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Abstract
We model the eﬀect of safety technology improvements in a symmetric game in
which each player’s payoﬀ depends on his own precaution and the other players average
precaution. We derive conditions under which an improved technology increases or
decreases players’ equilibrium utility.
For mandatory safety technologies, the direction of the welfare eﬀect depends on
whether the externality between players is positive or negative, and on whether the
technology improvement is a complement or substitute for individual precaution. For
safety technologies that individuals can choose whether or not to purchase, individuals
expend too much on reducing the loss size but may spend either too much or too little
on features that reduce the individual’s loss probability.
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Introduction

The seminal contribution of Peltzman (1975) addresses the possibility that legally mandated use of safety devices on automobiles such as seat belts may lead to oﬀsetting eﬀects
in the form of reduced care in driving habits. Such an individually rational response to the
lowered cost or severity of accidents can partially or even entirely oﬀset the anticipated
reductions in the overall accident and/or fatality rate. This type of phenomenon is known
as oﬀsetting behavior or the risk compensation eﬀect.
Following Peltzman (1975), numerous studies analyze whether adoption of new safety
technologies leads to oﬀsetting behavior in the context of road safety (e.g., Winston et
al. (2006) and Harless and Hoﬀer (2003)) as well as many other areas such as workplace
safety (e.g., Lanoie (1992), sports (e.g., Potter (2011) on formula 1 racing and McCannon
(2011) on basketball), food safety (e.g., Miljkovic (2011), et al.), health (e.g., Geoﬀard
and Philipson (1996), Fletcher et al. (2010)).
In most real world applications of oﬀsetting behavior, an important externality is
present. A driver’s accident probability, for example, depends crucially on how carefully
others drive, in addition to the individual’s own level of care and use of technology. The
likelihood of incurring an infectious disease also depends on how careful others are (or
have been) in avoiding the disease since this aﬀects the percentage of the population that
is infected. However, in many empirical analyses of oﬀsetting behavior, the externality
is typically either not explicitly modeled or even recognized. In others, the externality is
described in a way that suits only the particular application under study.
In order to evaluate the welfare consequences of safety technology innovations when
externalities are present, we need to understand how each individual’s equilibrium choice
of precaution reacts to the technological innovation, but also how his utility is aﬀected by
the choices made by others (which are also aﬀected by the same technological innovation).
This is the purpose of this paper. In our model, we assume that the probability of an
individual experiencing a loss depends both on the individual’s own level of precaution
and, either positively or negatively, on the average precaution level of other agents.1 An
improved safety technology generally aﬀects agents’ equilibrium level of care – either positively or negatively, depending on whether the innovation is a substitute or complement
to precaution. The welfare eﬀect is then the sum of the direct eﬀect of the innovation,
which would arise if an individual was the only one with access to the new technology, and
1

By an individual’s level of precaution, we mean things such as attentiveness to road hazards while

driving or use of safe sex practices. These are assumed unobservable to the social planner, and create
externalities for others. Our paper is essentially an application of the phenomenon of moral hazard in
teams. See Holmstrom (1982) for a general characterization of this problem and Cooper and Ross (1985),
Lanoie (1992), Pedersen (2003), and Risa (1992, 1995) for specific applications.
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the indirect eﬀect that works through changing other individuals’ equilibrium precaution
level.
Per se, oﬀsetting behavior does not pose a normative problem. In fact, in the absence
of an externality eﬀect, oﬀsetting behavior actually contributes positively to welfare and
simply reflects people re-optimizing due to the change in the safety environment. However, if everyone’s loss probability is decreasing in other agents’ equilibrium level of care,
and if the new safety technology reduces the equilibrium level of care, then this eﬀect
is detrimental and needs to be accounted for in welfare comparisons. Indeed, it is even
possible that the overall welfare eﬀect of a technology improvement is negative.
We also develop two specialized versions of our model that help us to relate our approach to the existing literature. The first one of these is what we call a loss mitigation
technology (LMT). It reduces the size, but not the probability, of a loss (think of seat
belts or airbags). The second one, a probability reduction technology (PRT), reduces the
probability of a loss, but not its size if it occurs (think of rumble strips on highways that
warn a driver if he is about to leave his lane and sometimes allow for corrective actions).
We show that an improved LMT always leads to a reduction in the equilibrium level
of precaution, consistent with Peltzman’s hypothesis. If the externality from precaution is
a positive one, as is plausible in the context of traﬃc safety, then the oﬀsetting behavior
has negative welfare consequences. However, in applications where the externality is a
negative one, such as in certain types of crime deterrence, then the oﬀsetting behavior
actually has a positive welfare eﬀect.
Whether an improved PRT leads to oﬀsetting behavior in the traditional sense (i.e., a
reduction in individuals’ precaution) or the opposite depends on how the technology aﬀects
the marginal eﬀectiveness of precaution and can go in either direction. For example, an
improved braking system may increase the marginal benefit of attentiveness for avoiding
accidents which could not otherwise be avoided,2 while rumble strips may reduce the
individual’s perceived value of more frequent rests while driving. The welfare eﬀect of a
PRT then depends on both the direction of the eﬀect on precaution and on whether the
externality of precaution is positive or negative.
In Section 2, we develop our unified model for analyzing the positive and normative
implications of oﬀsetting behavior. We consider both cases in which the level of safety
technology is exogenously imposed or endogenously chosen. In Section 3, we address the
issue of valuing discrete, exogenous changes in safety technology and compare it to the
naive or engineering approach that ignores behavioral eﬀects. In the context of specific
models that reflect LMTs and PRTs, we analyze when the naive approach overestimates
or underestimates the true value. Section 4 provides a discussion of our results, including
2

Of course, an improved braking system could also induce people to drive faster or less carefully.
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how our model relates to the existing literature. Section 5 concludes and oﬀers suggestions
for further research on this topic.

2

The unified model

2.1

Setup

We now present a model that unifies many existing models of oﬀsetting behavior. Our
model is first developed for the case of exogenous (mandatory) safety technologies, such
as improved crash barriers on roadways or mandatory seat belt legislation. However, we
also extend the model to allow for safety technologies that are chosen and paid for by
individuals, such as airbag systems.
Consider a game between a continuum of players. All players are symmetric and
each player’s payoﬀ depends on his own activity level x (which we refer to as his level of
precaution), the average activity level x̄ of the other players in equilibrium, and technology
θ. Each player’s problem therefore is
max f (x, x̄, θ).
x

(1)

We assume that f is strictly concave in the first argument (f11 < 0)3 , and increasing in
its third argument (f3 > 0): Holding all players’ actions fixed, a player’s payoﬀ increases
as technology improves. As to the second argument, we allow for both positive (f2 > 0)
and negative (f2 < 0) externalities from other players’ actions.
In many activities, such as automobile driving, the externality is plausibly positive,
i.e., any individual’s probability of incurring a bad outcome is reduced by others taking
more care. However, a negative externality with respect to precaution is also a possibility.
For example, an individual’s own probability of being burglarized may increase (and hence
his welfare decrease) as a result of others increasing their level of observable precaution.
This eﬀect may follow because when others make their houses less attractive to burglars
(e.g., by ensuring house lights are automatically turned on and oﬀ while away), burglars
may shift their attention to seemingly more vulnerable properties.4
Note that our model is set up with uninsurable losses in mind; for example, losses could
reflect lost quality adjusted life years. Furthermore, our model implicitly assumes that the
individual choice of precaution cannot directly be controlled by the social planner (because
this is either impossible or very costly to eﬀect), and the level of indirect measures such
3
4

Henceforth, we will denote partial derivatives by subscripts. For example, f11 ≡ ∂f 2 /∂x2 .
Whether a potential victim’s precaution creates a positive or negative externality depends on whether

the action is observable or unobservable to perpetrators of crime. See Ayres and Levitt (1998) and Shavell
(1991).
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as experience rating by insurers, liability through negligence rules enforced through the
legal system, or imperfect monitoring such as police enforcement of traﬃc regulations5 is
constant with respect to the safety technology improvement. Our reason is that we wish
to analyze the eﬀect of technological change on the externality created by moral hazard
and on social welfare in isolation of other issues. We recognize that, even without this
direct type of externality, individual moral hazard can create a negative externality eﬀect
through an insurance pool (e.g., see Gossner and Picard, 2005). We leave aside these sorts
of issues in this article, although they are all well worth exploring in future work.

2.2

Analysis

Since f is strictly concave in its first argument, the first order condition
∂f
≡ f1 = 0
∂x

(2)

is necessary and suﬃcient for a global optimum. An important property of the equilibrium
is stability for constant technology, i.e., whether, when the other players’ average action
increases by 1, the individually optimal action increases by less than 1. Applying the
implicit function theorem to (2) to calculate the slope of the reaction function, we assume
that
f12
dx
=−
<1
(3)
dx̄
f11
in order to guarantee stability. Note that this includes three qualitatively diﬀerent cases:
In the first case, precaution by others reduces the marginal eﬀect of individual precaution
(f12 < 0 is suﬃcient for (3) to hold, given that f11 < 0). In the second case, 0 < f12 <
−f11 , precaution by others increases the marginal eﬀect of individual precaution. Finally,
if f12 = 0, the other players’ precaution level does not influence the marginal eﬀect.
Totally diﬀerentiating (2) with respect to θ, we find that
f13
dx
=−
.
dθ
f11 + f12

(4)

Given (3), the denominator in (4) is negative, so the sign of dx/dθ is the same as the sign
of f13 . Intuitively, if an increase in θ reduces the marginal payoﬀ to x (i.e., if f13 < 0),
then the equilibrium level of x falls and vice versa.
Empirical investigations of oﬀsetting behavior usually presume that

dx
dθ

< 0. However,

“negative oﬀsetting behavior,” i.e. a case in which the improvement in safety is reinforced
by an increase in precaution so that

dx
dθ

> 0, is certainly a possibility.

We now turn to the eﬀect of a technological improvement on the players’ equilibrium
utility,
V (θ) = f (x̄(θ), x̄(θ), θ).
5

See, for example, Boyer and Dionne (1987) for an exploration of the some of these measures.
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(5)

Using the envelope theorem, a change of θ has the following eﬀect on equilibrium utility:
V ′ (θ) =

∂f
∂f ∂ x̄
f13
+
= f3 − f2
.
∂θ
∂ x̄ ∂θ
f11 + f12

(6)

Remember that f3 > 0; that is, increasing θ means progress: Holding constant the actions
of all players, each player’s payoﬀ increases. The second term measures the eﬀect of
interaction between players. If the externality between players is positive (f2 > 0), then
the interaction eﬀect has the same sign as f13 : If f13 > 0, then the equilibrium level of x
increases, which has additional beneficial eﬀects on the equilibrium utility of all players.
If, instead, f13 < 0, then the equilibrium level of x decreases, thereby counteracting the
positive direct technology eﬀect. It is even possible that the overall eﬀect of technical
progress on players’ equilibrium utility is negative.
In case of a negative externality (f2 < 0), these eﬀects go in the other direction. If
f13 > 0, then the equilibrium level of x goes up which increases the negative externality
and counteracts the direct eﬀect of technical progress. If f13 < 0, then the equilibrium level
of x goes down, reducing the negative externality between players and further increasing
their equilibrium utility level. Proposition 1 summarizes these findings.
Proposition 1. The following are suﬃcient conditions for a costless and exogenous
(mandatory) safety improvement to increase the players’ equilibrium utility level:
1. The externality between players is positive (f2 > 0) and technical progress increases
the equilibrium activity level (f13 > 0).
2. The externality between players is negative (f2 < 0) and technical progress decreases
the equilibrium activity level (f13 < 0).
3. The externality between players is zero (f2 = 0).
If none of the above conditions holds, then the equilibrium utility change is smaller
than the direct eﬀect of technical progress. In particular, the overall eﬀect is negative if
f3 < f2

f13
.
f11 + f12

(7)

Consider now the case that the safety technology is endogenous, i.e., chosen and paid
for by the individual. Individuals internalize the financial cost of acquiring any particular
level of safety technology, as well as their own benefit from the better technology, but
not any externality, should one exist. All the partial derivatives above reflect the same
considerations and interpretations. However, given that θ is chosen by the individual at a
cost k(θ), our original problem (equation (1)) becomes max{x,θ} f (x, x̄, θ) − k(θ) and the
following additional first-order condition arises;
f3 − k ′ (θ) = 0.
5

(8)

The most relevant welfare question is whether a tax or subsidy on the safety technology
is optimal. Given that the technology is costly, there is an additional term −k ′ (θ) in (6),
and we have to take into account (8), which leads to:
V ′ (θ) =

∂f
∂f ∂ x̄
f13
− k ′ (θ) +
= −f2
.
∂θ
∂ x̄ ∂θ
f11 + f12

(9)

13
The term in (9), −f2 f11f+f
, captures the marginal externality eﬀect of the safety tech12

nology on the marginal value of the individual’s precaution. With no externality eﬀect
(f2 = 0), and/or no eﬀect of the safety technology on the marginal value of the individual’s
precaution (f13 = 0), the privately optimal choice is also the socially optimal choice, and
no tax or subsidy on θ is warranted.
If f2 and f13 have the same sign, then the marginal welfare eﬀect of an increase in
θ, evaluated at the private optimum, is positive. Consequently, subsidizing the safety
technology is welfare-improving. Conversely, if f2 and f13 have diﬀerent signs, then the
marginal welfare eﬀect of an increase in θ is negative, and a tax on the safety technology
is welfare-improving. These results are summarized in Proposition 2.
Proposition 2. Suppose individuals choose privately a level of safety technology, at a cost
of k(θ). If either f2 = 0, or f13 = 0, or both, hold, then the privately optimal choice is
also the socially optimal choice. Otherwise, we have the following implications regarding
a tax or subsidy on θ being welfare improving.
1. If the externality is positive (f2 > 0) and technical progress decreases the equilibrium
activity level (f13 < 0), then V ′ (θ) < 0 and so an appropriate tax on θ will increase
welfare. The same applies if f2 < 0 and f13 > 0.
2. If the externality is positive (f2 > 0) and technical progress increases the equilibrium
activity level (f13 > 0), then V ′ (θ) > 0 and so an appropriate subsidy on θ will
increase welfare. The same applies if f2 and f13 are both negative.
In any empirical analysis of oﬀsetting behavior, the objective is generally to determine if

dx
dθ

is nonzero and, if so, estimating its magnitude. Propositions 1 and 2 imply a

number of important consequences relating to both positive and normative implications
of improved safety technologies.
Firstly, suppose that there is no externality eﬀect associated with individuals’ choice of
precaution (f2 = 0). If f13 ̸= 0, there is an oﬀsetting eﬀect, but it is of no consequence to
social welfare, irrespective of the magnitude of

dx
dθ .

This follows independently of whether

the improved safety technology is being mandated or chosen voluntarily by individuals.
Secondly, if the improved safety technology does not aﬀect the equilibrium level of
precaution (i.e., f13 = 0), then there also is no welfare issue, even if there is an externality
6

associated with precaution (i.e., f2 ̸= 0).6
Propositions 1 and 2 imply that what is critically important in assessing the normative
properties of the safety improvement is the interaction of its eﬀect on the marginal benefit
of precaution (f13 ) with the externality eﬀect (f2 ). Using (4), the normative impact in
both propositions (see equations (6) and (9)) can be written simply as
f2

dx
f13
= −f2
.
dθ
f11 + f12

(10)

The sign and size of (10) clearly depends crucially on the sign and size of the externality
eﬀect f2 . For the sake of clarity, we now focus on the perhaps more typical case that other
people taking more care increases an individual’s utility (f2 > 0) and a truly oﬀsetting
eﬀect (f13 < 0, so that

dx
dθ

< 0).7

The sign and magnitude of the cross partial f12 influences the size of the observable
oﬀsetting eﬀect ( dx
dθ ) as follows. The size of

dx
dθ

is inversely related to the magnitude of

(f11 + f12 ). Recall that f11 < 0 by the assumption that the objective function is strictly
concave in an individual’s level of precaution. Therefore, our stability condition (3) is
always satisfied for f12 ≤ 0 and allows for f12 > 0 but “not too large.”
If precaution is a strategic substitute (f12 < 0), this leads to an amelioration of this
negative welfare eﬀect: In this case, each individual responds by increasing his own level
of precaution (x) when others become less careful (x ↓). Thus, although each person
reduces his level of precaution due to its marginal benefit falling (f13 < 0), this eﬀect is
diminished by the response to others’ reduced x̄. The more negative is f12 , the greater is
the magnitude of the denominator of

dx
dθ

and so the smaller is the oﬀsetting eﬀect. This

also means that, for a given value of f2 , welfare is aﬀected less.
If precaution is a strategic complement (f12 > 0), a stronger complementarity leads to a
larger magnitude of the oﬀsetting eﬀect and a more negative welfare eﬀect of the oﬀsetting
behavior. Intuitively, the improved safety technology leads directly to a lower equilibrium
precaution level, and this decrease is exacerbated by the strategic complementarity, leading
to more drastic negative welfare consequences. Formally, a larger value of f12 decreases
the absolute value of the denominator in (10) and thus increases the size of the external
eﬀect.
Finally, if f12 = 0 then the decisions of others’ aﬀect each individual’s own safety,
but the individual marginal benefit of precaution is unaﬀected by the decisions of others. Consequently, the welfare eﬀect is intermediate between the two cases of strategic
substitutability and strategic complementarity.
6

Note that an empirical analysis that finds no oﬀsetting eﬀect essentially uncovers an instance of f13 = 0

and hence does not imply any misleading welfare conclusions about oﬀsetting behavior.
7
It is straightforward to adjust the arguments given to either or both f2 < 0 and f13 > 0.
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Our model described so far provides a fairly general framework for analyzing the welfare implications of safety technology improvements in the presence of an oﬀsetting phenomenon. The most important message is that it is not suﬃcient per se to determine the
empirical eﬀect of a change in some safety technology on the equilibrium choice of precaution to understand its normative significance. It is also critical to examine the relationship
of individuals’ decisions and the sign and size of the externality eﬀect.
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Valuing a discrete change in safety

In this section, we are interested in determining the true value of a discrete mandatory
safety improvement, and compare it to the commonly used engineering approach that
ignores behavioral changes induced by safety improvement.
A discrete change in safety technology is modeled as an increase in θ from θ0 to θ1 > θ0 .
Letting x0 = x(θ0 ) and x1 = x(θ1 ), it follows that the true social value of such a change is
T V ≡ V (θ1 ) − V (θ0 ) = f (x1 , x1 , θ1 ) − f (x0 , x0 , θ0 ).

(11)

Using the total derivative of the value function V (θ) = f (x(θ), x(θ), θ), which is
dV
dx
= (f1 + f2 )
+ f3 ,
dθ
dθ

(12)

and the fact that f1 = 0 by optimality, we can write (11) as
∫θ1
TV =
θ0

dV
dθ =
dθ

]
∫θ1 [
dx
f2
+ f3 dθ.
dθ

(13)

θ0

The term f3 represents the direct eﬀect of the technology improvement, conditional on no
change in equilibrium precaution, while the term f2 dx
dθ in (13) represents the eﬀect due to
changes in the equilibrium externality level caused by the improved safety technology.
In contrast, the engineering approach calculates the naive value as
∫θ1
N V ≡ f (x0 , x0 , θ1 ) − f (x0 , x0 , θ0 ) =

f3 (x0 , x0 , θ)dθ.

(14)

θ0

This value is a naive assessment in the sense that it assumes that there is no eﬀect on
behavior and so x is held fixed at the level x0 .
Just as in (13), the term f3 represents the direct eﬀect of the technology improvement.
Note, however, that f3 in (13) and (14) are evaluated at diﬀerent values. This subtle
observation is the reason why TV and NV may diﬀer even in settings where there is no
externality (f2 = 0). Specifically, the naive assessment underestimates the social value in
8

this case, as it ignores that individuals enhance their utility by reoptimizing under the
new technology.
To see this, consider first the case that the technology improvement is a substitute
for precaution, and thus optimal precaution decreases (i.e., f13 < 0, so that x(θ) < x0
for all θ > θ0 ). Using f13 < 0, we have that f3 (x(θ), x(θ), θ) > f3 (x0 , x0 , θ).8 Hence,
the integrand in (13) is larger than the integrand in (14) for all θ ∈ (θ0 , θ1 ], and thus
TV > NV .
Second, consider the case that the technology improvement is a complement for precaution, and thus optimal precaution increases (i.e., f13 > 0, so that x(θ) > x0 for all
θ > θ0 ). Again using f13 > 0, this implies that f3 (x(θ), x(θ), θ) > f3 (x0 , x0 , θ), and so the
integrand in (13) is again larger than the integrand in (14) for all θ ∈ (θ0 , θ1 ], and thus
T V > N V . Therefore, we have just shown Proposition 3.
Proposition 3. If f2 = 0, i.e., if there is no externality from precaution, then the naive
engineering approach underestimates the true value of a safety innovation whenever there
is an oﬀsetting eﬀect (i.e., whenever f13 ̸= 0).
We now turn to two specific functional forms of our general model. The first one of
these is what we call a loss mitigation technology (LMT). It reduces the size of the loss,
conditional on one occurring, but not its probability. For example, seat belts or airbags are
appropriately thought of as LMTs. Another example from the field of health economics
is improved HIV treatment.
The second one, a probability reduction technology (PRT) reduces the probability of a
loss, but not its size if it occurs. One can think of rumble strips on highways that warn
an inattentive driver through the noise that the tires create on them that he is about to
leave his lane, which may sometimes allow for corrective actions.
Even though, in reality, most safety technology improvements aﬀect both the probability and the size the loss simultaneously, these two cases are convenient for their analytic
tractability and characterize much of the empirical research on oﬀsetting behavior.

3.1

Loss Mitigation Technology

For a loss mitigation technology, the size of the loss is a function of the safety technology
θ. Formally, we have L(θ), with L′ (θ) < 0.; i.e., an increase in θ represents improved
loss mitigation. The probability of a loss, D(x, x), is independent of the technology and
depends both on the individual’s precaution, and on the average level of precaution of
8

Note that the second argument of these functions has no eﬀect on their value because f2 = 0 by

assumption, and therefore also f32 = 0.
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others, x. Individuals incur personal cost c(x) for their level of precaution, with c′ (x) > 0.9
This LMT model exemplifies many that are used in the literature, either explicitly or
implicitly, to analyze oﬀsetting behavior resulting from improved loss mitigation technologies. The externality, however, is usually not included in these models.
The individual’s utility is the negative of expected loss and cost of precaution, and so
we have
f (x, x, θ) = −D(x, x)L(θ) − c(x)

(15)

The first-order condition that relates to equation (2) is:
f1 = −D1 (x, x)L(θ) − c′ (x) = 0

(16)

and implies that the individual’s choice of precaution equates the marginal benefit of
precaution (i.e., the reduction in expected loss) to its marginal cost.
As is typical in such models, we assume increasing precaution reduces the probability
of loss at a decreasing rate (D11 > 0) and that marginal cost is increasing in the level of
precaution (c′′ > 0). These assumptions ensure that the second order condition to the
maximization problem is satisfied.
The value function is
V (θ) = f (x(θ), x(θ), θ) = −D(x(θ), x(θ))L(θ) − c(x(θ)).

(17)

Again, we let x0 = x(θ0 ) and x1 = x(θ1 ). We also use Di = D(xi , xi ) to represent the
equilibrium loss probability when x = xi , i = 0, 1 and Li = L(θi ), to represent the loss for
i = 0, 1. Therefore, L0 − L1 > 0 is the loss reduction due to the LMT while D1 − D0 is
the change in the probability due to the change in precaution.
Consequently, the naive valuation is
(
)
N V ≡ f (x0 , x0 , θ1 ) − f (x0 , x0 , θ0 ) = D0 L0 − L1

(18)

which is simply the expected value of the reduced loss conditional on behavior not changing. The true valuation is
(
) (
)
T V = V (θ1 ) − V (θ0 ) = D0 L0 − L1 − D1 − D0 L1 + [c(x0 ) − c(x1 )] .

(19)

Since an improved loss mitigation technology reduces the marginal benefit of precaution (i.e., L′ (θ) < 0 ⇒ f13 = −D1 (x, x)L′ (θ) < 0), we have
9

dx
dθ

< 0. Suppose an increase

If the loss is a non-monetary object such as quality adjusted life years (QALYs), then other objects in

the objective function f , such as cost of precaution c(x), need to be treated as having been converted to, or
measured by reference to, similar units. See Hammitt (2005) and Hirth et al. (2000) for useful discussions
on linking QALYs to monetary values.
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in others’ precaution also reduces the probability of loss (D2 < 0). This means that others’ precaution represents a positive externality (f2 > 0), and is a suﬃcient condition for
D1 > D0 ; that is, the reduction in loss size leads to an increased loss probability due to
oﬀsetting behavior.

(
)
Under these assumptions, the true valuation equals the naive valuation, D0 L0 − L1 ,
(
)
plus two additional terms. The first of these, − D1 − D0 L1 < 0, represents the eﬀect of
the change in the loss probability. The second one, [c(x0 ) − c(x1 )] > 0, represents the cost
savings due to reduced precaution. If D2 = 0 (i.e., f2 = 0), then there is no externality
eﬀect and the combination of these two terms is always positive and simply measures the
eﬀect of the individual reoptimizing precaution due to the reduced loss.

(
)
However, if D2 < 0, then the first term may dominate the second one (i.e., − D1 − D0 L1 +

[c(x0 ) − c(x1 )] could be negative), so that the true value is less than the naive value. If
the externality if is suﬃciently large, it can even be the case that T V < 0; that is, the
LMT decreases welfare because it leads to a large reduction in equilibrium precaution.
Precaution may, of course, also constitute a negative externality (i.e., D2 > 0 ⇒ f2 <
0). For example, as suggested earlier, an individual’s probability of falling victim to a
home burglary may increase if others invest more in the safety of their homes and thus
make them less attractive targets for burglars. In this case, f2 < 0 and dx/dθ < 0 mean
that the first term in (13) is positive, implying that the naive valuation will necessarily
underestimate the true valuation. Example 1 in the appendix demonstrates explicitly how
these various results can come about.

3.2

Probability Reduction Technology

For a probability reduction technology (PRT), an increase in θ reduces the probability of
loss, but leaves the size of the loss unaﬀected (i.e., L(θ) = L). The individual’s objective
function is
f (x, x, θ) = −D(x, x, θ)L − c(x)

(20)

The naive valuation of an improvement in θ from θ0 to θ1 > θ0 is
N V ≡ f (x0 , x0 , θ1 ) − f (x0 , x0 , θ0 ) = [D(x0 , x0 , θ0 ) − D(x0 , x0 , θ1 )] L

(21)

which is simply the loss probability reduction, conditional on behavior not changing,
multiplied by the size of the loss. The true valuation is
T V = f (x1 , x1 , θ1 )−f (x0 , x0 , θ0 ) = N V −[D(x1 , x1 , θ1 ) − D(x0 , x0 , θ1 )] L+[c(x0 ) − c(x1 )] .
(22)
Suppose the PRT improvement reduces the productivity of precaution, i.e., D13 >
0 ⇒ f13 < 0, then

dx
dθ

< 0, and further suppose that precaution represents a posi-

tive externality (D2 < 0 ⇒ f2 > 0). This is suﬃcient for an increase in θ to lead
11

to − [D(x1 , x1 , θ1 ) − D(x0 , x0 , θ1 )] L being negative; i.e., x1 < x0 ⇒ D(x1 , x1 , θ1 ) >
D(x0 , x0 , θ1 ).
So the first of the additional terms in the expression for T V (relative to N V ) is
negative. The second additional term is the reduced cost of precaution, which is positive.
Depending on the balance between these two terms, the naive valuation could either overor under-estimate the true value of the PRT. If the behavioral eﬀect on the loss probability
(the first additional term), which includes the magnitude of the externality eﬀect, is strong
enough, then the PRT could even lead to a reduction in welfare (T V < 0).
Suppose we maintain all of the above assumptions except that now D13 < 0 (⇒ f13 >
0). This means that the PRT raises the productivity of individual precaution and so
dx
dθ

> 0 and x1 > x0 . Consequently, behavioral eﬀects further reduce the loss probability,

i.e., D(x1 , x1 , θ1 ) < D(x0 , x0 , θ1 ). The combination of individuals privately reoptimizing
their level of precaution and the positive externality of precaution, means that, in this case,
the naive valuation necessarily underestimates the true valuation, and the true value must
be positive.10 This, however, is not true if precaution represents a negative externality
(i.e., if D2 > 0 ⇒ f2 < 0) as was suggested earlier is a possibility in the case of burglary.
Example 2 in the Appendix illustrates all of these possibilities.

4

Discussion and Extensions

We now relate our results to some of the existing research on oﬀsetting behavior and
discuss possible extensions to our model. Our goal is to highlight the link between observed
behavioral change due to safety technology improvements, and the welfare implications
that ensue.
Peltzman (1975) and the welfare eﬀects of oﬀsetting behavior. Much, but certainly not all, of the existing literature either ignores the normative aspects of oﬀsetting
behavior or takes an informal approach to welfare analysis. A useful starting point for
our discussion is the seminal paper by Peltzman (1975). In the abstract of his paper (p.
677), he writes:
Technological studies imply that annual highway deaths would be 20 percent greater without legally mandated installation of various safety devices
on automobiles. This literature, however, ignores oﬀsetting eﬀects of nonregulatory demand for safety and driver response to the devices. This article
indicates that these oﬀsets are virtually complete, so that regulation has not
10

Although x1 > x0 ⇒ c(x1 ) > c(x0 ), the fact that x is chosen optimally means that, on balance, the

individual must be better oﬀ when θ rises to θ1 .
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decreased highway deaths. Time-series (but not cross-section) data imply some
saving of auto occupants’ lives at the expense of more pedestrian deaths and
more nonfatal accidents, a pattern consistent with optimal driver response to
regulation.
This passage raises several interesting issues. Firstly, “technological studies”presumably
means what we term the naive valuation methodology that ignores changes in behavior.
As we emphasize, however, oﬀsetting behavior does not necessarily eliminate the welfare
benefits of technological innovation or safety regulation. Even if the accident rate increases
and the death rate does not fall as a result of an exogenously imposed safety improvement,
it is possible that the regulation has improved welfare, as the cost of precaution is reduced.
This is one of the lessons learned from Proposition 3.
Also, example 1 in the Appendix demonstrates that an improved LMT may lead to a
welfare improvement that exceeds the naive valuation even if oﬀsetting behavioral change
leads to an increase in both the probability of loss and the expected value of loss.11
Eﬀects of oﬀsetting behavior on insiders and outsiders.

Another aspect of Peltz-

man’s work that suggests a useful extension of our model is that he separates the eﬀects of
the safety regulation into changes in the death rate of drivers and pedestrians. Pedestrians
do not influence how much precaution, x, is used by drivers. For simplicity, we assume
here that drivers don’t take the situation of pedestrians into account when choosing precaution.12 Pedestrians, of course, can be expected to react to changes in the drivers’
average level of precaution.
As before, let f (x, x, θ) denote the drivers’ utility, and let x(θ) be their equilibrium
level of precaution and V (θ) = f (x(θ), x(θ), θ) be their value function.
Let g(y, x) be the utility of a pedestrian when y is the level of care that a pedestrian
exerts in order to avoid being involved in an accident with an automobile. Note that there
are no interdependencies amongst pedestrians in their choice of y, but they are aﬀected
by the average care of drivers. We assume that g11 < 0 and that an interior optimum for
y exists, characterized by g1 = 0. It is natural to assume that g2 > 0; that is, the more
careful are drivers the better oﬀ are pedestrians.
Because the optimal y depends on x, we can write the equilibrium value of y as
y(θ) = y(x(θ)). This leads to a value function for pedestrians, Ω(θ) = g(y(θ), x(θ)). Using
11

Of course, as Peltzman (1975, p. 717) notes, it was probably not the intention of the regulators

(Congress) that the accident rate should increase as a result of safety regulations regardless of overall
welfare eﬀects.
12
In reality drivers probably do have an incentive to avoid hitting pedestrians, but it seems reasonable
that their eﬀorts are directed relatively more to avoid accidents that damage themselves through collisions
with other drivers.
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the envelope theorem (g1 = 0), Ω′ (θ) = g2 dx
dθ . In the case of truly oﬀsetting behavior,
( dx
)
dθ < 0 , which applies for any improved LMT of the type described in section 3.1, it
follows that Ω′ < 0. Given a population made up of a fraction λ of drivers and (1 − λ) of
pedestrians, the overall value function is Ψ(θ) = λf (x(θ), x(θ), θ) + (1 − λ)g(y(θ), x(θ)).
The welfare eﬀect of a mandatory marginal increase in car safety is
[
]
dx
dx
Ψ′ (θ) = λ f3 + f2
+ (1 − λ)g2
dθ
dθ

(23)

Given truly oﬀsetting behavior, the inclusion of pedestrian interests make it less likely
that an improvement in safety technology increases welfare.
Consider, however, the case of an improved safety technology such as anti-lock brakes
that, ceteris paribus, reduce the probability of an accident (i.e., a PRT). If the innovation
also enhances the marginal benefit of precaution, then f13 > 0 ⇒

dx
dθ

> 0, and precaution

exhibits a positive external eﬀect (f2 > 0), it follows that the first term of Ψ′ (θ) is positive
and g2 > 0 implies that the second term is also positive. Under these conditions, including
pedestrians’ utility in welfare considerations actually enhances the value of the improved
safety technology.
Many recent advances in car safety technology appear to possess both loss mitigation
and probability reducing eﬀects. It is not obvious whether these raise or lower the marginal
benefit of precaution. A proper welfare analysis requires that this be sorted out.
Our example of pedestrians as a group not directly involved with the loss prevention
activities, but aﬀected by them, can be generalized to other environments. Consider a
first group of “insiders” (the drivers in our example) and a second one of “outsiders” (the
pedestrians in our example).13 In many scenarios, including the interest of outsiders is
important for welfare analysis.
Consider, for example, a pair of individuals who have an ongoing sexual relationship.
Suppose one engages in high risk sex with multiple partners while the other treats the relationship as monogamous. The former can be treated as an insider who chooses precaution
x to reduce the chances of incurring a sexually transmitted disease (STD).
Suppose the result is an equilibrium in which an improved treatment for any STD
generates higher risk behavior by insiders that leads to a higher rate of infection in this
group. Although a LMT such as improved treatment in case of infection may improve the
expected wellbeing of insiders, outsiders may well be subjected to a worsening in risk and
welfare, and this reduces the chances of a LMT improving overall welfare. Note that this
conclusion follows whether or not outsiders can make (costly) choices that can counteract
the higher risk they face. The result follows as long as g2 > 0, whether or not g1 = 0.
13

Outsiders may be created by institutions. For example, in countries with public health care plans,

outsiders in the context of traﬃc safety could be taxpayers who incur the cost of healthcare for those in
accidents.
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Other related literature.

As noted in our introduction, much of the literature about

oﬀsetting behavior is directed at determining empirically its size in a wide variety of economic settings. Development of general theoretical models for the purpose of background
and welfare assessment has lagged. Over two decades ago, Neill (1993, p. 435) pointed
out that “The controversy over the eﬀectiveness of safety regulation in decreasing accident
rates is now decades old. However, the arguments that have been made are, for the most
part, empirical. The lack of theoretical perspective [. . . ] makes it impossible to predict
when and what sort of regulation is likely to be eﬀective.”
Our model provides such a theoretical framework for welfare analysis in settings where
oﬀsetting behavior is important and likely influenced by the state of technology. Some of
the elements of our model are present in existing theoretical models of oﬀsetting behavior,
but usually one or more of them is missing, or the models that capture all these aspects
typically relate to a very specific environment and so are not easily transferable to other
applications. We review here some such theoretical models.
Kunreuther and Heal (2003) provide a very interesting application of interactions and
how these influence collective safety outcomes. They analyze, as an example, how an airline’s decision to adopt a security system for baggage checking is aﬀected by the security
decision of other airlines. Any airline may choose a baggage checking method that influences the security of its flights. The externality arises when airlines accept the baggage of
travelers who are transferring from other airlines without rechecking. An airline’s ability
to avoid bad outcomes is aﬀected if other airlines do not adopt a secure baggage checking
system. This creates a complementarity between airlines’ decisions such as the interaction
eﬀect that is embodied by the term f12 in our model (with f12 > 0 in their case). The goal
of their paper, however, diﬀers from ours as their model focuses on how one might improve
overall welfare through influencing or managing individual decisions in the context of the
interaction eﬀects. They do not consider the relationship between improved technologies
as a second dimension of eﬀort which is at the heart of our model.
Muermann and Kunreuther (2008) incorporate some of the elements of Kunreuther
and Heal (2003) to model optimal investment in self-protection in the presence of interdependencies with others’ decisions (i.e.; “contamination”). In their model, an individual’s
eﬀort aﬀects his probability of an “own fault” accident. If an agent avoids an “own fault”
accident, there is a possibility that he will be involved in an accident that occurs due
to the fault of some other person, with a probability related to the other person’s eﬀort
choice. This is the source of externality in their model, as each agent’s eﬀort level aﬀects
the marginal benefit of the other agent’s eﬀort choice, but in a very specific manner. It
turns out that both partial insurance and use of an “at-fault”, as opposed to a “no-fault”,
insurance system can lead to a welfare improvement.
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Gossner and Picard (2005) investigate how to value the benefit of a road safety improvement when oﬀsetting eﬀects are present. In their model, the loss is financial, and
externalities work through the insurance market rather than through some explicit interaction eﬀects as in our model or in the papers discussed above. They do, however, consider
a similar problem as in our paper by taking into account how changes in road safety aﬀect
individuals’ precautionary eﬀort levels. Because losses are financial, they also investigate
how drivers’ risk aversion aﬀects the value of road safety improvements.
Hause (2006) is restricted to the case in which an individual’s precaution aﬀects the loss
probability while the exogenously introduced safety technology aﬀects the loss size (i.e., our
LMT model). His model does not include an externality eﬀect – be it positive or negative
– or interaction eﬀect of others’ safety choice and so, while his approach to determining
the diﬀerence between the naive value and the true value of an exogenous improvement to
safety is similar to ours, his welfare conclusions only apply for an environment in which
these factors are irrelevant.
Besides these models developed for specific contexts, there are somewhat more general
models of oﬀsetting behavior. Our model should be thought of as further developing those
models. Of particular relevance is Blomquist (1986) who develops a general model of
driver safety behavior in which an individual’s own eﬀort and a measure of exogenous
safety jointly aﬀect both the probability of an accident and the size of loss. Therefore,
his model incorporates aspects of both LMT and PRT. However, he does not model any
externality eﬀect and so limits the use of his model for welfare analysis since, as we have
demonstrated, the presence, sign, and size of the externality eﬀect aﬀect the social value of
an improved safety technology. His analysis also ignores the possibility that an exogenous
safety improvement may increase the marginal product of an individual’s own eﬀort; i.e.,
he eﬀectively assumes f13 < 0 and so only deals with the case that

dx
dθ

< 0.

Neill (1993) develops a model of exogenous safety improvements through regulations
that, ceteris paribus, either reduce the probability of an accident (PRT) or reduce the size
of loss (LMT). Individuals choose a level of precaution, as well as a private expenditure
that reduces the size of the loss. His goal is to determine conditions on the technological
relationships of these variables that allow one to sign the eﬀect of improved exogenous
safety on the equilibrium probability of an accident. His results are similar to ours in that
whether a safety improvement increases or decreases the marginal benefit of precaution is
crucial for whether the net eﬀect is a reduction in the equilibrium probability of accident.14
As with the model of Blomquist (1986), his model does not include an externality eﬀect,
which leads to the same limitations for welfare analysis as explained above.
14

However, he has the added complication in regards to how expenditure on self-insurance is aﬀected.
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5

Conclusions

We have presented a general model of oﬀsetting behavior that provides positive and normative analysis of either exogenous (mandated) or endogenous (voluntarily chosen) safety
improvements. Our model combines an explicit treatment of (1) strategic behavior, including consideration of whether precaution levels are strategic complements or substitutes,
(2) an externality eﬀect between people’s activity levels, be it positive or negative, (3)
how the safety technology aﬀects the marginal value of precaution, (4) whether the level
of safety technology is exogenously imposed or endogenously chosen. We also develop
specialized versions of our model in which the technological improvement reduces either
the size or the probability of the loss, but not both.
Most earlier models analyzed the positive implications of oﬀsetting behavior, in particular, the extent to which OB oﬀsets the direct reduction in exposure to the loss due to
the imposed safety technology. In contrast, a central focus of our analysis is normative,
and we derive conditions for the net welfare eﬀect of the technology improvement to be
positive or negative.
As we show, on its own, the size and direction of the oﬀsetting behavior eﬀect is neither
a useful indicator for whether an improved safety technology improves or worsens welfare,
nor for the size of this welfare eﬀect. We also investigate oﬀsetting behavior when diﬀerent
technology levels, such as the range or quality of optional safety features for automobiles,
are available at private cost to individuals. Whether it is welfare enhancing to tax or
subsidize the technology depends on whether the technological improvement enhances or
reduces the marginal benefit of each individual’s own level of precaution in conjunction
with whether the relevant externality is a positive or negative one. Moreover, the size of
the optimal tax depends on measures of all features of the model described above.
There are many avenues for future research based on our modeling approach. For
example, papers by Boyer and Dionne (1987), Gossner and Picard (2005), and Muermann
and Kunreuther (2009), develop specific models of road safety in the presence of insurance
and analyze how the choice of insurance schemes, such as fault versus no fault, aﬀects
welfare. While our model is set up without giving agents the possibility to insure against
losses, it would certainly be interesting to analyze some of the questions and policies of
those papers within our model framework.
One can also extend our model by introducing diﬀerences between individuals in their
preferences for loss mitigation or cost of taking precaution. Doing so would help to inform
empirical models that attempt to explain why individuals choose diﬀerent levels of such
technologies and would lead to nontrivial extensions of the normative implications of
technology improvements in the presence of oﬀsetting behavior.
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6

Appendix

6.1

Example 1: LMT

Consider the following specific example of the LMT model above. Let the loss probability
be
D(x, x) = κ − bx − (1 − b)x

(24)

so that b (with 0 ≤ b ≤ 1) measures the extent to which the loss probability is influenced
by the individual’s own level of care, while (1 − b) measures the extent to which the loss
probability is influenced by the average level of care of other players. Let the cost of
precaution be c(x) = αx2 and let the loss function be L(θ) = L − θ. Note that smaller
b implies own eﬀort is less important relative to others eﬀort. The objective function,
equation (15), becomes:
(
)
f (x, x, θ) = − [κ − bx − (1 − b)x] L − θ − αx2
Individual optimization yields x =
of everybody else in

equilibrium.15

bL
2α

(25)

which also, of course, is the level of precaution

Substituting this value for x (and x) into f and

simplifying yields the value function:
V (θ) = −κL(θ) +

b(2 − b) [L(θ)]2
4α

(26)

The following numerical examples illustrate the possible diﬀerences between the naive
and true valuations of discrete safety improvements. Letting κ = 1.2, α = 5, L = 10,
we evaluate both N V and T V for a safety improvement from θ0 = 0 to θ1 = 1. Note
that x =

bL(θ0 )
2α

and f2 = (1 − b)L(θ) = (1 − b)(10 − θ) ≥ 0 since 0 ≤ b ≤ 1.16 Choosing

b = 0.85 generates values N V = 0.35 and T V = 0.27; that is, the naive valuation exceeds
the true valuation. Alternatively, choosing b = 0.98 generates the values N V = 0.22 and
T V = 0.25 which demonstrates that, even in the presence of oﬀsetting behavior with an
externality eﬀect, the true value of a safety improvement may exceed the naive value.
Choosing κ = 0.4 and maintaining all of the other parameter values, we find that for b
small enough, it is possible to generate cases where the true value of a safety improvement
is negative; that is, the oﬀsetting eﬀect coupled with a strong enough externality eﬀect
leads to a worsening of welfare. In particular, b = 0.3 generates values N V = 0.1 but
T V = −0.084.
15

For an interior solution to apply, we have to restrict parameters such that the probability of loss lies

bL
bL
between zero and one: 2α
< κ < 1 + 2α
.
16
This implies that precaution of others represents a positive externality except for b = 1 which implies

there is no externality whatsoever.
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Finally, note that we can generate an example with a negative externality (i.e., D2 >
0 =⇒ f2 < 0) by simply replacing the term −(1 − b)x with +ax, a > 0 in equation (24).
In this case T V is assured to exceed N T .

6.2

Example 2: PRT

In our first version of a PRT, we let D(x, x, θ) = [κ − bθx − (1 − b)θx], b ∈ [0, 1]. In
this case, an increase in θ not only reduces the probability of loss but also increases the
eﬀectiveness of individual precaution; that is, for any given level of x, an increase in θ
increases the marginal benefit of being careful. Specifically, D13 = −b and so f13 = bL > 0.
Each individual minimizes
f (x, x, θ) = − [κ − bθx − (1 − b)θx] L − αx2 .

(27)

We have f2 = (1 − b)θL > 0 and so the externality is positive for b ∈ [0, 1). Solving the
first order condition yields x =

bθL
2α ,

which is also equal to the equilibrium level of care

by everybody else. Note that f13 > 0 for b ∈ (0, 1] implies

dx
dθ

> 0; i.e., an increase in θ

increases the equilibrium level of care which is the opposite of the usual idea of (truly)
oﬀsetting behavior.
Formally, substituting the equilibrium level of care into the objective function yields
]
)2
(
bθL
bθL
.
L−α
V (θ) = − κ − θ
2α
2α
[

(28)

Diﬀerentiating V with respect to θ and noting that 0 < b < 1 yields
bL
V (θ) = −
α
′

2

(

)
b
− 1 θ > 0.
2

(29)

Suppose, however, that we make a similar alteration as we did for the base LMT
model above (i.e. replace the term −(1 − b)θx with +aθx, a > 0). This implies a negative
externality in precaution which, in conjunction with

dx
dθ

> 0, creates a negative welfare

eﬀect. If this eﬀect is suﬃciently strong, it could lead to an improved PRT actually
worsening welfare.
In contrast, the second example of a PRT illustrates a case in which an increase in θ
that reduces the loss probability leads to people being less careful in equilibrium. Assume
now that D(x, x) = (1 − θ) [κ − bx − (1 − b)x], where 0 < θ < 1. An interpretation of
this function is an immunization or a treatment that is eﬀective only for a proportion θ
of the population and prevents or heals the illness for them, while the immunization (or
treatment) has no eﬀect on the remainder of the population. Furthermore, individuals are
not sure whether they personally belong to the group that is positively aﬀected by the
treatment.
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With this loss probability function, each individual maximizes
f (x, x, θ) = −(1 − θ) [κ − bx − (1 − b)x] L − αx2 .

(30)

b(1−θ)L
2α , which also equals the equilibrium level x. For the initial value
0 )L
θ = θ0 , we have x0 = b(1−θ
. For the range θ ∈ (θ0 , θ1 ), we have f13 < 0 =⇒ dx
2α
dθ < 0, while
dx
f2 = (1−θ)(1−b)L > 0. Since dθ < 0, the positive externality of precaution in conjunction

This yields x =

with the oﬀsetting eﬀect leads to a negative eﬀect on welfare due to the improved safety
technology. If this eﬀect is strong enough, the naive valuation will overestimate the true
valuation which could even be negative.
We can see these possibilities by solving for the value function. For this example
to have an interior solution, we have to assume that κ ≥

b(1−θ)L
2α

(to ensure that the

equilibrium loss probability is non-negative). Substituting the equilibrium values of x and
x in the objective function and simplifying yields
2

V (θ) = −κ(1 − θ)L +

b(1 − θ)2 L
(2 − b).
4α

We can diﬀerentiate this with respect to θ to yield
]
[
b(1 − θ)L
′
V (θ) = −L
(2 − b) − κ .
2α

(31)

(32)

Using the restriction on κ from above, one can see that this expression may be negative
if b is smaller than 1, indicating that welfare may indeed fall with an increase in θ. If,
instead, b = 1, then the restriction on κ guarantees that V ′ (θ) > 0, which implies that an
increase in θ is beneficial for individuals. This must be the case since b = 1 means there
is no externality involving precaution of others.
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