (d”e

<=

da )(ME)

AVACIE
\/',nege

a) (neg,j) to (sl, ) b) (i, neg) to (i, sl)

Figure 2 — Equilibrium output and R&D investments and liability costs

Let us consider simple changes in the legal design — such as a switch from negligence to
strict liability in tort law (i.e., Cy(xsy; ph) increases) or in product liability (i.e., Cas(Ysw; oh)
increases) — cf. Parts i) and ii) of Proposition 3.

On the one hand, switching from negligence to strict liability in tort law moves the
curve (EM) upwards because this pushes downwards the demand-price curve as previously
explained; hence, the level of output decreases for a given level of R&D investment; the curve
(7) also shifts upwards because the difference in liability burdens between robots users and
the manufacturer increases: investing more in R&D is beneficial for a given level of output,
but this effect is dampened by the decrease in output. Overall, the net effects on the output
and R&D at equilibrium are indeterminate (Figure 2a)).

On the other hand, when product liability switches from negligence to strict liability, the
curve (EM) shifts upwards, since the supply-price curve is pushed upwards; hence the level
of output decreases at any level of R&D investment; in turn, the curve (7) now shifts down-
wards because the difference in liability burdens between robots users and the manufacturer

decreases: investing less in R&D reduces the impact on the manufacturer’s liability burden
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at any level of output. Hence, the net effects on the output and R&D at equilibrium are
negative (Figure 2b)).!!

When the liability regime changes simultaneously in both areas of law, this introduces
much more complexity, and the impact on the equilibrium is often indeterminate. Part ii)
of Proposition 3 suggests — still considering technology maturity — clear effects arise in more
specific circumstances : at the most advanced stages (i.e., a is much larger than %), strict
liability in tort law combined with negligence in product liability allows for more output

and greater investment in R&D than negligence in tort law combined with strict liability

q(xsw)

in product liability. Nevertheless, let us emphasize here that the condition a > FERmETTm]

raises a practical issue. It is reasonable to anticipate that at very advanced stages of the
technology, the probability of accident in the autonomous mode, ¢(ys,), is also much lower
than at preliminary stages — it is expected that in the future, not only will the autonomous
mode be much safer than the human-driven mode, but also accidents will be very rare. The
consequence for the discussion here, is that it may become less likely that the inequality
a> % is satisfied.!?

This said, Proposition 3 implies that it is generally not possible to have a complet rank-
ing of the different legal designs with respect to their effects on the output and on R&D
investments. Nonetheless, Proposition 3 has clear implications regarding the potential ef-
fects of changes in liability regimes compared to the current legal framework (negligence in
tort law, strict liability in product liability): Shifting to strict liability in tort law in the very
short run (when the market is weakly developed) would entail negative effects for the robot
market, with a decrease in both the output and the R&D investment levels. In the long
run, however (whenever the market is highly expanded), shifting to strict liability would
have positive effects for the robot market, with a increase both in the output and the R&D

investment levels. In contrast, our results suggest that adopting negligence also in product

liability would allow an increase both of the output and the R&D investment levels, in the

"Remind that a is the probability of using the autonomous mode; therefore, the higher a is; the more
likely the manufacturer is to be liable.

12As q(ysw) decreases, then % is closer to 1.
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short run as well as in the long run.

4 Issues in welfare analysis

We discuss here different issues related to the effect of legal design on social welfare. We
first consider the differences in terms of monopoly distortion and social welfare between
the alternative combinations of liability regimes. Then, we discuss the implications of the

coordination (failure) of output regulation and liability laws.

4.1 Monopoly distortion, social welfare, and the legal design

We first compare the equilibrium outcome of the different legal designs with the social

optimum.

Proposition 4. Compared with the first best solution: i) When strict liability is im-
plemented both in tort law and product liability, then the monopoly provides not enough
robots and underinvests in R&D if the condition v (a) > E(v|v > vy,) is satisfied. ii)
In the case where v (a) > vg,(a) holds when negligence is implemented in tort law (re-
gardless of the product liability regime), then the monopoly provides not enough robots and
underinvests in R&D if the condition v > E(v|v > vy, ) is satisfied. iii) In the case where
v (a) < vg,(a) holds when strict liability is implemented in tort law while negligence is
applied in product liability, then the monopoly provides too many robots and overinvests in
R&D.

Proof. A) Consider conditions (ME) and (PO). We first show that conditional on any
given level of R&D investment, the stage 2-output level under the combination (si, sl) is
smaller than the first best output level; in contrast, for any combination of liability rules, it
can be either higher or lower. It is obvious that:

— Under the combination (s, sl), since both the robot manufacturer and a robot users

face a total liability cost which is equal to the social cost of the accident, the RHS in
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(ME) is larger than the RHS in (PO) (because of the term (%) ( )), implying thus
vl (a) > vg(a) & Q% (a) < Qswla).
— Under any other combination, either the robot manufacturer or robot users face a

liability burden which is smaller than the social cost of the accident; thus (despite the

!
RHS in (PO). Hence, the monopoly may provide either not enough or too much output.

influence of the term <ﬂ>| ( )), the RHS in (ME) may be lower as well as larger than the

B) Consider now conditions (7) and (3).
— Under the combination (sl,sl), given that we have Q**'(a) < Q.,(a), a condition
sufficient for the RHS in (7) to be lower than the RHS in (3) is given by 1 — vl (a) <

e

1 — E(v|v > vg,(a)).'* Assuming this restriction holds, then we obtain that a"*(v.) <

a5, (v), implying (given the feedback influence of R&D investments on the output level) that

under (sl, sl), the monopoly provides not enough output Q*"* < Q,,, and not enough R&D

sl,sl

588 < agy. Otherwise, the comparison is indeterminate.

investments a
— Assume now that negligence is used under tort law (regardless of the liability rule under
product liability). Since under the combination (neg, j) (for any j € {sl,neg}) we have (see

the inequalities in (8)):
OH(xsw; 0) - CM(:gsw? Uh) < CH(xsw; O) - CM(ysw’ h>7

then a sufficient condition for the RHS in (7) to be smaller than the RHS in (3) is that
both 1797 (a) < wve,(a) and 1 — v (a) < 1 — vg,(a) are satisfied — implying thus that
a9 (v,) < ag,(v), and finally, at equilibrium: Q"*7 < Q, and a"*7 < ag,. Otherwise,
the comparison is indeterminate.

— Finally, assume that strict liability is implemented in tort law, while negligence is ap-
plied in product liability. Under the combination (neg, sl), we have (see again the inequalities

in (8):

13This condition is generally more restrictive than the condition v:"*!(a) > v, (a), and depends on the
characteristics of the probability distribution function for v, such as its concentration or asymmetry. It is
— 14vsy

satisfied when v € [0, 1] is distributed according to the uniform law, since then: E(v|v > vy, ) = =5==. For

the broader family of triangular PDF, we have checked that additional restrictions related to the mode are
required .
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CH(xsuﬂ h) - CM(ysuﬂ 0) > CH(xsw? O) - CM(ysuﬂ h)

Thus, a sufficient condition for the RHS in (7) to be smaller than the RHS in (3) is
that v24"%9(a) > v, (a) is satisfied (hence 1 — v (a) > 1 — v4,(a) also holds) — implying
thus that "% (v,) > a.,(v), and finally, at equilibrium: Q"9 > Q,,, and as'"% > ag,.

Otherwise, the comparison is indeterminate. W

Proposition 4 illustrates that regardless of the legal design, the monopoly provides both
an inefficient number of robots and an inefficient level of R&D investments. However, it is
generally not possible to determine whether the distortions correspond to under- or over-
provision of output and/or investment. Additional restrictions are required to compare
the market outcome with the social optimum, which depends on the combination of liability
regimes in both areas of liability laws; these restrictions are required to qualify the "selection
effect", and/or the output effect, that drive the incentives for R&D investments.

We illustrate now that the welfare comparisons between the different legal designs are
generally also indeterminate, unfortunatly. Given the prevailing legal design, social welfare

e 7 7e

at an equilibrium (v’ a’) that satisfies (ME)-(7), is given by (see (1)):

1

W= [ (0.0 = Curlyass ) + (1= .0 = Cor(rasi ) F () = 7(al?). ()

A switch from negligence to strict liability under tort law (resp. product liability) trans-
lates into an increase in robot users’ liability costs (the manufacturer’s liability cost) such
that dCy(Ysw, ph) = q(xsw)h.dp (resp. dCprr(Ysw; oh) = q(ysw)h.do). According to (9), by
definition social welfare doesn’t depend on injurers’ liability burden, but is related to the
full cost of accidentss (costs of care and maintenance, plus the harm to victims); hence, the
effect of a change in the liability regime on social welfare arrives only through the indirect

effects on output and R&D investments (in turn, there is no direct effect). Taking the total

derivative of (9) yields:
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AW = —dv? x f(u?) (a7 .(1 = O (ysw; 1) + (1 — al?). (v} — C(su; b))

e

- 1 . ~ (a7
+dal? x (/ <1 — 0 + Cy(zsw; h) — Corr(Ysw; h) — —ez) dF(v)) .
Vi 1 — F(ve’)

The signs of the term in brackets in the first line and second lines (multiplicand of dv’’
and da’’ respectively) is generally indeterminate. The multiplicand of dv®’ is the social
expected (net) benefit of alloting a robot to the marginal user v’ — where v"7 — Cy (g3 h)
is always positive when v?7 > v, (as under under (sl, sl)), but it may take different signs
under other combinations of liability regimes. The multiplicand of da’’ is the total (net)

benefit of an additional unit of R&D; given that any equilibrium is inefficient, its sign is also

indeterminate generally. Substituting with (7) in the second line, and rearranging yields:

dW = —dvl?.f(vl7) (a?.(1 = Crr(Yswi b)) + (1 — a2?). (027 — Cpy(w5u; h)))
ij ij (E(v|v > vl7) = v27) + (Crr(Yews h) — Crt (Ysw; oh))
_dae : (1 - F(ve )) : ( — (CH(xswa h) - CyH(xsw; ph)) ’ ) ’

where E(v|v > v%7) = fv117 vl_’;((?sw)dF (v)(> v%7) denotes the (conditional) average type of
users who buy a robot at equilibrium. On the one hand, we have by construction: E(v|v >
v9) — v > 0; however, the size/sign of the difference between the two other terms depends
on the change in liability laws we consider. On the other hand, as shown in the Appendix
(see the comparative statics analysis; see also Proposition 3), it comes that either dv’/ and
da’’ have opposite signs, or the sign of da’’ is indeterminate. Hence, the sign of dW is
generally indeterminate.

A numerical application would be useful to assess W directly in different legal regimes
and to illustrate the different influences; however, it is beyond the scope of the current work.
The properties of the probability distribution for users’ type may play an important role (at

least through the size of v’ and E(v|v > v%7)), aside from institutional and technological

characteristics.
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4.2 Combining market regulation and liability laws

4.2.1 Efficient regulation and price discrimination

Assume that a public regulator sets the monopoly’s output at the socially optimal level,
Qsw; and also allows the manufacturer to use perfect price discrimination. Then, each unit
of the efficient output — i.e., for any v € [vg,, 1] — is sold at a specific price defined according

to (using (4)):

Pw)=a+ (1—a)v—(1—a)Cu(zsw;ph). (10)

Thus, equilibrium R&D investment under the combination (4, j), denoted a%’, maximizes the
stage 1-profit II(a) = m(P(v), Qsw) — Y(a). After substituting (10), this can be rewritten as
[I(a) = W(a) + Qsw.A(a; h), where A(a; h) = SC(a; h) — SC(a; ph,oh) > 0 is the difference
between the expected cost of accidents at the optimum, and the total expected liability
burden under the prevailing liability regimes.!* The following table shows the expression of

A(a; h), and how it varies with @ in the different the legal designs.

(sl,sl) | (sl,neg) (neg, sl) (neg, neg)
Alaih) | 0 | aq(yy,)h | (1 —a)q(z,,)h | (1= a)q(z,,)h+aq(y,,)h
Gl@h) | nd | aly,)h | —alz,)h —(a(z,,) — a(y,,)h

Table 2 — Absolute and marginal benefit of price discrimination
This useful to arrive at the following results:

Proposition 5. Assume that according to public regulation, the monopoly delivers the
efficient output level and is allowed to use perfect price discrimination. Then: i) When strict
liability is implemented both in tort law and product liability, the monopoly chooses the
first best level of R&D investment (i.e., @' = ag, ). ii) When strict liability is used in tort
law, while negligence is used in product liability, the monopoly overinvests in R&D (i.e.,

astned > a,,). iii) When negligence is used under tort law (regardless of the liability rule

“Developping, we have: SC(a; ph,oh) = aCr(ysw; oh) + (1 — a)Cr (T sw; ph)
= aC(ysw) + (1 = a)c(zsw) + (1 = 0)p(a)q(ysw)h + (1 = p)(1 = p(a))q(zsw)h-
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under product liability), the monopoly may overinvest as well as underinvest in R&D (i.e.,
a9 < ag, for j € {sl,neg}).
Proof. Part i) is straightforward. For the three other combinations, the FOC IT'(a) = 0

can be written as:

dVgy, dA
W (a) + Ala ). f (0r) (— b )( Qgm0 (11)

According to Table 2: the second LHS term in (11) is always positive; the third LHS
term is positive only for the combination (sl,neg). Hence result ii). The third LHS term is

negative when negligence is used at least in tort law; hence result iii). B

The situation where strict liability is used in both areas of law mirrors the standard result
in textbooks: the monopoly maximizes social welfare. The rationale here is that each kind
of injurer faces the full social cost of robots associated with its actions (i.e., the social cost
of accidents). The result no longer holds when negligence is used in one area of law at least:
when it is used in product liability (resp. tort law), the monopoly produces (resp. sell)
each unit of the efficient output at lower operating costs (resp. for a higher price), which
generates a monopoly rent above social welfare. As a result, it becomes profitable to depart
from the first best level of R&D investment.

This rent increases with R&D investments when robot users face strict liability whereas
the monopoly faces negligence: raising R&D above the first best level is beneficial to the
monopoly because this way, it becomes more likely that the autonomous mode is activated
such that each user accepts to pay a higher price (since their expected liability burden
decreases), while each unit is produced at a lower operative cost. In contrast, the rent may
decrease with R&D investments when robot users face negligence because the price effect is
annulled; hence it may be rational for the monopoly to cut R&D investments below the first
best level.

Proposition 5 illustrates the coordination problem that exists between the legal design

and the tools available to regulators. Efficient regulation solves the output distortion, and
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neutralizes the selection effect at the same time. However, for the monopoly equilibrium to
coincide with the social optimum, the strict liability rule should be implemented in both
areas of law, alongside allowing perfect price discrimination. Conversely, either using the
negligence rule in one or both areas of law (despite perfect price discrimination), or forbidding
perfect price discrimination (despite strict liability is adopted both in tort law and in product

liability) would lead the monopoly to choose an inefficient level of R&D investments.'®

4.2.2 Full market coverage and price discrimination

We show here that when the monopoly finds it profitable to cover the market, then perfect
price discrimination generally fails to reach the first best level of investment, regardless of
the design of liability laws.

When the monopoly fully covers the market (Q. = 1 > Q,), and uses perfect price
discrimination, then the price is given by (9) for each v € [0,1]. Thus, stage 1-profit can
be written as II(a) = fol(B(a; v) — SC(a; ph,oh))dF (v) —~(a). For an interior solution, the
equilibrium level of R&D expenditures a>/ under liability regimes (i, j), satisfies now the

following FOC (assuming I1(a%’) > 0)

1 — E(W) + Cy(zsw; ph) — Cor(Ysw; oh) = 7' (ae) (12)

where E(v) = fol vdF(v) denotes the (unconditional) average type. The interpretation of
(12) is very similar to (7). The main difference between (12) and (7) (apart of the output
effect), relates to the selection effect (first term in the LHS); indeed, when the monopoly
covers the market, no selection effect occurs by construction (all human-types are served and

buy a robot). It is straightforward that the equivalent of Proposition 4 is obtained here:

Proposition 6. Assume that the monopoly fully covers the market and uses perfect
price discrimination; then: i) The monopoly may overinvest as well as underinvest in R&D

regardless of the combination of liability regimes in tort law and product liability law. ii)

15In the Appendix, we show that if the monopoly is constrained to sell all robots at a unique price such
that it breaks even, then it does not choose the first best R&D investment level.
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When strict liability is used in tort law (regardless of the liability rule under product liability),
the monopoly overinvests in R&D if E(v) < E(vjv > vg,).

Proof. Using an argument similar to the one in Proposition 4, given the inequalities in
(8), it is straightforward to show that E(v) < E(v|v > vg,) = @5V > ag, for j € {sl,neg}.
|

A first implication of proposition 6 is as follows: Whether covering the market represents
a significant market expansion justifying the monopoly to expand its R&D investments
above the socially optimal level, depends on the (statistical) properties of the distribution
of human type (for example, whether it is left or right skewed). Part ii) of Proposition
6 illustrates that when the perceived market expansion is large enough (in the sense that
1—-E(v) > 1—E(v|v > vg,)) and robot users face strict liability (irrespective of the liability
regime for the monopoly) , then the monopoly have incentives to invest more in R&D than
what is socially optimal: price discrimination among all human types together with robot
users facing strict liability enables a large marginal benefit for R&D investment, combined
with a lower marginal cost for R&D expenditures. Nevertheless, the market expansion effect
is not guaranteed — it occurs only under specific conditions regarding the distribution of
robot users’ types.

In turn, whenever robot users face negligence, the comparison with the social optimum
becomes indeterminate again, since the second term on the LHS in (12) (which captures the
combined increase in market price and manufacturer liability cost) is lower than in (3) (the

cut in the social cost of accidents at optimum).

5 Conclusion

In this paper, we extend "the unilateral care model of accidents" to deal with some specific
features of advanced robot-based technologies (possibility of two mode of motions, fully
autonomous vs human-driven robots), and analyze how the legal design adopted for liability

laws may affect R&D investments and the market for robots. We have shown that even in a
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case where any legal design (any combination of liability rules between tort law and product
liability) provides efficient incentives in the prevention of accidents (i.e., all combinations are
equivalent, and arrive at the social goal in terms of prevention), each combination of tort
law and product liability yields a different outcome in terms of output and R&D investment.
The reason is that the different combinations are not equivalent regarding the allocation of
the cost of accidents between robot users, the manufacturer and victims — each legal design
implements a specific cost allocation which is decisive for the market for robots and the
incentives to invest in the development of the technology.

The current setting is already of broad application, since it may be understood as a
application to the market for algorithms broadly speaking, or more restrictive the market
for autonomous vehicles, or for medical robots. Remark also in passing that despite our
work is focused on a world with highly advanced robots having two modes of motion, it
can be easily extended to fit a world where humans may choose between, on the one hand,
autonomous robots (having two alternative modes of motion), and on the other hand non
autonomous robots (a unique mode of motion), both coexisting, such that we can interpret
throughout the paper all humans types v € [0, v.) as using a non autonomous robot.'¢

This said we provide several important highlights regarding the influence of liability laws
on the incentives to invest in algorithms/robots development, in a set-up where a priori
liability regimes are efficient. In our framework, the first-stage level of R&D investments
mainly depends on the properties of the second stage market equilibrium, this latter reflect-

ing the design of liability laws: the monopoly price adjustment is driven by the liability

16Quppose that upon the monopoly market for autonomous robots considered in the paper, a competitive
market for standard/non-autonomous robots exists where robots are produced at zero marginal cost (thus
the equilibrium competitive price is null). Let V be the expected benefit (net of liability cost) for owners
of such robots. Since V' appears as a constant on the LHS of (4), we can set V = 0 wlog. Hence v, is the
equilibrium number of non-autonomous robots. As a result, our framework encompasses the analysis of the
market for Autonomous Vehicles by de Chiara et al. [2021] who assume two-type of drivers (high/low type).
In de Chiara et al. [2021] the equilibrium output cannot take but two values: the monopoly provides the
efficient output (only one type is served), or fully covers the market (the two types are served) — hence the
"composition effect" and the "output effect" are always determinate and go in the same direction, in contrast
to the continuous-type model introduced here. Thus our analysis provides a broader set of predictions, with
also more general results consisting in more various market outcomes than in de Chiara et al. [2021], except
our Proposition 6 which is similar to Remark 4.1 in de Chiara et al. [2021].
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regime that consumers face (tort law, with a demand price lower under strict liability than
negligence), while the monopoly cost is driven by court (with a liability burden higher under
strict liability than negligence), implying differentiated effects on the level of output and
on the selection of consumers’ type. In all, the incentives to invest in R&D for robots are
channeled by three influences: a first one is through the monopoly output, a second one is
related to the characteristics/composition of the population of robots buyers, and a third
one comes from the size of the difference in total private expenditures for preventing acci-
dental harms to third-party victims between the autonomous and the human-driven modes
for robots. We have shown that different combinations of liability regimes in court and tort
law entail different effects on each of these three components.

In particular, the general use of strict liability recently promoted by the European Com-
mission, has no clear advantages over the negligence rule neither in terms of output level
furnished to the market, nor in terms of R&D investments level attained. One exception
discussed here is when three conditions are met: the monopoly uses perfect price discrimina-
tion and faces strict liability, the output is regulated, and simultaneously consumers also face
strict liability — in this case the monopoly market equilibrium replicates the social optimal.
But to the least, this raises a coordination problem between different public authorities.
Extending the analysis to alternative market structures will be useful in this perspective,
since different market power conditions will attain a different (consumers) selection effect,
as well as a different range of output expansion. But it can be anticipated that the proper-
ties of equilibria will be very dependent on behavioral determinants (pricing strategies), the
existence of a market intervention, and the characteristics of the legal system. This will be

the topic of future research.
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Appendix

Interpretation of Proposition 2 in terms of equilibrium outcome in the robot
market. Let us denote v’/ (a) and P*(a) as the solution to the system (4)-(6) when tort
law is associated with the liability regime ¢ € {sl, neg}, while product liability is associated
with liability regime j € {sl, neg}.

On the one hand, according to the definition of v%/(a) we have the following relationship

between v and P (a) after rewriting (4) as

> 1 —a)q(xsy)h, under strict liability in tort law
2% _ Y] _ _ _ ( b
P (a) = Bla;ve’(a)) —(1=a)c(waw) { 0, under negligence in tort law

(4bis)
corresponding to the upward sloping curve in Figure 1, with a slope which equals to (?:—Z;) (i)
1 —a > 0. Thus according to (4bis) all else equal the monopoly price is higher at any level
of v, when the negligence rule is used in tort law, than when strict liability is used. On the

other hand, according to (6), the stage 2-equilibrium monopoly price, a second relationship

between v and P (a) can be written as

under negligence in product liability
(6bis)

f

Pii(a) = (1-a). (1 - F) | _+aC(ysw)+{ gq(ysw)h, under strict liability in product liability
|’Ué J )

corresponding to the downward sloping curve in Figure 1, with a slope which equals to

<‘z£ éj)((ibis) =(1—a) <%>Iv;}f < 0. Thus according to (6bis), all else equal, the monopoly
price is lower when the negligence rule is used in product liability than when strict liability
is used.

As a result, the combination (sl,sl) leads to the highest threshold v, and (neg,neg) to
the lowest threshold v., while the other two combinations result in values that fall in be-

tween: v-*(a) > sup {v:"(a), v2*!(a)} > inf {v:i"(a), V29" (a)} > vI9"(a). The
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comparison of (neg,sl) and (sl,neg) yields an ambiguous result in general. Hence the result:

e

1— F(v*(a)) < inf{l—F@©}"a)),1— F@!"(a))}

< sup {1 —F(v!"(a)),1 - F(v2"(a))} <1— F(u]*"(a)).

As explained in the text, if (1 —a)q(Zsw)h > aq(ysw)h, then we obtain v (a) > v7e9%!(q),

and thus 1 — F(v3t"9(a)) < 1 — F(v"9(a)).
|

Comparative statics analysis (Proposition 3).

Differentiating (ME)-(7), it can be checked that we obtain

a

adv, + fda = dCyx + 1 dCyy

—a

A, + 7" (a)da = (1— F(v.)) (dCy — dCyy)

where Cy and Cyy set for Cy(xg,; ph) and Cyy(yse; oh) respectively, and

Y1 (ﬂ) 08 = 1—CM(ysw2;ah) > 0;
f |ve (1—(1)

A= f(ve) (1 — Ve + Oy (zsw; ph) — Crr(Ysw; oh) + (%) ) > 0.
[ve

Solving yields

’7”(@) (dCH + ﬁdCM) — 6(1 — F(’Ue)) (dCH — dCM)
A
a(1 = F(v,)) (dCy — dCypr) — A (dCy + £=dC)
A

dv, =

da =

with A = av”(a) — X\ > 0 according to SOC. Hence, the sign of dv. and da are given by
the sign of their numerators.
Figure 3 provides a graphical representation of the equilibrium. In the space (a,v.), the

condition (ME) defines a curve with a slope equal to
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-1
dUe _ C ( S'zu§h)_1 1-F !
(G )(ME) = 2 (1 - <T> ) <0,

|ve

while condition (7) is represented by a curve having a slope equal to

e\ +(a) <0
G $0e) (1=0e+Cit Coriph) o (yrwiot) + (355,

since the numerator is negative by the SOC. Using the SOC, it comes that

dv, 1-F
v (ae) > — <d ) fe) | 1 —ve + Cr(xsw; ph) — Cor(Ysw; oh) + <—)
o/ (wp) T
implying thus — (%) > (%) (M)’ meaning that, in the space (v.,a), the curve corre-

sponding to (7) has a slope (in absolute terms) which is always greater than the slope of the
curve representing (ME). This leads to Figure 3 (regardless of the combination of liability

regimes in both areas of law):

Figure 3 — The SPNE and liability regimes

In turn, it is easy to verify that the liability costs of both parties scale along these curves.
An increase in Cy(xs,; ph) (such as when the tort law switches from negligence to strict
liability) or Chs(ysw; oh) (such as when the product liability law switches from negligence
to strict liability) shifts the graph of the curve (ME) up and to the right. An increase in
Cu(Tsw; ph) or a decrease in Chy(Ysw; oh) shifts the graph of the curve (7) up and to the

right.

34



A/ Let us first consider "simple" cases (changing the liability rule in one area, keeping
the other area stable). We have that:

a) Comparison of (i,neg) and (i, sl): regardless of the liability regime in tort law, an
increase in C); (e.g., when the liability regime in product liability switches from negligence
p = 0 to strict liability p = 1) yields an increase in v, (i.e., v < v>*! where i € {sl, neg}),

but a decrease in a (i.e., ai" > a’* where i € {sl,neg}), since we have:

dv,  1557"(a) + B(1 — F(v) da, a(l = F(ve)) + A%

dCr A o A <

Figure 4.1 illustrates the outcome of the comparison of the combinations (sl, sl) (strict
liability in both tort law and product liability) and (sl, neg) (strict liability in tort law but
negligence in product liability). When strict liability is implemented in tort law, a switch in
product liability from negligence to strict liability (i.e., the liability cost to the manufacturer
increases) yields a shift in condition (ME) upwards and to the right, while condition (7)
moves downwards and to the left. As a result, the levels of output and R&D investment

both decrease.

4.1: (sl, sl) versus (sl,neg) 4.2: (neg, sl) versus (neg, neg)

Ve

(7)if (s,9)

Ve (7) if (neg,sl)

Vo (if(slneg) *
\

. I \\ (7) if (neg,neg)
EE} ‘ ‘

A B (LS .

N S ; )
N (ME) if (d,dl) (ME) if (neg,dl)

H ~ .

veshnes -meemmebeemeee e “__:_gl‘: = (ME) if (8,neg) veeane < = (ME) if (neg,,neg)
! S S

» a a
per ane aneod aneeneg

Figures 4 — Comparison of (i, sl) ands (i, neg) where i € {sl,neg}

Similarly, Figure 4.2 compares the combinations (neg, sl) (negligence in tort law and
strict liability in product liability) and (neg, neg) (negligence both in tort law and in product

liability). When negligence is implemented in tort law, a switch in product liability from
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negligence to strict liability (i.e., again the liability cost to the manufacturer increases) yields
a shift in condition (ME) upwards and to the right, while condition (7) moves downwards
and to the left. As a result, the levels of output and R&D investment both increase again.
b) Comparison of (neg,j) and (sl,j): regardless of the liability regime in product
liability, the effects of an increase in Cy (e.g., when the liability regime in tort law switches
from negligence p = 0 to strict liability p = 1) on v, and a is generally indeterminate (i.e.,

V99 < vt and a9 < a®'9 where j € {sl,neg}), since we have:

dve _ v"(a) = B(1 = F(ve)) _  dac _a(l— F(ve)) — A -

0; = 0
dCy A = dCy A =
By the SOC, the inequality % > g always holds; thus if jCL; < 0 holds, it cannot
be that 2= < 0, since this would require that ) o1 F (v,) < 2, contradicting the
H B «
SOC (thus it is not possible to obtain a"®97 > a* and Q"7 < Q7). In turn, any of the

following configurations may occur, where j € {sl, neg}:

. 1" - . . .
—if 1 — F(ve) > WT@'), then jCL; < 0 and ddCL; > 0; hence: Q%97 < Q%% and a7 < alJ;

—if 2 >1— F(v,), then 4= < ( and

dve
dCy C

i > 0; hence: Q797 > Q4 and a9 > a7,

— if % > 1— F(v.) > 2, then j(%; > 0 and ddCL; > 0; hence: Q"7 > Q% and
anesd < qshi,

Figure 5 illustrates the comparison of combinations (s, sl) and (neg, sl). When strict
liability is implemented in product liability, a switch in tort law from negligence to strict
liability (i.e., the liability cost to the users increases), then both condition (7) and condition
(ME) moves upwards and to the right. Figure 5 shows that, depending on the magnitude
of the shift in (ME), the decrease in the output level may be accompagnied by either an

increase (dashed (ME) in black) or a decrease (dashed (ME)’ in red) in the level of R&D.
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Ve i (7) if (neg,sl)

(7)if (d.d)

(ME) if (sl,9)
— (ME) if (neg d)
(MEY if (neg,d)

a

Figures 5 — Comparison of (s, sl) versus (neg, sl)

B/ In contrast, when the liability rule changes at the same time in both areas of law,

the analysis is much more complex, since we have:

d?]e == A ldCH—f— A JdCM
20 >0
1— F(v,)) — A a(l — F(v)) + A%
dae — (Oé( ('U ) )dCH— ( ( ( )) 1 a)dCM
=0 >0

c) Comparison of (neg,neg) and (sl,sl): When both tort law and product liability
switch from negligence to strict liability, there is an increase in v, (i.e., v < p3bst hut
an ambiguous effect on a (i.e., a9 < '), since assuming dp = do, dCy = (24, )h.dp,
and dCy = q(Ysw)h.dp, we have:

dv. (v"(a) = B(1 = F(ve))) (7"(a)1%; + B(1 = F(v.))

= q(xgp)h +

q(Ysw)h = 0

dp A A
a a1l — F(v,)) — a(l — F(v,)) + A%
‘;pe _ (@ FA< <)) A).q(xsw)h— (o (A>)+ )-Q<ysw)h§0

. . . dUe
Hence, 7"(a) = f(1 = F(ve)) > 0 > a1 — F(ve)) — A is sufficient to obtain ‘= > 0 and
Bz 0 (ie., vP0"9 > pehsh and a9 < ai'); of. b) above.
0
d) Comparison of (neg, sl) and (sl,neg): When tort law switches from negligence to

strict liability, and simultaneously product liability also switches from negligence to strict
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liability, the effect on v, and a are ambiguous (i.e., v"9"% < v3bsl and. @99 < b)),

since assuming now do = —dp, dCy = q(z,)h.dp, and dCy; = —q(ysw)h.dp, we have:

(v"(a) 7% + B(1 = F(v.))
A

= 2 (70 (4t~ T tl0m)) = B0 F00) () + a0

A 1—a
da, (a(l = F(v,)) — A) (a1 = F(ve)) + M%)
dp A A

h

_ q(Tw)h +
= X (a(l — F(ve)) (0(%s0) + (Ysw)) — A (Q(ﬂfsw) - %Q(ysw)»

dve (7"(a) = B(A = F(ve)))

= q(xgp)h — q(Ysw)h

'Q(ysw>h

Hence, a condition sufficient to obtain dd—";j < 0 and %@ > 0 (i.e., vreost > pshneg and
ool < golnes) js;

— either v"(a) — (1 — F(v.) <0 < al = F(v.)) — A .

—or ¢(Tew) — 7% q(Ysw) < 0.

Figure 6 compares the combinations (neg, sl) and (sl, neg) . Condition (7) under (neg, sl)
is below and to the left of condition (7) under (sl,neg). However, condition (ME) under
(neg, sl) may be either below and to the left, or above and to the right of condition (ME)
under (sl, neg) (depending on the size of +%~). As a consequence, the level of R&D investment

under (sl,neg) is larger than under (neg, sl); in contrast, the impact on the level of output

is indeterminate.

Ve (7) if (neg,gl)

v\ (7if(d.neg)
\

_ _ (MB)if (sneg)

<— (MB) if (neg )
_\

Ve"eg'd

(ME)" if (8l,neg)
a

Figures 6 — Comparison of (neg, sl) and (sl,neg)
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Hence the results. B

Equilibrium versus Optimum (Proposition 4). Condition (PO) defines a curve

in the space (a,vy,) with a slope equal to (df}“"

a )(PO) = ﬁ (Cri(Ysw; h) — 1) < 0, while

condition (3) is represented by a curve with a slope equal to

dvsw _ 7" (a)
( da )(3) - F(Wsw)(1=v50w+Ch (Tsw;ph) —Chrr (Ysw;oh)) <0

(the numerator is positive according to the SOC). By the SOC once again, we obtain

> = (%)(PO)'

that — (%) 5,

The comparison with the case where strict liability is used both under tort law and
product liability is the most straightforward. On the one hand, the graph of (PO) is always

f
; hence, for any level of R&D

below the graph of (ME) under (sl,sl) because of the term (ﬂ>| appearing on the

RHS term of (ME) (moreover, (—%:) rO)

> (_ dftfzw ) (ME) )

investment, the stage-2 output level is below the socially optimal one (i.e., for any a, then
Ve > Ugy ). On the other hand, comparing (3) and (7) for (s, sl), it comes that the first term
in the expression of the total marginal benefit of R&D in (3) depends on E(v|v > vy, ), while
it depends on v, in (7) (the second term of (3) and (7) being identical given the combination
of rules (sl,sl)). Thus a sufficient condition for the graph of (3) to be above the graph of
(7), as in Figure 7, is given by E(v|v > vg,) < v.:

Ve,Vsw (7)if (s1,8l)

Ve

Vsw

asd

Figure 7 — Comparison of the Optimum and the Equilibrium under (sl, sl) when

E(v|v > vgy) < ve
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As a consequence, it comes that vt > v, & 1 — F(v:4%) < 1— F(vg,) and af"*! < ag,.

Complement to Section 4 — paragraph 4.1.

Assume that according to a public regulation, the monopoly affords the efficient output,
Qsw, at the (unique) best price sufficient to break even. Then, the robot manufacturer
chooses the level of R&D investment G’/ that maximizes the stage 1-expected profit given

the liability regimes, defined by

H((I) = (P - CLC’M (ysw; Uh)) st - 7((1)

under (PO), and chooses the price P/ such that II(a%7) = 0, where vy, is set according to

(PO). It is easy to verify that the derivative w.r.t. a’’ is given by:

I1(0) = ~Cyi ) Qo + (P = aCorlymi o) Soe) (B22) =) (1)
@/ (po

with an equilibrium price that satisfies: f’e” = a Chr(Ysw; oh) + % It is clear that this
expression differs from the expressions we obtain in the different cases studied formerly (that
lead to the different FOCs (3), or (7) or (11)), resulting thus in a different R&D investment
level. Specifically, compared to the regulated monopoly that uses perfect price discrimina-
tion, it is straightforward that the first term in (13) is smaller than in (11) — therefore, for a
given liability regime, the regulated monopoly that sets a unique price achieves a lower level
of R&D investment compared to when it uses perfect price discrimination; i.e., a%/ < a%’ for
any identical liability regime (i, 7).

Furthermore, after substituting ]58” and rearranging, we obtain:

7<dé’j) <1 —Cu (ysw§ Uh)
Qow (1—ab’)?
Clearly, this latter condition is also distinct form condition (3), implying that generally

abd % Qg

> -f(vsw) - CM(ysw; Jh)'st - ’7/(&?]')
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