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Abstract
Public policies intended to induce behavioral change, specifically incentives to reduce
interpersonal contacts or to “social distance,” increasingly play a prominent role in public disease
response strategies as governments plan for and respond to major epidemics. I compare social
distancing incentives and outcomes under decentralized, full control social planner, and
constrained social planner, without health class specific control, decision making scenarios.
Constrained social planner decision making, based on non-health class specific controls, can in
some instances make society worse off than decentralized decision making (i.e. no intervention).
The oft neglected behavior of recovered and immune individuals is important for welfare and
health outcomes.
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1. Introduction
Infectious disease epidemics are scary, and behavioral adaptation has been a part of human
response to infectious disease for centuries. Recently, the World Health Organization
(2006), governments (Stern and Markel, 2009), and public health experts (Ferguson et al.,
2005; Glass et al., 2006; Halloran et al., 2008) have emphasized the potential importance of
public policies designed to elicit behavioral changes in preparing for and responding to
infectious disease epidemics. Specifically, these strategies provide incentives, some quite
strong, to reduce interpersonal contacts or to “social distance.” Social distancing policies can
be in the form of public facility shut downs (e.g., mass transit and school closures),
propaganda campaigns, and other attempts to reduce the ordinary contact rate among people.
Economics has a clear role to play in mapping incentives through micro-level behaviors to
macro-level outcomes for health and measures of social welfare.

If policies are aimed at changing individual behavior, then one must consider the ways in
which heterogeneous agents will respond to infection risk (Funk et al., 2010; Gersovitz,
2011). Prior economic studies of infectious disease transmission have developed macro-
dynamic models of socially optimal disease control and eradication in humans via treatment
and vaccination (Barrett and Hoel, 2007; Boulier et al., 2007; Francis, 2004; Gersovitz and
Hammer, 2003, 2004), in animals via culling strategies (reviewed in Horan et al., 2011b,
2010), and in vector-borne diseases (Gersovitz and Hammer, 2005). These models show that
individuals under-invest in prevention and control of disease, and that policy intervention
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can be welfare enhancing. Moreover, Almond and Mazumder (2005) and Almond (2006)
show that the impacts of an epidemic can persist long after the epidemic fades. Yet, public
interventions must be undertaken with care. Smith et al. (2009) and Keogh-Brown et al.
(2010) simulate social distancing interventions using a computable general equilibrium
model and find that the costs of proposed public health interventions may outweigh the cost
of the disease. Chen et al. (2011) show that social distancing interventions may have
ambiguous results on endemic disease equilibria. Social distancing and quarantine policies
may be “overdone” and decrease welfare (Fenichel et al., 2011; Keogh-Brown et al., 2010;
Mesnard and Seabright, 2009).

Epidemiologists and economists increasingly recognize that consumer heterogeneity and
micro-level decision making are essential in determining how epidemics evolve and how
policy interventions affect this evolution. Economists have developed models to describe
how individuals engage in adaptive or strategic behavior, including treatment and
vaccination (Francis, 1997; Geoffard and Philipson, 1996; Philipson, 2000), reductions in
risky sexual behavior (Auld, 2003; Kremer, 1996), migration behavior (Mesnard and
Seabright, 2009), and generic risk mitigation through reducing social contacts (Chen et al.,
2011; Fenichel et al., 2011). A key component of models with strategic behavior is that the
current health state of an individual influences his incentives to engage in different
behaviors (Auld, 2003; Fenichel et al., 2011). This type of adaptive response is largely
missing from epidemiological models that express an individual’s rate of social contacts as a
function of observable attributes that are exogenous to the epidemic such as sex and age
(reviewed by Funk et al., 2010).1

Susceptible individuals may have incentives to avoid infection for their own wellbeing even
if they are not concerned with the overall state of public health. Hence, one can think of
individuals as having partial ownership over the state of public health or alternatively the
public health state can be modeled as an impure public good (Bell and Gersbach, 2009).
However, public health interventions are difficult to design. For example, vaccinations are
wasted if they are given to individuals who would not have become infected or have already
contracted an infection. Treatment, if available, may be well targeted at infected individuals,
but may not prevent latent individuals from spreading infection. These targeting challenges
are exacerbated when considering social distancing policies, where the first best policy must
account for the mapping between endogenous behavioral responses to the policy and the
resulting spread of infection. Policies that abstract from this feedback mechanism could have
perverse effects. There is a need for economic analysis, but to have policy impact such
analysis must also be grounded in the nearly hundred-year-old epidemiological modeling
tradition (Kermack and McKendrick, 1929) to gain traction in non-economic spheres – the
spheres that dominate actual policy decision making.

In this paper, I develop an integrated epidemiological-economic model of social distancing
and strategic economic behavior during an epidemic. I contrast three types of decision
making: decentralized decision making, socially optimal decision making in the sense of
maximizing the discounted net present utility of the ex ante representative agent (this
defination of social welfare follows Chakraborty et al., 2010 and is explain in more detail
below; Francis, 1997, 2004; Geoffard and Philipson, 1996), and a constrained social planner
who tunes a policy instrument to be as efficient as possible given the inability to target the
epidemic itself, specifically, I consider a social planner who constrains all individuals to the
same behavior regardless of health class. This third mode of decision making approximates
the thinking that drives many real-world social distancing policies (though these are seldom

1Recently, mathematical epidemiologists have begun to use game theoretic models to consider the role of adaptive or strategic
behavior (Galvani et al., 2007; Reluga, 2010).
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optimized), such as school closures, (Cauchemez et al., 2008; Glass et al., 2006), public
transit shut downs, and other policies put forth by “frontline” infectious disease
epidemiologists (Ferguson et al., 2005; Fraser et al., 2009). I show that targeting social
distance policies by health class is important for maximizing social welfare and that it in
some cases it is possible for indiscriminant, but optimally tuned, decision making to make
society worse off than allowing for decentralized decision making. In other words,
seemingly “second-best” interventions that tune a non-targeted control to maximize social
welfare, conditional on the constrained choice set, can potentially lead to lower wellbeing
than not intervening, suggesting that indiscriminant policies to reduce contacts that are not
optimally tuned may not satisfy the creed “do no harm.” A relative loss of welfare can
potentially occur from non-targeted policies, compared to decentralized decision making,
because designing policies for the “average” individual may impose a strong constraint that
erodes welfare more than incomplete markets for disease prevention. This result, which is
easily overlooked in infectious disease epidemiology, highlights the need for analysis that
integrates economic modeling with epidemiological theory, and contributes to the broader
literature on commons problems with partial ownership (Stavins, 2011).

2. The model and analysis
2.1. An epidemiological model with behavioral response

Most modern epidemiology builds on the compartmental epidemiological modeling
framework introduced by Kermack and McKendrick (1929) and popularized by Anderson
and May (1979). Our model follows in this tradition, and closely follows Fenichel et al.
(2011). Specifically, I consider a communicable disease that causes significant utility loss to
infected individuals, but does not cause mortality.2 A population that is incurring an
epidemic can be divided into health compartments. I restrict the analysis to the three basic
epidemiological compartments: susceptible, S, infected and infectious, I (for the purpose of
this article I use these terms interchangeably), and recovered with immunity, Z, in a fixed
population, N. The epidemiological model is formalized as

(1)

(2)

(3)

C(·)I/N is the rate susceptible individuals contact infectious individuals, where C(·) is a
contact function. A special case of C(·) is a constant. C(·) is described in detail in the next
paragraph. The parameter β represents the likelihood that contact with an infectious
individual yields infection, i.e., the conditional “infectiveness” of a pathogen. The rate of
recovery and acquired immunity is v, and I assume no loss of immunity. The model is
constructed so that N is fixed and that any outbreak is temporary. Therefore, I focus on
dynamics as opposed to steady states (see Francis, 2004 for a similar treatment). Individuals
within a particular compartment are homogeneous.

2 Our framework is easily adapted to handle disease-induced mortality, but this requires tracking changes in the total population
thereby adding a state variable. It is also possible to include population turn-over, see supplemental material in Fenichel et al. (2011).
However, our primary goal is to explore social distancing policies in epidemics such as flu, which are often managed as if they will
eventually die out.
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Most epidemiological models assume that all individuals in the population behave
identically (exceptions include Auld, 2003; Fenichel et al., 2011). However, the basic model
structure itself introduces situational heterogeneity among health classes. There is reason to
believe that otherwise identical individuals in different health classes face different
incentives and therefore behave differently.3 To relax the assumption of homogeneous
behavior, first index individuals by health type, denoting Y = {s,i,z} to be the set of possible
health types (corresponding to S, I, and Z). Next, define contacts between m-type and n-type
individuals, with m, n ∈ Y, as

(4)

Cm is the expected number of contacts made by a type-m individual. When m = s and n = i,
Cmn(·) = Csi and corresponds to C(·) in Eqs. (1) and (2). I emphasize that Cm is a choice
made by a type-m individual. Cm may be chosen directly or by engaging in certain activities,
e.g., taking public transportation. I assume individuals know their own health type, but not
the health type of others. Accordingly, Eq. (4) implies conditional proportional mixing.
Mixing is proportional, but also conditional on the behaviors and the distribution of
individuals of different health types. In what follows, I simplify notation by scaling N to
unity so that S, I, and Z are fractions of the total population.

If all types choose the same number of contacts Ch = c, ∀h ∈ Y, irrespective of health class,
then Cmn(·) simplifies to the constant c. Accordingly, transmission takes the classic form
cβSI. Furthermore, if behavior is assumed to be constant over time, then c is a parameter,
and β and c can be combined into β̂ so that transmission takes the common form β̂SI (Begon
et al., 2002; McCallum et al., 2001). It is not possible to model endogenous social distancing
with such a formulation. At a minimum, transmission must be modeled as cβSI to
investigate the role of behavior on the transmission process.

I follow Geoffard and Philipson (1996) and model a representative agent whose current-
period utility depends on his current health state, h ∈ Y, and current-period contacts with
others. Specifically, a type-h individual’s instantaneous utility is u(h,Ch). Instantaneous
utility is assumed to be a concave and single peaked function in contacts, and infection
reduces instantaneous utility, so that u(i,c) < u(s,c) and u(i,c) < u(z,c).4

2.2. Individual decentralized decisions
Prior work has examined individual decision making in the social distancing context (Chen
et al., 2011; Fenichel et al., 2011; Reluga, 2010). These prior papers focus on individual
incentives and, with the exception of Fenichel et al. (2011), focus on equilibrium outcomes,
but transient dynamics are important during an epidemic (Francis, 2004).

If agents act in their own best interest and ignore externalities associated with contacts, then
each individual type behaves as if he solves a dynamic problem formalized by the
Hamilton–Jacobi–Bellman equation

(5)

3 Additional compartments or distributed parameters (Veliov, 2005) are required to model heterogeneous behaviors (and hence
heterogeneous infection risks) within a health class.
4We may also expect that u(z,c) ≤ u(s,c) suggesting the possibility of lasting effects from infection.
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where ρ is the discount rate. Ph,j is the probability of transition from state h ∈ Y to state j ∈
Y conditional on choice Ch at a given instant. This probability may be derived from Eqs.
(1)–(3) (see Fenichel et al., 2011 for details). The probability Ph,j depends on the current
state of the system, behaviors of individuals in the other health classes, C−h, and behavior of
individuals in the own health class, C̄h, which the individual takes as given. I focus on the
case when Ph,j = 0 for h ≠ j, except for the basic epidemiological transitions of Ps,i and Pi,z,
and where Pi,z(Ci) = P̄i,z∀Ch. This structure implies that the recovery rate is invariant to
behaviors in the population, it is not possible to go from s to z directly, or z to s, and Pz,z =
1.

The solution to problem (5) depends on the individual’s current state. Consider the problem
for recovered, type-z, individuals. Recovered individuals’ first order condition is uCz(z, Cz)
= 0 because there is no dynamic effect of type-z’s decision, where the subscript denotes the
partial derivative. The concave and single-peaked nature of u(h,Cz) implies that Cz is
constant, finite, and positive valued. The assumption that Pi,z(Ci) = P̄i,z∀Ch implies that
type-i individuals have a similar result, uCi(i, Ci) = 0, implying that that Ci is constant, finite,
and positive valued. Under a decentralized decision making scheme, infected and recovered
individuals do not behave strategically.

Susceptible individuals make forward-looking decisions, which for an interior solution are
modeled by satisfying

(6)

Re-ordering Eq. (6), , shows that the value in the infected state must be
less than the value in the susceptible state, which provides an incentive for behavioral
change. Moreover, the infection itself must result in loss (or gain) of utility for the individual
to consider the effect of present decisions on future health. Such incentives, or lack thereof,
for behavioral adjustments may be particularly important when there are different classes of
individuals with exogenous risk factors (e.g., sex or age).

Combining Eq. (6) with the version of Eq. (5) associated with h = s and letting udc(s,Cs)
equal the optimized value of utility (5), and calling the derivative of utility evaluated at the

optimal contact level , yields

(7)

Eq. (7) is an asset value equation (Shapiro and Stiglitz, 1984) related to human health capital
held in the susceptible state. The term −ER in Eq. (7) is the elasticity of demand for infection
risk (the percent change in the optimal probability of infection divided by the percent change
in the optimal utility payoff), where prices are thought of in utility terms (Weitzman, 2001).
Eq. (7) extends the notion of “prevalence-elasticity” (Philipson, 2000) to contact behavior,
self-determined social distancing, and individual behavioral decisions. From the terms that
make up ER it must be that ER > 0, and for Eq. (7) to remain positive ER > 1. This implies
that individuals will require disproportionally large amounts of risk reduction to give up
utility.

The core message from Eq. (7) is that the individual only considers infection risk to himself
and his own utility. The individual disregards how limiting contacts influences the common
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pool of public health and may benefit others over the course of the epidemic. This
realization has led public health researchers to consider the role of “social distancing”
policies. However an important question is how do behaviors of others affect the
individual’s own incentives.

Proposition 1—Changes in the behavior of recovered individuals have greater effect on
the susceptible individual’s value function than changes in the behavior of infected
individual, all else equal.

It is possible to compare ∂V(s)/∂Ci to ∂V(s)/∂Cz by applying the dynamic envelop theorem
(Caputo, 2005) to Eq. (5), where Ci and Cz are taken as parameters (as would be the case
from the susceptible individual’s perspective),

, h ∈ {i, z}. The sign of ∂V(s)/∂Ch is
determined by the marginal effect of Ch on Eq. (4). Ci enters both the numerator and the
denominator of Eq. (4). A marginal increase in Ci has a positive effect on the numerator,
which necessarily exceeds its negative effect on the denominator. Cz only has the negative
effect associated with the denominator. All else equal −∂V(s)/∂Ci < ∂V(s)/∂Cz because Ci

has offsetting effects on V(s).

Proposition 1 suggests that, all else equal, policy effects on recovered individuals are
important. Yet, this class of individuals is often given little consideration in health policy
discussions.

2.3. The complete market and the social planner’s problem
A public social distancing policy may improve social welfare. The social planner’s problem,
which is isomorphic to the case where all individuals consider the effects of their behavioral
decisions on all other individuals – the case of a complete market for the state of public
health, provides a benchmark for the maximum value that the system can deliver once the
public health commons problem is resolved (Bell and Gersbach, 2009).5 Individuals are
assumed to be identical prior to the introduction of the disease. Therefore, I take the ex ante
net present utility to be the social welfare function. This is consistent with the prior literature
that has analyzed the economics of epidemics in a dynamic setting (Chakraborty et al., 2010;
Francis, 1997, 2004; Geoffard and Philipson, 1996), and is consistent with the notion that
economic decisions are based on ex ante calculations (Heckman, 2010). The time specific,
socially optimal levels of contacts that complete the market for public health solves

(8)

subject to Eqs. (1)–(4), I(0) > 0, S(0) < 1, 0 ≤ Z(0) < 1, where T is the time at which the
epidemic fades out in an economic sense, which is defined explicitly in the next paragraph.
Only two of the three Eqs. (1)–(3) are needed to solve the problem. It is useful to focus on
Eqs. (1) and (3), where I = 1 − (S + Z). A social planner manages the three groups of
individuals and solves for the least restrictive program, choosing the contact levels for
susceptible, infected, and recovered individuals. The social planner directly chooses
behaviors, which is common in social planner problems for bioeconomic systems (Clark,
2005) and implies that the social planner has sufficient policy latitude to provide behavioral

5 In the centenary issue of the American Economic Review, Stavins (2011) argues that such commons problems are fundamental to
economics broadly.
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incentives with no transaction costs and in a way that any income effects can be offset,
hence the interpretation of a complete market for public health.

If susceptible individuals continue to become infected, then all individuals eventually enter
the recovered compartment. Economic epidemic fadeout, which occurs at time T, is defined
as a limit and is the first instance, following the epidemic, at which Cs is sufficiently similar
to Cz so that susceptible and recovered individuals are nearly behaviorally equivalent.6 If I
is never sufficiently small, then all susceptible individuals become infected and eventually
recovered, which would be a contradiction.7

The current value Hamiltonian for problem (8) is

where λh is the co-state variable associated with the epidemic state expressed as a
superscripted. The first order conditions for problem (8) are

(9)

(10)

(11)

Conditions (9)–(11) describe the socially optimal behavior of each group. The conditions
will be negative if it is optimal to make zero contacts, given Ch ≥ 0. Otherwise, contacts will
be chosen to make the conditions hold as strict equalities.

First, consider the socially optimal contact level for recovered, z, individuals. These
individuals are immune from infection so they have no personal incentive to reduce contacts
as noted in type z’s solution to problem (5). Assume Z > 0. Condition (11) implies that the
socially optimal behavior of recovered individuals differs from the recovered individual’s

private incentive: uCz(z, Cz) + (λsCiCsβSI/(SCs + ICi + ZCz)2) = 0 versus ,
respectively. The second term exists because a social planner considers how recovered
individuals’ behaviors influence the number of contacts the average individual (averaged
across all health classes) in the population makes, described by the denominator in Eq. (4).
The second term in Eq. (11), within the parenthesis, is positive and strictly positive if S and I

6 In a continuous state, continuous time model I can only reach zero as t goes to infinity. The reality of a discrete and finite N will lead
to demographic stochasticity, a stochastic effect resulting from the fact that a fraction of an individual cannot be infected, and disease
fades out in finite time (Nasell, 2002). Nevertheless, the continuous time system has a limiting behavior (Hethcote, 2000). In all
continuous time models equilibria are only approached as t → ∞. Therefore, our definition of economic epidemiological fadeout is an
alternative way of defining the limit. Nevertheless, the behavior of the model is well approximated by our construction, which is
similar to disease eradication models in Barrett and Hoel (2007) and Horan et al. (2011b), and is useful for providing information
about optimal establishment of an infectious disease and the limiting behavior of the optimized dynamical system.
7 That the disease optimally fades out is a result of the constant population assumption with no mortality and no new susceptible
individuals.
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both exist and types s and i make contacts. Given the assumption that u is concave and
single-peaked, to satisfy condition (11) recovered individuals must make contacts in excess
of what they would have made acting in their own self-interest in the decentralized problem
such that uCz < 0. This occurs because recovered individuals increase the probability of a
“safe” contact for a susceptible individual by making the average number of contacts
greater, but not increasing the number of infectious people to contact. Recovered individuals
can also be seen as “soaking up” contacts made by infected individuals thereby protecting
susceptible individuals and enabling susceptible individuals to make more contacts while
holding disease risk constant.

Condition (10) illustrates the incentives that the social planner faces for determining the
contact level of infected individuals. Assume contacts are an essential good or factor in
producing utility, otherwise condition (10) could be negative, and no level of contacts can be
chosen to set condition (10) equal to zero, making it optimal to ban all contacts by infected
individuals – a quarantine policy.8 Under a quarantine policy the incentives for susceptible
and recovered individuals become the myopic incentives and susceptible and recovered
classes do not need to consider the future. More generally, contacts may be essential for all
classes, and in the following analysis I assume that this is the case. Nevertheless, it will
generally be socially optimal for infected individuals to reduce contacts relative to their self-
interested behavior.

Self-interested susceptible individuals are forward looking, and their incentives are
illustrated by condition (6). The socially optimal behavior of susceptible individuals is also
forward-looking and illustrated by condition (9). The term μs = V(S) − V(i) in Eq. (6) can be
thought of the shadow value for susceptible health from the decentralized decision making
point of view. The term (1/S)(CiβSI/(SCs + ICi + ZCz))(SCs/(SCs + ICi + ZCz) − 1) = −FCs

in Eq. (9) is the marginal effect of susceptible contacts on the infection rate. For Eq. (6) and
Eq. (9) to provide the same incentives for susceptible individuals

(12)

Combining Eqs. (9)–(11) and evaluating all variables along their optimal paths implies that

(13)

(14)

(15)

where w = SCs + ICi + ZCz is the total number of contacts made or because S, I, and Z are
fractions of the population, the number of contacts made by the average individual. Eqs.
(13)–(15) frame the optimal shadow value and optimal marginal utilities for susceptible and
infected individuals in terms of the optimal marginal utility of recovered individuals, which
is motivated by the backwards recursive nature of the social planner’s problem. Eq. (13)

8 This follows from the Kuhn–Tucker–Karsh conditions associated with the problem.
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makes clear that if recovered individuals optimally act myopically (i.e., uCz = 0), then so
should susceptible individuals, which means that infected individuals must make zero
contacts or disease is not present. Assuming disease is present and infected individuals
optimal make contacts, then Eq. (13) illustrates that uCz (z, Cz) < 0 for there to be value in
remaining susceptible. Moreover, Eq. (13) states that the shadow value of remaining
susceptible is the total value if all individuals were recovered, conditional on the optimal
behavior for the current state of the population, per the rate at which susceptible individuals
are lost to infection. Eq. (12) says that the average individual’s incentives must be the same
as the susceptible population’s incentive averaged over susceptible individuals. However,

. This is because a decentralized decision maker does not consider how his
decision affects the pool of available contacts, the denominator terms, but takes them as
given, while the social planner considers these aggregate effects. Considering aggregate
effects leads to the first term in the parenthesis of Eq. (9), which is positive. If μs = λs, then
susceptible individuals would have to make more contacts to reduce the marginal utility of
contacts in Eq. (9) relative to the level chosen by decentralized susceptible decision makers.
Substituting Eq. (13) into Eq. (12) suggests that μs < λs; when making decentralized
decisions susceptible individuals observe the “wrong price” of remaining susceptible as they
fail to account for limiting their ability to infect others, much like in the case of a
vaccination externality (Gersovitz and Hammer, 2004).

Combining Eqs. (14) and (15) provides an expression that can be thought of as the social
planner’s marginal rate of substitution, MRS, between contacts made by susceptible and
infected individuals along the optimal path, ∂Ci/∂Cs = (SCs − w)ICi/(ICi − w)SCs. This MRS
expression is positive, implying that if it is optimal for susceptible individuals to increase
contacts along the optimal path it is also optimal for infected individuals to increase contacts
along the optimal path. Eq. (10) states that it is optimal for infected individuals to reduce
contacts relative to the case of decentralized decision making, and this MRS expression
implies susceptible individuals must also optimally reduce contacts relative to the
decentralized decision making case.

The shadow value of susceptible individuals depends on whether decisions are made
according to a decentralized or socially optimal program. A socially optimal program
requires that the adjoint conditions

(16)

(17)

are satisfied. These may be re-written as golden rule equations

(18)

(19)

The LHS of Eq. (18) is the discount rate. This is the opportunity cost of protecting
susceptible individuals. The RHS of Eq. (18) is the rate of return from protecting susceptible
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individuals. It comprises five terms. The first is a net capital gains term associated with
preserving susceptible human capital that goes to zero as the epidemic wanes. The second
term is the relative marginal benefit of a larger stock of susceptible individuals for the
representative agent’s utility. The third RHS term is the marginal cost of having more
susceptible individuals to protect, assuming that S > I. The fourth and fifth terms together
are the forgone marginal utility associated with the opportunity to be recovered, which
requires infection.

The LHS of Eq. (19) is the discount rate, which, as in Eq. (18), is the opportunity cost of
protecting susceptible individuals. However, if the epidemic leads to full recovery, this is
isomorphic to marginal cost of preventing infection that ultimately yields recovery and
immunity. The RHS of Eq. (19) is the marginal benefit of recovery. The first term is a net
capital gains term associated with immune human capital that goes to zero as the disease
fades out. The second RHS term is the relative marginal value of recovered individuals
compared to infected individuals. The third RHS term is the marginal cost of avoiding
infection and ultimate immunity. The final RHS term is the recovery rate. An increase in the
recovery rate effectively increases the discount rate in Eq. (19), because an increase in the
recovery rate reduces the cost of infection and decreases the marginal cost of myopic
behavior. In comparing Eq. (18) with Eq. (19) the factor λz/λs places a wedge between the
opportunity cost of protecting susceptible individuals and the marginal benefits from
increasing recovered individuals.

Combining Eq. (16), and Eq. (17) yields

(20)

Eq. (20) provides the relationship between the optimal values of λs and λz, and the optimal
value of λs can be taken from Eq. (13). The first RHS term in Eq. (20) is the cost associated
with permanent effects from infection.9 The second term is the shadow value of susceptible
individuals adjusted downward by the positive vaccination externality associated with
recovered individuals. The second term in the parenthesis is positive and could be greater
than 1. Assuming the dynamic adjustment term is not too large, λz ≤ λs and λz can be
potentially less than 1 at some point in the epidemic. λz ≤ λs must be the case otherwise it
would be optimal to speed up the epidemic and generate more infection. An alternative
interpretation is that if a social planner would discount the susceptible human capital at a
lower adjusted discount rate, then the social planner would discount recovered human
capital using a recovery-adjusted discount rate. This may in part explain why the role of
recovered individuals’ behaviors has received less attention.

Models with constant behavior yield an exponential decline in cases, which leads to a
positive limit for S and Z as time goes to infinity (Hethcote, 2000). The limiting values of S
and Z are sensitive to initial conditions. Fig. 1 shows sample trajectories for S and Z in a
system where behavior is held constant at the contact rate in the absence of infectious
disease. This would only be the case when ρ = ∞.10 If the ρ < ∞, then specification of the
utility function matters for determining the final epidemic size. The limiting values of S(T)
and Z(T) must lie on the hypotenuse of the triangle connecting (0,1) and (1,0) in S-Z space

9 A small, but non-zero, mortality rate associated with disease could be interpreted as a lasting utility effect for the representative
recovered individual. This is reasonable so long as mortality has negligible effects on the total size of the population, N. This does not
imply negligible utility effects.
10 I assume the social planner and representative agent share a common discount rate and the discount rate is not affected by health
status.
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in the segment between no behavioral change trajectory (ρ = ∞) and a vertical line from the
initial condition, which represents the case when Eq. (10) optimally holds as an inequality
∀t (Fig. 2). To determine the optimal trajectory, the social planner must consider the
transversality conditions to determine the optimal time T and the speed at which the
epidemic should fade out.

Given the known limiting behavior of the dynamic system, the relevant transversality
condition is approximated as

(21)

where M indicates the maximized current value Hamiltonian, where the second term comes
from taking the derivative of the scape value function with respect to T (Caputo, 2005).

Proposition 2—It is only optimal to allow an infected individual to keep mixing in the
population if the infected individual can compensate all other individuals to incur utility
losses associated with defensive behavior.

Given the limiting behavior of an epidemic  and  (Hethcote, 2000). If ε
is arbitrarily small, then, the maximized Hamiltonian, Eq. (20), is approximately

(22)

Eq. (22) implies a compensation criterion among health classes. In the instant prior to the
optimal fadeout, infected individuals must gain enough utility from the first contact to be
able to compensate susceptible and recovered individuals, in utility terms, for engaging in
defensive behaviors.11 If infected individuals cannot compensate the individuals in the other
two classes, then a corner solution, a quarantine policy, is optimal. Moreover, Eq. (22) also
suggests that infected individuals should only make contacts up to the point at which they
can compensate other health classes for the marginal increase in infection risk. The social
planner chooses the rate at which fadeout is approached. Quarantine of the first infected
individual optimally would result in fadeout if T were optimally ≤1/ν. If 1/ν is a short
enough duration, then by induction the limiting case applies to the first infected individual.

A longer infection period, or a greater opportunity cost associated with infected individuals
forgoing contacts, leads to a greater chance for a disease to optimally enter a population. In
practice, a non-trivial portion of individuals are likely to be infected before an intervention
takes place. Yet, the same compensation principle holds. More generally, the compensation
principle implied by Proposition 2 will inform the extent to which infected individuals
reduce contacts to protect susceptible individuals. It is an empirical question that requires
knowing the nature of individual preference for contacts and health as to whether quarantine
would be socially optimal.

2.4. The constrained social planner and non-targeted policies
Many proposed public social distancing policies (e.g., facility closures, increases in public
transit rates) are not sufficiently flexible to provide targeted incentives across health classes.
Rather, most practical public policies to encourage social distancing are blunt and provide

11 The socially optimal defensive behavior for recovered and immune individuals is to increase the number of contacts.
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incentives for all individuals to reduce contacts. An upper bound on the welfare that a blunt
social distancing policy provides is

(23)

subject to disease dynamics Eqs. (1)–(3). Problem (23) assumes no enforcement costs or
deadweight loss from government intervention. Problem (23) states that a constrained social
planner chooses an untargeted, homogeneous level of contacts across all individual types to
maximize the utility of the representative agent. Indeed, behavior in epidemics is commonly
modeled as homogeneous (Begon et al., 2002; Hethcote, 2000). There are important issues
with modeling behavior as homogeneous. First, the number of state variables exceeds the
number of control variables and not all states are uniquely controllable. In practice, this may
be because of institutional constraints associated with the feasible policy set of public health
interventions do not fully control the system, because full controllability requires an equal
number of control variables as binding constraints (Caputo, 2005; Horan et al., 2011a).12

Second, in practice social distancing programs likely provide constraints to reduce contacts
relative to the individuals’ self-interested behaviors. It is not certain that such constraints
will be binding on all classes of individual. This could be of particular concern if, under
decentralized decision making, an infection itself makes contacts less desirable for infected
individuals, in which case the program may work to reduce susceptible and recovered
individuals’ contacts. This may be the exact wrong incentive given that recovered
individuals generate positive externalities through contacts and susceptible individuals have
a strong private incentive to manage contacts to protect themselves.

The properties of the adjoint and transversality conditions associated with problem (23)
remain the same as the social planner problem with full control, but the optimal value of the
shadow value for the susceptible population under the optimal, constrained social planner
program differs from its value under the unconstrained social planner program. The current
value Hamiltonian for problem (23), indicated by Hpc, is the same as for problem (8) with λ
replaced by φ to allow the shadow values to follow different time paths. There is only one
first-order condition

(24)

if the social distancing program is binding on all individual types. Contact behavior does not
enter the marginal effect on the infection rate; eliminating heterogeneity in contact behavior
makes the marginal infection rate linear in contacts. Eq. (24) says the marginal utility to the
representative agent per rate of infection per contact must equal the shadow value associated
with the susceptible population.

When the policy maker is constrained, the shadow value associated with the susceptible
population is

(25)

12 A implication of the rank constraint condition (Caputo, 2005 pp. 150–151) is that “the number of binding constraints cannot be
greater than the number of control variables.”
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In order for the marginal value of an increase in the susceptible fraction to be equal under
management by the social planner an institutionally constrained social planner Eq. (25)
would have to equal Eq. (13), which is generally not the case. Setting (13) equal to (25) and
canceling like terms implies

If all individuals behave identically, then Csi = w. For λs to equal φs, the representative
agent’s marginal utility in the untargeted system would have to equal to the negative of the
marginal utility of recovered individuals from the social planner problem. There is no reason
that this should be true. Furthermore, socially optimal heterogeneous behavior is needed to
complete the market in the unconstrained social planner problem, which implies that (w/Csi)
> 1. If the utility function were symmetric in contacts, then the marginal utility forgone by
the representative recovered agent in the complete market would have to be less than
marginal utility gained by the population level representative agent in the constrained social
planner setting. This implies that in the untargeted setting that all individuals would have to
reduce contacts by more than the representative recovered agent increases contacts in the
social planner problem (assuming a symmetrical utility function). Assume that u(s, Ch) =
u(z, Ch) for a given value of Ch. In this case, susceptible and recovered individuals would
behave identically if they did not consider the future. The terms containing the λs in Eqs. (9)
and (11) define how much the individuals should adjust behavior when they fully consider
the future. This marginal user cost term, the term containing λs, is greater in absolute value
in the case of recovered individuals than susceptible individuals, Eqs. (9) and (11). If the
utility function is symmetrical in contacts, the recovered individuals optimally adjust
behavior away from the myopic case more than susceptible individuals. Therefore, under the
untargeted system susceptible individuals would be forced to make fewer contacts relative to
the full control social planner program. The same is true for infected individuals under
similar assumptions. This occurs because by requiring recovered individuals to make more
contacts under the full control social planner program, infected and susceptible individuals
can make more contacts without changing the infection rate. There is a loss of utility under
the untargeted system and an increase in disease cases over the epidemic relative to the
unconstrained social planner.

It is not surprising that if the social planner’s choice set is constrained, then there is a loss of
utility relative to a less constrained choice set, even though the constrained social planner’s
partially controlled solution maximizes utility conditional on the constrained choice set.
Nevertheless, there is a need to consider policy settings when the policy maker faces such
constrains, which may be thought of as institutional constraints (Dasgupta and Maler, 2003;
Horan et al., 2011a). Such policies may be thought of as “second-best” in the sense that they
seemingly achieve a socially optimal solution in the presences of existing distortions (Lipsey
and Lancaster, 1956) resulting from institutional constraints. But, it is not clear that such
“second-best” policy choices are better than decentralized decision making when the
decentralized path of the choices is not nested within the constrained choice set.

Proposition 3—It is possible that the seemingly “second-best” program associated with a
constrained social planner with partial controllability does not dominate the representative
agent’s utility that is associated with decision paths resulting from decentralized decision
making.
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In order for the constrained social planner program to clearly and always dominate
decentralized decision making, the optimized version of the current value expression, i.e.,
Hpc must always be greater than the optimized current value expression for decentralized
decision making.13

(26)

which implies

(26′)

The LHS of inequality (26) is the current value Hamiltonian, Hpc, – a welfare measure
(Brock and Xepapadeas, 2003; Weitzman, 1976) – for the constrained social planner
problem. The RHS of inequality (26) is the equivalent current value expression for the
society of decentralized decision makers. Assume that c and Ch∀h in Eqs. (26) and (26′) are
chosen to optimize their respective decision problems conditional on an arbitrary starting
value {S, I, Z}, at which the planner could consider intervening (e.g., once the planner is
aware of the epidemic). The RHS of (26′) must be positive because the instantaneous utility
payoffs for recovered and infected individuals must be greater under decentralized decision
making than under any alternative program. Eq. (26) may not hold if the sign of the LHS of
(26′) is ambiguous or negative, though this is not necessary for (26) to fail. The first LHS
term of (26′), the current value Hamiltonian for the constrained social planner less the
current period benefits to infected and recovered individuals, is ambiguous. Indeed, Eq. (21)
suggests that this term could be negative; Ṡ < 0, making the second term in the first set of
parenthesis negative. Moreover, as long as prevalence is increasing, which would be the
case early in an epidemic, Ż ≤ −Ṡ, and as already noted φz < φs otherwise it would be
optimal to accelerate the epidemic. So, the sum of the second two terms in the first set of
parenthesis in (26′) must be negative over some periods of the epidemic. It is hardly certain
that the current period payoff to susceptible individuals alone from contacts offsets the
future value terms, the second two terms in the first set of parenthesis. The second LHS term
in (26′) is the current value expression for the decentralized decision or the society of
decentralized decision makers less the payoffs to infected and susceptible individuals.
Generally, the terms in the second set of parenthesis on the LHS of (26′) could be positive
or negative, though one would expect that given the maximizing behavior of susceptible
individuals that the sum of these terms could be positive, making the whole term negative.
The sign of the LHS of (26′) is ambiguous, and it is not possible to claim that a constrained
social planner applying an optimized but non-target policy unambiguously yields a greater
welfare than allowing for decentralized decision making.

It is possible, but not necessarily true, that the system managed through a non-targeted
public policy lowers welfare relative to the decentralized management and no public
intervention. The reason for this is that the non-targeted system may actually be more
constrained than the decentralized system. In the decentralized system, individuals fail to
account for how their actions affect the welfare of others: recovered individuals undersupply
contacts and infected and susceptible individuals oversupply contacts relative to the socially
optimal program. However, in the non-targeted program individuals are forced to disregard
how their behavior affects their own wellbeing. By homogenizing behavior and not allowing
individuals to behave in a way appropriate to their health status, recovered individuals

13 The comparison of alternative forms of the current value Hamiltonian to assess alternative management programs follows Rondeau
(2001).
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drastically undersupply contacts relative to the decentralized case. Indeed, this result is only
clear after considering the recovered individuals’ behavior. An important difference between
this constrained social planner problem and most dynamic problems, even those with a
constrained social planner, is that a control function that mimics decentralized behavior is
not nested within the constrained social planner’s choice set.

3. Numerical illustration
In order to show how different decision frameworks lead to different epidemiological and
welfare outcomes, I develop a numerical illustration based on decision making under
decentralized decision making, a social planner, and a constrained social planner.
Furthermore, I examine adaptive and rational expectations models for the case of
decentralized decision making, and explore the case when a social planner is constrained to
provide a minimum number of contacts but is otherwise free to target by health class.

To provide numerical examples it is necessary to specify a utility function and economic and
epidemiological parameters. I specify the utility function based on the constant elasticity of
substitution (CES) form as u(h, Ch) = (a(Ch)γ + (1 − a)(b − Ch)γ)1/γ − mh. The parameter b
is a numeraire “good” that must be given up to make contacts. For example, if time in public
requires contacts at a fixed rate and time in private is solitary and yields no contacts, then b
is the time budget.14 The parameter γ = (σ − 1)/σ, where σ is the elasticity of substitution
between contacts and the numeraire good, and a is a share parameter. Finally, the parameter
mh is a daily lump sum cost of being in health class h. In our simulation mh = 0 unless h = i,
in which case m > 0.

Epidemiological parameters are taken from Fenichel et al. (2011), β = 0.0925 and ν =
0.1826, to represent a flu-like epidemic. In order for this value of β to generate realistic flu-
like dynamics the disease free contact level must be the same as in Fenichel et al., which is
5. For the base case, I assume an elasticity of substitution is less than unit elastic and equal
to 0.6, implying γ = −2/3. Thinking of the numeraire as time, I set b = 24 and solve for a =
0.098 to preserve the optimality of 5 contacts in the absence of disease. The daily discount
rate, ρ = 1.37 × 10−4, corresponds to an annual discount rate of 5%. Assuming no disease, 5
contacts yields a utility payoff of ū = 15.610, and we set mi = 2ū, suggesting sick individuals
lose two days of disease free utility for every infected day. I assume an initial prevalence of
1 in 1000 and no initial recovered population. These parameters and functional forms are
chosen to illustrate the analytical results and to facilitate a numerical example.

Discrete approximations to the social planner, constrained social planner problems, and
decentralized decision maker problem with rational expectations were solved by
mathematical programming using the AD Model Builder (admb-project.org) algorithmic
differentiation template and libraries for C++. Simulations were run sufficiently long so that
the proportion of infected individuals was zero to numerical precision (at least 250 daily
time steps). The decentralized decision making model with adaptive expectations was solved
using a discrete approximation by dynamic programming with a 12-day planning horizon
following Fenichel et al. (2011), implemented in Mathematica 8.0 (Wolfram Research).

The results of four simulated epidemics, associated with different decision making
frameworks, are shown in Fig. 3. The top panel of Fig. 3 shows epidemic curves for the
epidemic under decentralized rational (dotted curve) and adaptive (solid curve) expectations,
the constrained social planner (dashed curve), and the social planner constrained to provide

14These are stylized assumptions to develop a specific utility specification with an interpretation. Real contact behavior is
undoubtedly more complex, but this stylized model could serve as the base for future empirical work.
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each health class with at least 3 contacts. The fully unconstrained social planner chooses
contacts so that hardly any new infections occur (Table 1). Both decentralized decision
models result in greater and earlier peak prevalence than when decisions are made by a
constrained social planner or a social planner constrained to provide 3 contacts. The bottom
panel of Fig. 3 is comparable to Fig. 2 and illustrates how the decision making context
affects the limiting behavior of the dynamics and the final epidemic size. Table 1 shows that
the final epidemic size, across a range of parameters, is similar across decentralized decision
models and the constrained social planner model. Furthermore, in some cases decentralized
decision making leads to smaller final epidemic size, i.e., the total fraction infected (Table
1).

To analyze the welfare impacts I calculated the net present value of utility for the
representative agent in the population at the start of the epidemic for an infinite horizon and
for the first 150 days of the epidemic (Table 2). Prevalence has gone to zero by day 150.
Furthermore, welfare changes are easier to compare without adding a net present disease
free value, but doing so does not change the rank ordering of welfare outcomes. The net
present value of utility is greatest for the social planner, as is expected. Proposition 3
suggests that it is unclear if a constrained social planner will dominate decentralized
decision making, and this lack of clarity is supported by numerical simulations. In some
cases and under some assumptions the constrained social planner does make society better
off than decentralized decision making, while in others society is better left to behave in a
decentralized way. These results are sensitive to parameters related to utility (Table 2).15

Numerical results reinforce that without detailed knowledge of the utility function a
constrained social planner could make society worse off in utility and could induce a greater
final epidemic size (Table 1). In other cases, the constrained social planner does make
society better off. However, a social planner that is able to target across health classes, even
if the social planner is limited in the ability to reduce contacts can still make society
substantially better off in terms of utility (Table 2) and can reduce the final epidemic size
(Table 1).

These different welfare and epidemiological results are driven by different patterns of
behavior (Fig. 4). The social planner pursues a near quarantine strategy for infected
individuals, which results in nearly no behavioral change for susceptible and recovered
individuals. However, when the social planner is constrained to allow three contacts, the
social planner optimally increases the number of contacts made by recovered individuals as
suggested by the analytical model.

4. Discussion and conclusion
Reduced form models suggest that social distancing, defensive behavioral changes, appear
to be important in epidemics (Caley et al., 2007). Increasingly, social distancing is not just
discussed as decentralized behavioral change, but is also discussed in the context of policy
to avert losses associated with epidemics (World Health Organization, 2006). To evaluate
these policies and the behavioral incentives they generate requires an economic decision
model (Heckman, 2010). The current paper provides an economic behavioral framework for
understanding the economic incentives that infectious disease provides to individuals for
engaging in social distancing. I also discuss the potential gains from public interventions to
internalize dynamic externalities that occur because of the commons nature of public health

15Sensitivity analysis is conducted with respect to the parameters presented. However, if the elasticity of substitution is changed, then
the share parameter must also be changed to preserve the optimality of 5 contacts. Furthermore, to preserve units I work in units of ū
for infection costs, which are recalculated based on the elasticity of substitution. Conducting sensitivity analysis this way enables me
to separate the biological and economic parameters and focus on the economic parameters.
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(Bell and Gersbach, 2009). This perspective is useful given the importance of commons
problems in economics (Stavins, 2011).

The role of recovered individuals in protecting susceptible individuals is easily and often
overlooked when considering public health interventions. “Common sense” suggests that it
is safe to ignore recovered individuals because such individuals cannot get sick, are not
suffering infection, and cannot infect others. However, the analytical and numerical analysis
suggests that the behavior of recovered individuals is critical to behaviorally based disease
prevention and management strategies. Kremer (1996) showed the importance of
considering exogenous types of heterogeneity in the economics of infectious disease, and
Auld (2003) extended this work illustrating the importance of a key source of heterogeneity,
health state, that evolves with the epidemic. However, because these papers focused on HIV,
they did not consider the role of immune individuals. Epidemiologists often discuss “herd
immunity” when discussing vaccination strategies, and the positive externalities associated
with vaccination have been considered by economists (Boulier et al., 2007; Gersovitz and
Hammer, 2004). The herd immunity or positive externality associated with vaccination or
acquired immunity is contradicted by non-targeted social distancing policies because
untargeted social distancing policies induces recovered individuals to reduce contacts.
Increasing the contacts made by recovered individuals lowers the probability of susceptible
individuals contacting infected individuals or allows susceptible and infected individuals to
increase contacts without changing infection probability. The effects of non-pharmaceutical
behavior based policies on recovered individuals needs to be considered. It is however
difficult to envision highly targeted policies aimed at immune individuals, perhaps a public
transportation pass with a flu vaccination. In real systems immunity is uncertain and public
health officials are unlikely to ask anyone, even those believed to be immune, to increase
exposure to infectious agents. The policy-relevant insight is to recognize how policies may
affect recovered individuals’ behaviors, whether policies that elicit such behavioral changes
provide net benefits, and the importance of considering heterogeneous behavior that is
driven by health state.

Prior authors have emphasized the importance of targeting health interventions (Bell and
Gersbach, 2009; Fenichel and Horan, 2007). It is not possible to analytically rule out that
non-targeted behavioral policies yield lower social welfare, an economically undesirable
outcome, and potentially worsen health outcomes, measured by final epidemic size. The
numerical example provided reinforces this point because whether a constrained social
planner enhances welfare relative to decentralized behavior depends on assumptions about
expectations, cost of infection, and the utility of contacts. This analysis is particularly
relevant for policy because it appears that most implemented social distancing strategies
(e.g., Stern and Markel, 2009) or those promoted in the public health and epidemiology
literature are not targeted by health status (Cauchemez et al., 2008). Moreover, such
interventions are unlikely to be optimally chosen. Additionally, the models in this paper do
not consider the administrative cost of enforcing a social distancing policy. The numerical
results suggest that small administrative costs could potentially reverse the desirability of
non-targeted interventions, in the cases when non-targeted interventions are desirable
(though this is ultimately an open empirical question). In short, untargeted policies are not
guaranteed to do no harm, and caution should be taken when adopting public social
distancing policies.

Individual social distancing, conditional on one’s health status, is certainly important in the
spread of infectious disease and affects the welfare loss associated with a disease. Our
results from the social planner problem suggest that targeted interventions, such as providing
incentives for infectious individuals to socially distance or self-quarantine, are likely welfare
enhancing. But, Kumar et al. (2012) provide evidence that in practice there may be strong
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dis-incentives to engage in social distancing, particularly for infected individuals. Yet, if
there are few infectious individuals in the population, it seems reasonable that for infectious
pathogens with characteristics that might be associated with a pandemic flu, e.g., a high
conditional infectiveness, β, that susceptible individuals may be able to adequately
compensate infected individuals to forgo contacts and self-quarantine or substantially reduce
contacts.

For behavioral based epidemiological interventions for infectious disease it is important to
consider how policies interact with individual’s microeconomic incentives. While it is not
always the case that non-targeted policies will make society worse off than decentralized
decision making, it is clear that targeted policies would lead to greater benefits, and part of
the reason that targeting is so important is the behavior of immune individuals. This analysis
required thinking first about economic tradeoffs that lead to behavioral incentives and then
about infection dynamics. Developing a structural understanding of economic behavioral
response to infection risk is an open area of inquiry. Yet doing so is imperative for
mechanism design that leverages private health incentives and yields efficient infectious
disease policy. Moreover, it is important that this economic research is done in a way so that
infectious disease epidemiologists, the people consulted on infectious disease policy,
recognize the explicit integration of economics with epidemiology.
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Fig. 1.
Sample trajectories when behavior is constant over the course of the epidemic.
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Fig. 2.
The range of limiting values for the susceptible and recovered population when the epidemic
fades out given an initial infected population of 0.3. The arrows represent the extent of the
range of limiting values on the triangle.
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Fig. 3.
Epidemiological dynamics. The top panel shows the prevalence over time for decentralized
decision making with adaptive expectations (solid curve), with rational expectations (dotted
curve), a social planner constrained to provide at least 3 contacts to each health class (dot-
dash curve), and the constrained social planner (dashed curve). The bottom panel shows the
limiting behavior for these four cases and the no behavioral change case (gray curve). The
social planner program leads the epidemic to die out to quickly to see in the figure.
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Fig. 4.
The time paths of behavior. The top panel shows behavior as controlled by the social
planner (gray curves) for the infected class (dashed), the susceptible (solid), and the
recovered (dotted); the constrained social planner (black, dashed curve), and susceptible
individual behavior under decentralized decision making with rational expectations (black
dotted curve) and adaptive expectations (black, solid curve). The bottom panel shows the
behavior as controlled by the social planner that must provide 3 contacts for susceptible
individuals (solid curve) and recovered individuals (dashed curve). Infected individuals are
not shown, but always make 3 contacts.
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