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THIS PAPER

▸ Multi-group SIR/SEIR model 

▸ Application: young, middle-aged and old (65+) 

▸ Calibrate to COVID-19 

▸ Optimal control, contrast… 

▸ targeting 

▸ no targeting (uniform)



FINDINGS

▸ Large gains from targeted policy 

▸ Most gains from simple semi-targeted policies:  
treat 65+ group differentially 

▸ Do not set zero lockdown for young immediately 

▸ Testing important



IMPORTANT CAVEATS
▸ We are not epidemiologists 

▸ Model specification and parameters: very uncertain 

▸ Our results: optimum can be sensitive to parameters 

▸ Actual policy prescriptions: requires careful implementation 
tailored to situations on the ground 

▸ We hope our analysis helps think about the bigger picture 

▸ We welcome comments and suggestions!



OUTLINE

▸ Model 

▸ Calibration 

▸ Main Results 

▸ Robustness
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Figure 3: MR-SIR: Multiple-Risk Susceptible Infected Recovered Model. Solid lines show
the flows from one state to another. Dashed lines emphasize interactions that take place
across risk groups.

and numerical methods. Our main results are presented in Section 4, which also contains
a number of robustness exercises. Section 5 contains our conclusions..

2 MR-SIR model

Our Multi-Risk SIR model is set in continuous time t 2 [0, •). Individuals are partitioned
into risk groups j = 1, . . . , J with Nj initial members.11 The total population is normalized
to unity so that Âj Nj = 1.

At any point in time t, individuals in group j are subdivided into those susceptible (S),
those infected (I), those recovered (R) and those deceased (D),

Sj(t) + Ij(t) + Rj(t) + Dj(t) = Nj.

Agents move from susceptible to infected, then either recover or die.12 We write S(t) =

{Sj(t)}j and similarly for I(t), R(t) and D(t). Groups interact with themselves as well as
with each other, as described below.

Before describing the details, we anticipate one of our key equations. In the canonical

11See Heesterbeek and Roberts (2007) and Bayham, Kuminoff, Gunn and Fenichel (2015) and the refer-
ences therein for a discussion of age or stage structured compartmental epidemiological models.

12As is standard, we focus on the pandemic and abstract from other sources of deaths as well as new
births

In addition, one could easily include an intermediate stage between S and I to capture exposed agents (E),
leading to a standard SEIR model, instead of SIR. Adding this state is important for some diseases, when
there is a significant lag between exposure and transmission. Arguably, this is not the case for COVID-19,
as even asymptomatic individuals have been found to transmit the virus.
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MODEL

▸ Testing + Isolating 

▸ Non-ICU 

▸ ICU 

▸ Not isolated: 

▸ Recovered agents… 

▸ assumed immune 

▸ detected and separated        (not locked down)



PRODUCTION AND LOCKDOWN

▸ Lockdown  

▸ opportunity cost 

▸ Effectiveness is imperfect: 

▸ Fraction interacting infections



VACCINE + CURE

▸ Assume… 

▸ vaccine + cure arrives at some T 

▸ after this infections drop to zero and stay there 

▸ Extension: T stochastic
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Sy(0,0)

So (1,1)

Herd 
Immunity

Figure 3.1: Illustrative herd immunity region and different time paths for the pandemic
with two groups, old and young.

and the young, and assume that the two groups have equal size and r = h = 1 and a = 2.
Figure 3.1 shows, for this case, the time path for the pair (Sy(t), So(t)) over the course

of the pandemic for t 2 [0, T] until the arrival of the vaccine. The pandemic starts near
(1, 1) with few infections and travels down and to the left, as more people get infected.

The shaded area represents the region of herd immunity, where the size of the suscep-
tible population is sufficiently low that, once we enter this region, the pandemic comes to
an end quickly (but not immediately as we discuss below). In one-group SIR models, this
region corresponds to an interval of the form S 2 [0, S̄], and within this interval we have
İ < 0. With multiple group this same concept defines a region for the pair (Sy, So). When
r = 1 and the two groups have equal sizes, this region is symmetric, with slope �1, as
shown in the figure.

Without any mitigation efforts the disease follows the dashed 45 degree line, starting
from an initial condition where almost nobody has been sick and reaching a situation
where the majority in both groups have been infected at some point. In this case, the
pandemic goes beyond the frontier for herd immunity—a phenomenon referred to as
“overshooting” in the epidemiology literature. This occurs if there are a significant num-
ber of infections when crossing the threshold. Note that although the pandemic travels
along the 45 degree line so that the same fraction of young and old get infected, mortality
may be significantly higher for the old.

We can classify any policy by whether the path it induces reaches the herd immunity
region before time t = T. Those that do not do so can be said to be waiting for the vaccine,
while those that reach this region are going for herd immunity.
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PARAMETERS

▸ Fatality rates… 

▸ Ferguson & South Korea 

▸ for us: age dependence more than levels 

▸ Contagion rate                     (R0=2.4) 

▸ Duration of disease 

▸ Interactions uniform:                 (later calibrate contact matrix) 

▸ Groups sizes and earnings…



PARAMETERS

▸ Hospital Capacity effects 

▸ calibrate      so mortality is 10% higher when 10% 
infection rate 

▸ Examine hard “ICU constraint” later



PARAMETERS
▸ Low testing and isolation: 

▸ Lockdowns… 

▸ effectiveness 

▸ maximums 

▸ Immunity cards for recovered 

▸ … but explore opposite case later



PARAMETERS

▸ Cost of death: adjust economic cost for finite work time 

▸ young: 30 years 

▸ middle: 7.5 years 

▸ Vaccine baseline: T=1.5 years 

▸ Also explore more optimistic cases
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RESULTS



FRONTIER

Large gains for Semi-TargetingFigure 5.1: Frontiers of output loss vs. death for baseline specification. The three frontiers
represent different levels of targeting.

cess) lives lost and no economic damages. Each curve in the figure represents the frontier
resulting from a different class of policies: the top (red) frontier is for uniform policies,
then below it we have the (green) frontier for semi-targeted policies, and slightly below
this (in blue) is the frontier for fully-targeted policies. The convex shape of the frontiers
represents diminishing returns to pursuing one objective at the expense of the other.

The main message from the red curve in Figure 5.1 is clear. The trade-off facing policy-
makers when the menu of options is limited to uniform policies is quite grim. For exam-
ple, policy-makers prioritizing saving lives could aim for keeping total mortality from
COVID-19 to less than 0.2% of the (adult) population.34 This “safety-focused” optimal
uniform policy is depicted in Figure 5.2 and would necessitate a lockdown remaining
in effect in some form until the vaccine’s arrival.35 This lengthy lockdown has signifi-
cant economic costs. The economic damages from these optimal uniform policies amount

34A mortality rate of 0.2% is still very high. However, as we will see, without systematic testing and
tracing, even this policy leads to very sizable economic losses. This motivates our choice of 0.2% as the
benchmark for safety-focus.

35This policy would be optimal, alternatively, if we assigned a “value of statistical life” (cost of a
death)—including both economic and non-pecuniary (pshychic/emotional) costs—equal to $2.8 million.
Given the 8.66 average life-years lost from a death under a uniform policy, this cost of a death implies a
cost per life-year lost of $306,000. For comparison, the Environmental Protection Agency’s Guidelines for

Preparing Economic Analyses suggests a value of life equal to $9.4 million when updated to 2020 dollars. At
a 3% annual real interest rate and a 40.3 year life expectancy for the median person in the US, this value
of life implies a value per life-year of $402,000. In contrast, the US military appears to place a lower value,
paying a total death benefit of $100,000 (https://myarmybenefits.us.army.mil/Benefit-Library/Federal-
Benefits/Death-Gratuity-).
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OPTIMAL UNIFORM POLICIES

Figure 5.2: Optimal uniform policy for baseline parameters that achieves the “safety-
focused” objective of limiting the population mortality rate to no more than 0.2%.

to 37.3% of one year’s GDP (36.3% of this loss is in terms of current losses and the re-
maining 1% are due to the forgone productive contributions of those who die due to the
pandemic). The economic loss and deaths that result from this policy are also represented
by the northwest-most dot that we show on the uniform policy frontier. Several points
about the form of optimal policy is noteworthy in this case. First, consistent with our ag-
gregation result (and because of the assumption that infection rates are symmetric across
risk groups under uniform policies), the infection rates for the three age groups are on top
of each other in the second panel of Figure 5.2. Nevertheless, the table on the top right
of the figure shows that mortality rates are much higher for the older group, reflecting
their greater vulnerability to the infection. Second, the time path of the infection rate fol-
lows an inverse U shape, typical in SIR models, peaking in about one and a half months
and declining slowly thereafter. Third, the behavior of the infection rate reveals that op-
timal policy in this case is “waiting for the vaccine” as it does not lead to herd immunity
against the virus. This can be seen from the fact that when the lockdown is lifted shortly
before the vaccine’s arrival, infections start increasing immediately (only to be brought
under control by the vaccine). This last point is further illustrated in Figure A.1 in the
Appendix, which plots the evolution of the share of susceptibles in the population and
the reproduction rate of the virus under the safety-focused optimal uniform policy.

We can contrast this safety-focused optimal policy with another point on the frontier
with very different priorities—an “economy-focused” optimal uniform policy, limiting
economic damages to no more than 10% of one year’s GDP. The form of this policy is
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Figure 5.3: Optimal uniform policy for baseline parameters that achieves the “economy-
focused” objective of limiting economic losses to no more than 10% of one year’s GDP.

shown in Figure 5.3. In this case, a significantly higher fraction of the population, about
0.83%, will perish because of the disease. It is also worth noting that, differently from
the safety-focused optimal uniform policy, the economy-focused policy goes for “herd
immunity”, with a shorter lockdown that nevertheless significantly flattens the curve of
infections (which is beneficial for avoiding overwhelming ICU capacity as discussed in
the previous section).36 Infections now peak at a higher level, about 9%, but, notably, they
also decline to zero and never show a further uptick. This is because the faster spread of
the virus leads to herd immunity even before large-scale vaccination.37

Our main result can be gleaned by comparing the frontier for optimal uniform policies
to the one for optimal semi-targeted policies, shown in green in Figure 5.1. For example,
for the safety-focused objective which aims to keep total mortality from the virus to less
than 0.2%, a semi-targeted policy can reduce economic losses from the 37.3% mentioned
above to 24.9% (23.3% of this coming in the form of a decline in current GDP). The form
of the safety-focused semi-targeted optimal policy is depicted in Figure 5.4 and has a
number of noteworthy differences from the safety-focused optimal uniform policy. Most
importantly, the lockdown is very strict on the older group and much less strict on the

36The value of a life-year that would justify the economy-focused policy, computed in the same way as
in the previous footnote, is $139,000 compared to $306,000 for the safety-focused policy.

37We stress that this is different from the “no lockdown” policy, which would lead to even more deaths,
perhaps as much as 6.5% of the population, though this number is most probably an overestimate because,
when there are no mandated lockdowns, individuals would adopt a range of voluntary social distancing
measures, reducing the reproduction rate of the virus and infections.
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Figure 5.1: Frontiers of output loss vs. death for baseline specification. The three frontiers
represent different levels of targeting.

cess) lives lost and no economic damages. Each curve in the figure represents the frontier
resulting from a different class of policies: the top (red) frontier is for uniform policies,
then below it we have the (green) frontier for semi-targeted policies, and slightly below
this (in blue) is the frontier for fully-targeted policies. The convex shape of the frontiers
represents diminishing returns to pursuing one objective at the expense of the other.

The main message from the red curve in Figure 5.1 is clear. The trade-off facing policy-
makers when the menu of options is limited to uniform policies is quite grim. For exam-
ple, policy-makers prioritizing saving lives could aim for keeping total mortality from
COVID-19 to less than 0.2% of the (adult) population.34 This “safety-focused” optimal
uniform policy is depicted in Figure 5.2 and would necessitate a lockdown remaining
in effect in some form until the vaccine’s arrival.35 This lengthy lockdown has signifi-
cant economic costs. The economic damages from these optimal uniform policies amount

34A mortality rate of 0.2% is still very high. However, as we will see, without systematic testing and
tracing, even this policy leads to very sizable economic losses. This motivates our choice of 0.2% as the
benchmark for safety-focus.

35This policy would be optimal, alternatively, if we assigned a “value of statistical life” (cost of a
death)—including both economic and non-pecuniary (pshychic/emotional) costs—equal to $2.8 million.
Given the 8.66 average life-years lost from a death under a uniform policy, this cost of a death implies a
cost per life-year lost of $306,000. For comparison, the Environmental Protection Agency’s Guidelines for

Preparing Economic Analyses suggests a value of life equal to $9.4 million when updated to 2020 dollars. At
a 3% annual real interest rate and a 40.3 year life expectancy for the median person in the US, this value
of life implies a value per life-year of $402,000. In contrast, the US military appears to place a lower value,
paying a total death benefit of $100,000 (https://myarmybenefits.us.army.mil/Benefit-Library/Federal-
Benefits/Death-Gratuity-).
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Preparing Economic Analyses suggests a value of life equal to $9.4 million when updated to 2020 dollars. At
a 3% annual real interest rate and a 40.3 year life expectancy for the median person in the US, this value
of life implies a value per life-year of $402,000. In contrast, the US military appears to place a lower value,
paying a total death benefit of $100,000 (https://myarmybenefits.us.army.mil/Benefit-Library/Federal-
Benefits/Death-Gratuity-).
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OPTIMAL UNIFORM POLICIES

Figure 5.2: Optimal uniform policy for baseline parameters that achieves the “safety-
focused” objective of limiting the population mortality rate to no more than 0.2%.

to 37.3% of one year’s GDP (36.3% of this loss is in terms of current losses and the re-
maining 1% are due to the forgone productive contributions of those who die due to the
pandemic). The economic loss and deaths that result from this policy are also represented
by the northwest-most dot that we show on the uniform policy frontier. Several points
about the form of optimal policy is noteworthy in this case. First, consistent with our ag-
gregation result (and because of the assumption that infection rates are symmetric across
risk groups under uniform policies), the infection rates for the three age groups are on top
of each other in the second panel of Figure 5.2. Nevertheless, the table on the top right
of the figure shows that mortality rates are much higher for the older group, reflecting
their greater vulnerability to the infection. Second, the time path of the infection rate fol-
lows an inverse U shape, typical in SIR models, peaking in about one and a half months
and declining slowly thereafter. Third, the behavior of the infection rate reveals that op-
timal policy in this case is “waiting for the vaccine” as it does not lead to herd immunity
against the virus. This can be seen from the fact that when the lockdown is lifted shortly
before the vaccine’s arrival, infections start increasing immediately (only to be brought
under control by the vaccine). This last point is further illustrated in Figure A.1 in the
Appendix, which plots the evolution of the share of susceptibles in the population and
the reproduction rate of the virus under the safety-focused optimal uniform policy.

We can contrast this safety-focused optimal policy with another point on the frontier
with very different priorities—an “economy-focused” optimal uniform policy, limiting
economic damages to no more than 10% of one year’s GDP. The form of this policy is
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Figure 5.3: Optimal uniform policy for baseline parameters that achieves the “economy-
focused” objective of limiting economic losses to no more than 10% of one year’s GDP.

shown in Figure 5.3. In this case, a significantly higher fraction of the population, about
0.83%, will perish because of the disease. It is also worth noting that, differently from
the safety-focused optimal uniform policy, the economy-focused policy goes for “herd
immunity”, with a shorter lockdown that nevertheless significantly flattens the curve of
infections (which is beneficial for avoiding overwhelming ICU capacity as discussed in
the previous section).36 Infections now peak at a higher level, about 9%, but, notably, they
also decline to zero and never show a further uptick. This is because the faster spread of
the virus leads to herd immunity even before large-scale vaccination.37

Our main result can be gleaned by comparing the frontier for optimal uniform policies
to the one for optimal semi-targeted policies, shown in green in Figure 5.1. For example,
for the safety-focused objective which aims to keep total mortality from the virus to less
than 0.2%, a semi-targeted policy can reduce economic losses from the 37.3% mentioned
above to 24.9% (23.3% of this coming in the form of a decline in current GDP). The form
of the safety-focused semi-targeted optimal policy is depicted in Figure 5.4 and has a
number of noteworthy differences from the safety-focused optimal uniform policy. Most
importantly, the lockdown is very strict on the older group and much less strict on the

36The value of a life-year that would justify the economy-focused policy, computed in the same way as
in the previous footnote, is $139,000 compared to $306,000 for the safety-focused policy.

37We stress that this is different from the “no lockdown” policy, which would lead to even more deaths,
perhaps as much as 6.5% of the population, though this number is most probably an overestimate because,
when there are no mandated lockdowns, individuals would adopt a range of voluntary social distancing
measures, reducing the reproduction rate of the virus and infections.
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Figure 5.1: Frontiers of output loss vs. death for baseline specification. The three frontiers
represent different levels of targeting.

cess) lives lost and no economic damages. Each curve in the figure represents the frontier
resulting from a different class of policies: the top (red) frontier is for uniform policies,
then below it we have the (green) frontier for semi-targeted policies, and slightly below
this (in blue) is the frontier for fully-targeted policies. The convex shape of the frontiers
represents diminishing returns to pursuing one objective at the expense of the other.

The main message from the red curve in Figure 5.1 is clear. The trade-off facing policy-
makers when the menu of options is limited to uniform policies is quite grim. For exam-
ple, policy-makers prioritizing saving lives could aim for keeping total mortality from
COVID-19 to less than 0.2% of the (adult) population.34 This “safety-focused” optimal
uniform policy is depicted in Figure 5.2 and would necessitate a lockdown remaining
in effect in some form until the vaccine’s arrival.35 This lengthy lockdown has signifi-
cant economic costs. The economic damages from these optimal uniform policies amount

34A mortality rate of 0.2% is still very high. However, as we will see, without systematic testing and
tracing, even this policy leads to very sizable economic losses. This motivates our choice of 0.2% as the
benchmark for safety-focus.

35This policy would be optimal, alternatively, if we assigned a “value of statistical life” (cost of a
death)—including both economic and non-pecuniary (pshychic/emotional) costs—equal to $2.8 million.
Given the 8.66 average life-years lost from a death under a uniform policy, this cost of a death implies a
cost per life-year lost of $306,000. For comparison, the Environmental Protection Agency’s Guidelines for

Preparing Economic Analyses suggests a value of life equal to $9.4 million when updated to 2020 dollars. At
a 3% annual real interest rate and a 40.3 year life expectancy for the median person in the US, this value
of life implies a value per life-year of $402,000. In contrast, the US military appears to place a lower value,
paying a total death benefit of $100,000 (https://myarmybenefits.us.army.mil/Benefit-Library/Federal-
Benefits/Death-Gratuity-).
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OPTIMAL UNIFORM POLICIES

Figure 5.2: Optimal uniform policy for baseline parameters that achieves the “safety-
focused” objective of limiting the population mortality rate to no more than 0.2%.

to 37.3% of one year’s GDP (36.3% of this loss is in terms of current losses and the re-
maining 1% are due to the forgone productive contributions of those who die due to the
pandemic). The economic loss and deaths that result from this policy are also represented
by the northwest-most dot that we show on the uniform policy frontier. Several points
about the form of optimal policy is noteworthy in this case. First, consistent with our ag-
gregation result (and because of the assumption that infection rates are symmetric across
risk groups under uniform policies), the infection rates for the three age groups are on top
of each other in the second panel of Figure 5.2. Nevertheless, the table on the top right
of the figure shows that mortality rates are much higher for the older group, reflecting
their greater vulnerability to the infection. Second, the time path of the infection rate fol-
lows an inverse U shape, typical in SIR models, peaking in about one and a half months
and declining slowly thereafter. Third, the behavior of the infection rate reveals that op-
timal policy in this case is “waiting for the vaccine” as it does not lead to herd immunity
against the virus. This can be seen from the fact that when the lockdown is lifted shortly
before the vaccine’s arrival, infections start increasing immediately (only to be brought
under control by the vaccine). This last point is further illustrated in Figure A.1 in the
Appendix, which plots the evolution of the share of susceptibles in the population and
the reproduction rate of the virus under the safety-focused optimal uniform policy.

We can contrast this safety-focused optimal policy with another point on the frontier
with very different priorities—an “economy-focused” optimal uniform policy, limiting
economic damages to no more than 10% of one year’s GDP. The form of this policy is
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Figure 5.3: Optimal uniform policy for baseline parameters that achieves the “economy-
focused” objective of limiting economic losses to no more than 10% of one year’s GDP.

shown in Figure 5.3. In this case, a significantly higher fraction of the population, about
0.83%, will perish because of the disease. It is also worth noting that, differently from
the safety-focused optimal uniform policy, the economy-focused policy goes for “herd
immunity”, with a shorter lockdown that nevertheless significantly flattens the curve of
infections (which is beneficial for avoiding overwhelming ICU capacity as discussed in
the previous section).36 Infections now peak at a higher level, about 9%, but, notably, they
also decline to zero and never show a further uptick. This is because the faster spread of
the virus leads to herd immunity even before large-scale vaccination.37

Our main result can be gleaned by comparing the frontier for optimal uniform policies
to the one for optimal semi-targeted policies, shown in green in Figure 5.1. For example,
for the safety-focused objective which aims to keep total mortality from the virus to less
than 0.2%, a semi-targeted policy can reduce economic losses from the 37.3% mentioned
above to 24.9% (23.3% of this coming in the form of a decline in current GDP). The form
of the safety-focused semi-targeted optimal policy is depicted in Figure 5.4 and has a
number of noteworthy differences from the safety-focused optimal uniform policy. Most
importantly, the lockdown is very strict on the older group and much less strict on the

36The value of a life-year that would justify the economy-focused policy, computed in the same way as
in the previous footnote, is $139,000 compared to $306,000 for the safety-focused policy.

37We stress that this is different from the “no lockdown” policy, which would lead to even more deaths,
perhaps as much as 6.5% of the population, though this number is most probably an overestimate because,
when there are no mandated lockdowns, individuals would adopt a range of voluntary social distancing
measures, reducing the reproduction rate of the virus and infections.
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Figure 5.1: Frontiers of output loss vs. death for baseline specification. The three frontiers
represent different levels of targeting.

cess) lives lost and no economic damages. Each curve in the figure represents the frontier
resulting from a different class of policies: the top (red) frontier is for uniform policies,
then below it we have the (green) frontier for semi-targeted policies, and slightly below
this (in blue) is the frontier for fully-targeted policies. The convex shape of the frontiers
represents diminishing returns to pursuing one objective at the expense of the other.

The main message from the red curve in Figure 5.1 is clear. The trade-off facing policy-
makers when the menu of options is limited to uniform policies is quite grim. For exam-
ple, policy-makers prioritizing saving lives could aim for keeping total mortality from
COVID-19 to less than 0.2% of the (adult) population.34 This “safety-focused” optimal
uniform policy is depicted in Figure 5.2 and would necessitate a lockdown remaining
in effect in some form until the vaccine’s arrival.35 This lengthy lockdown has signifi-
cant economic costs. The economic damages from these optimal uniform policies amount

34A mortality rate of 0.2% is still very high. However, as we will see, without systematic testing and
tracing, even this policy leads to very sizable economic losses. This motivates our choice of 0.2% as the
benchmark for safety-focus.

35This policy would be optimal, alternatively, if we assigned a “value of statistical life” (cost of a
death)—including both economic and non-pecuniary (pshychic/emotional) costs—equal to $2.8 million.
Given the 8.66 average life-years lost from a death under a uniform policy, this cost of a death implies a
cost per life-year lost of $306,000. For comparison, the Environmental Protection Agency’s Guidelines for

Preparing Economic Analyses suggests a value of life equal to $9.4 million when updated to 2020 dollars. At
a 3% annual real interest rate and a 40.3 year life expectancy for the median person in the US, this value
of life implies a value per life-year of $402,000. In contrast, the US military appears to place a lower value,
paying a total death benefit of $100,000 (https://myarmybenefits.us.army.mil/Benefit-Library/Federal-
Benefits/Death-Gratuity-).
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OPTIMAL SEMI TARGETED

Big Improvements 
vs. Uniform Policy

Figure 5.4: Optimal semi-targeted policy for baseline parameters that achieves the
“safety-focused” objective of limiting the population mortality rate to no more than 0.2%.

rest of the population, whose lockdown declines more rapidly and ends sooner than than
in the optimal uniform safety-focused policy. Also notable is the time path of infections.
The safety-focused optimal semi-targeted policy waits for the vaccine for the older group
(who are in lockdown until the vaccine’s arrival) and partially so for the rest of the popu-
lation (whose curve is again flattened so much that by the time the vaccine arrives, there
is still no population-wide herd immunity, as can be seen from the uptick of the infections
just before the vaccine). Finally, compared to the pattern under optimal uniform policies,
the infection rate of the 65+ group reaches a smaller peak, because they are protected by
their more strict lockdown. Notably, however, they are still being infected by the younger
and the middle-aged groups because our parameter choice of q = 0.75 implies that they
are in not-too-infrequent contact with these younger groups. This is, in fact, the reason
why the optimal safety-focused semi-targeted policy keeps the young and the middle-
aged under a relatively long lockdown—as a way of protecting the old.38

Figure 5.5 turns to the optimal semi-targeted policy for achieving the economy-focused
objective of keeping economic losses to less than 10% of one year’s GDP. This policy
achieves much better public health outcomes than the economy-focused optimal uniform
policy, which led to an adult mortality rate of 1.05%. Instead, we now have a much lower
mortality rate—0.48%—because the stricter lockdown on the older group partially pro-

38An even more “safety-prioritizing” strategy would be to take all the gains from targeting in the form
of reducing mortality (keeping economic damages at 37.3%). If policy-makers pursued this strategy, semi-
targeted policies would enable mortality to be reduced to 0.036%.
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Figure 5.5: Optimal semi-targeted policy for baseline parameters that achieves the
“economy-focused” objective of limiting economic losses to 10% of one year’s GDP.

tects them from infections. Put differently, semi-targeted policies in this case can save
1.37 million (= (0.0105-0.0048)⇥241,000,000) additional lives relative to optimal uniform
policies while achieving the same economic loss. It is worth noting that, like economy-
focused uniform policies, optimal semi-targeted policies in this case also go for herd im-
munity, but with a nuance—this herd immunity is achieved primarily with the infections
of the young and the middle-aged, while the more vulnerable older group is kept under
lockdown. Herd immunity also explains why the older group is allowed to come out of
its lockdown gradually starting in about a year.

A surprising result, at least relative to our initial expectations, is that fully-targeted
policies that treat the young and the middle-aged differently perform essentially as well
as semi-targeted policies. This can be seen from the fact that the blue curve in Figure 5.1 is
nearly indistinguishable from the green curve (for semi-targeted policies). The reason is
that the asymmetric treatment of the young and the middle-aged generates much smaller
gains than those coming from protecting the most vulnerable with the strict lockdown on
the older age group and with the moderate flattening of the curve of infection among the
rest of the population. The form of optimal fully-targeted policies are somewhat different
from those of optimal semi-targeted policies, however. This is shown in Figure 5.6 for
the safety-focused fully-targeted policies and highlights that the middle-aged, who have
higher mortality rates from the virus than the young, are put under a stricter and longer
lockdown. The numbers in the table at the upper right corner of the figure show that
there is some improvement over the optimal semi-targeted safety-focused policy in this
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Figure 5.1: Frontiers of output loss vs. death for baseline specification. The three frontiers
represent different levels of targeting.

cess) lives lost and no economic damages. Each curve in the figure represents the frontier
resulting from a different class of policies: the top (red) frontier is for uniform policies,
then below it we have the (green) frontier for semi-targeted policies, and slightly below
this (in blue) is the frontier for fully-targeted policies. The convex shape of the frontiers
represents diminishing returns to pursuing one objective at the expense of the other.

The main message from the red curve in Figure 5.1 is clear. The trade-off facing policy-
makers when the menu of options is limited to uniform policies is quite grim. For exam-
ple, policy-makers prioritizing saving lives could aim for keeping total mortality from
COVID-19 to less than 0.2% of the (adult) population.34 This “safety-focused” optimal
uniform policy is depicted in Figure 5.2 and would necessitate a lockdown remaining
in effect in some form until the vaccine’s arrival.35 This lengthy lockdown has signifi-
cant economic costs. The economic damages from these optimal uniform policies amount

34A mortality rate of 0.2% is still very high. However, as we will see, without systematic testing and
tracing, even this policy leads to very sizable economic losses. This motivates our choice of 0.2% as the
benchmark for safety-focus.

35This policy would be optimal, alternatively, if we assigned a “value of statistical life” (cost of a
death)—including both economic and non-pecuniary (pshychic/emotional) costs—equal to $2.8 million.
Given the 8.66 average life-years lost from a death under a uniform policy, this cost of a death implies a
cost per life-year lost of $306,000. For comparison, the Environmental Protection Agency’s Guidelines for

Preparing Economic Analyses suggests a value of life equal to $9.4 million when updated to 2020 dollars. At
a 3% annual real interest rate and a 40.3 year life expectancy for the median person in the US, this value
of life implies a value per life-year of $402,000. In contrast, the US military appears to place a lower value,
paying a total death benefit of $100,000 (https://myarmybenefits.us.army.mil/Benefit-Library/Federal-
Benefits/Death-Gratuity-).
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OPTIMAL FULLY TARGETED

Additional gains, but small:  
semi-targeting gets to most of it

Figure 5.6: Optimal targeted policies for baseline parameters and “Safety -First” choice
on the frontier.

case, but this improvement is small.
One question is whether the strict lockdowns on the old under fully targeted policy

is primarily a result of their higher mortality rate or their lower economic participation.
To shed light on this question, we considered an extended model where the old are sep-
arated into two groups, the old-retired, who have no economic contribution (making up
about 80% of the old), and the old-workers, who have the same productivity as the young
and the middle-aged (making up the remaining approximately 20% of the old). Hence,
the adult population is partitioned into four groups. We took the mortality rates of the
old-retired and old-workers to be the same in order to make the two groups identical ex-
cept for their economic opportunities (and thus clarify the source of our results in a more
transparent manner). Figure 5.7 depicts the safety-focused optimal semi-targeted policy,
which treats the young and the middle-aged symmetrically but applies differential lock-
downs to the old-retired and old-workers, and thus is most useful for clarifying the form
of our semi-targeted optimal policies. The figure confirms that the main source of the
asymmetric treatment of the older and the younger groups is their differential suscepti-
bility to the virus—the old-working, who have the same economic opportunities as the
young and the middle-aged, are kept under complete lockdown like the old-retired in the
safety-focused policy and under a relatively long lockdown, coming to an end only after
one year, in the economy-focused policy.

Next, we explore another point on the frontier, which prioritizes saving lives more
strongly than our safety-focused strategy. This strategy, which we label “safety-first”,
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Figure 5.1: Frontiers of output loss vs. death for baseline specification. The three frontiers
represent different levels of targeting.

cess) lives lost and no economic damages. Each curve in the figure represents the frontier
resulting from a different class of policies: the top (red) frontier is for uniform policies,
then below it we have the (green) frontier for semi-targeted policies, and slightly below
this (in blue) is the frontier for fully-targeted policies. The convex shape of the frontiers
represents diminishing returns to pursuing one objective at the expense of the other.

The main message from the red curve in Figure 5.1 is clear. The trade-off facing policy-
makers when the menu of options is limited to uniform policies is quite grim. For exam-
ple, policy-makers prioritizing saving lives could aim for keeping total mortality from
COVID-19 to less than 0.2% of the (adult) population.34 This “safety-focused” optimal
uniform policy is depicted in Figure 5.2 and would necessitate a lockdown remaining
in effect in some form until the vaccine’s arrival.35 This lengthy lockdown has signifi-
cant economic costs. The economic damages from these optimal uniform policies amount

34A mortality rate of 0.2% is still very high. However, as we will see, without systematic testing and
tracing, even this policy leads to very sizable economic losses. This motivates our choice of 0.2% as the
benchmark for safety-focus.

35This policy would be optimal, alternatively, if we assigned a “value of statistical life” (cost of a
death)—including both economic and non-pecuniary (pshychic/emotional) costs—equal to $2.8 million.
Given the 8.66 average life-years lost from a death under a uniform policy, this cost of a death implies a
cost per life-year lost of $306,000. For comparison, the Environmental Protection Agency’s Guidelines for

Preparing Economic Analyses suggests a value of life equal to $9.4 million when updated to 2020 dollars. At
a 3% annual real interest rate and a 40.3 year life expectancy for the median person in the US, this value
of life implies a value per life-year of $402,000. In contrast, the US military appears to place a lower value,
paying a total death benefit of $100,000 (https://myarmybenefits.us.army.mil/Benefit-Library/Federal-
Benefits/Death-Gratuity-).
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SAFETY FIRST

▸ Point on frontier with 0.05% adult mortality

Figure 5.8: Optimal uniform and semi-targeted policies for a safety-first point on the
frontier (with baseline parameters), achieving 0.05% adult mortality.
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4G MODEL
▸ Split old into working and not working…

Figure 5.7: Optimal semi-targeted policies with four groups: “Safety Focus” (top) and
“Economy Focus” (bottom).
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RECOVERED, NO IMMUNITY CARD

Figure 5.9: Optimal uniform and semi-targeted frontiers when recovered cannot prove
immunity or avoid lockdowns (dashed lines) and baseline where they can (solid).

aims to keep overall (adult) mortality below 0.05%. Figure 5.8 shows the associated uni-
form and semi-targeted policies. Lockdowns are now much more severe, remaining at
high levels and falling slowly up until the end, just before the vaccine and cure arrive.
With uniform policies, the lower infection and mortality rates come at the higher eco-
nomic cost of 45% (as a fraction of one year’s GDP). Once again, however, targeted poli-
cies can significantly improve these outcomes. For example, with optimal semi-targeted
policy, the same mortality objective can be reached with economic damages amounting
to 37% of one year’s GDP.

Finally, we explore the implications of relaxing the assumption that the previously in-
fected recovered individuals are identified as such and allowed to work, circumventing
any lockdowns. Figure 5.9 shows the baseline parameterization but setting kj = 0, so that
none of the recovered agents can avoid lockdowns, they are treated just like the rest of the
population. This makes lockdowns more costly, especially later in the epidemic. How-
ever, it does significantly change the comparison of targeted and semi-targeted optimal
polices, as shown in the figure.

Overall, our main results show that the trade-offs between lives lost and economic
damages from the pandemic are significantly improved when we consider targeted poli-
cies and most of the gains can be achieved with simple semi-targeted policies that apply
more strict lockdowns on the older, more vulnerable group. We next show that there are
even larger gains when semi-targeted lockdown policies are combined with other non-
pharmacological interventions.
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GROUP DISTANCING (RHO=0.7; BASELINE = 1)

Valuable 
especially with targeting!

(matching technology matters here)

Figure 5.10: Frontier of output loss vs. death with greater group distancing, r = 0.7.

5.2 The Role of Group Distancing

Our model with multiple risk groups enables an investigation of the implications of poli-
cies that reduce inter-group interactions. These types of “group distancing” measures
are particularly important in conjunction with targeted policies, because, as we have em-
phasized, older individuals get infected from their interactions with the young and the
middle-aged, even when they are under strict lockdown. Recall that our baseline param-
eterization assumed the rate of social contact and infection, absent lockdowns, to be the
same across groups—summarized with the infection rate b. A natural alternative is to
assume that matches between groups can be reduced, say by a fraction 1 � r, so that the
infection rate from between-group matches is reduced to br. Our baseline parameteriza-
tion is the case with r = 1. There are various policy tools for achieving such reductions,
including norm-based interventions (so that people visit their elderly relatives less of-
ten) or law-based interventions (e.g., designating elderly-only hours at supermarkets and
pharmacies or restricting who can visit and work in nursing homes).39

Figure 5.10 depicts the frontier between lives lost in economic damages under uni-
form, semi-targeted and fully-targeted policies when r = 0.7, which implies a 30% reduc-
tion in the interactions between the older age group and the rest of the population relative
to the baseline. The main message is the same as in the previous subsection: there is a sig-

39With our baseline quadratic matching technology, any change in between-group matching will influ-
ence the total number of matches and do so in ways that depend on group size. With the interventions we
have in mind, we believe this is the right type of variation to consider, though it should be borne in mind
that reduced number of matches will directly decrease infection rates as well.
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Figure 5.11: Optimal uniform and semi-targeted “safety-focused” policies with greater
group distancing r = 0.7.

33

Figure 5.12: Optimal semi-targeted policy with greater group distancing that achieves
the “economy-focused” objective of limiting economic losses to no more than 10% of one
year’s GDP.

Figure 5.13: Frontiers of output loss vs. death with improved testing and isolation.
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TESTING 

Figure 5.12: Optimal semi-targeted policy with greater group distancing that achieves
the “economy-focused” objective of limiting economic losses to no more than 10% of one
year’s GDP.

Figure 5.13: Frontiers of output loss vs. death with improved testing and isolation.
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Figure 5.14: Optimal safety-focused semi-targeted policies with improved testing and
isolation (h = 0.7).

we would end up with h = 0.60.40 In practice, the limited number of tests and implemen-
tation difficulties may imply a lower probability of isolating infected individuals (and
thus higher value such as h = 0.70 or even h = 0.80) and successful contract tracing
might lead to a higher probability of identifying and isolating infections (e.g., h = 0.50).
We keep all other parameters at the levels in our base specification.

Figure 5.13 presents the uniform and semi-targeted frontiers for these four values of
h. As the ability to identify and isolate the infected increases, the trade-offs improve
remarkably. When h = 0.60 or 0.50, Figure 5.13 shows that mortality rates can be kept at
very low levels at relatively small economic costs.

Figure 5.14 explains why this is so for the case in which the probability of identifying
and isolating the infected individual is equal to 0.30 or h = 0.70: a short and limited
lockdown on the young and the middle-aged, combined with a still fairly strict lockdown
on the older group, is enough to keep infections very low and the overall mortality rate
at 0.2%, and has an economic cost of just 13.9% of GDP.

This conclusion is further reinforced in Figure 5.15, which presents the frontiers and
the form of the optimal semi-targeted policy (for the safety-focused case) when there is
group distancing as well as testing-tracing with h = 0.70. Thanks to the combination of
group distancing and testing-tracing, semi-targeted policies now achieve the 0.2% mor-
tality objective at an economic cost of just 7% of one year’s GDP.

40This number is based on the following reasoning: approximately 50% of infected individuals are as-
sume to be asymptomatic and it takes five days for the remaining 50% to exhibit symptoms.
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TESTING + TRACING + GROUP DISTANCING

Silver Bullet?

Figure 5.15: Optimal Semi-Targeting with group distancing and testing.

Overall, measures to combat the pandemic become much more powerful when tar-
geted policies are combined with group distancing and improved testing and tracing
strategies. With these tools, relatively short lockdowns are sufficient to protect public
health and naturally lead to much more limited economic damages.

5.4 The Role of the Matching Technology

As noted in the Introduction, our baseline model follows the epidemiology literature (and
a number of recent economics papers) in assuming quadratic matching. As in other eco-
nomic settings, there are reasons why high numbers of individuals may generate conges-
tion (especially when extreme lockdowns are not in effect) and thus reduce matching to
rates less than those implied by a quadratic technology. Moreover, while quadratic tech-
nology is attractive when matching happens randomly in a geographic space, it is less
natural when individuals interact in a given workplace or with their close friends and
relatives. It is therefore useful to understand what the implications of departing from
this quadratic benchmark are. Another important reason for considering richer match-
ing technologies is that the strong form of “herd immunity” where immune individuals
protect the susceptible from infections does not take place with quadratic matching be-
cause the matching rate between any two subpopulations is independent of the presence
or absence of others in the population (and, specifically, the recovered).

To highlight the role of the matching technology we now present optimal policies
when the matching technology has a more limited degree of increasing returns to scale,
in particular, a = 1.5. In Figure 5.16 we show the frontiers for optimal uniform, semi-
targeted and fully-targeted policies for a = 1.5, together with the frontiers for a = 2 for
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FRONTIER
Conclusion
I Still much to be done. But our research suggests targeted (semi-targeted) policies

can do much better, especially with some between-group social distancing and
testing-tracing:



EARLIER VACCINE/CURE

Figure 5.19: Optimal uniform, semi-targeted and fully-targeted policies with earlier vac-
cine arrival.

limited increasing returns to scale in matching tends to favor strategies that go for herd
immunity.

5.5 The Promise of a Vaccine

In this subsection, we consider the implications of an earlier arrival date for the vaccine.
Namely, we reduce T from one and a half years to one year. This has little impact on the
form of the safety-focused semi-targeted policy, which is shown in Figure 5.19 and again
keeps the old undergoing a lockdown until the vaccine arrives and has a fairly lengthy
lockdown on the younger age groups. The economic costs, however, are now lower (for
example only 17.6% of one year’s GDP for the safety-focused case shown in the figure),
because lockdowns end sooner with the earlier arrival of the vaccine: the earlier vaccine
arrival saves 7.3% in economic costs (or equivalently $1.8 trillion) while achieving the
same 0.2% mortality rate .

5.6 Other Robustness Exercises

As already noted in the Introduction, there is considerable uncertainty about both the rel-
evant parameters for the COVID-19 virus and for the economic damages from lockdowns.
In this subsection, we confirm that our qualitative conclusions on significant gains from
semi-targeted policies, both in terms of lives saved and reduced economic damages, are
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ROBUSTNESS

▸ ICU hard constraint 

▸ higher mortality: South Korea 

▸ lower transmission (e.g. masks) 

▸ higher initial recovered 

▸ lower effective lockdowns 

▸ alternative group distancing 

▸ alternative value for old in lockdown 

▸ alternative work from home



ICU HARD CONSTRAINT (INFECTIONS BELOW 2%)

A Appendix: Additional Figures

A.1 Figures for Baseline Simulation

Figure A.1: Susceptible (left panel) and R(t) (right panel) for Baseline parameterization.

A.2 Figures for Robustness Exercises

Figure A.2: Imposing a hard constraint on ICU capacity.
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Figure A.3: Imposing a hard constraint on ICU capacity, optimal uniform and semi-
targeted policies for economy-focused point on frontier.

Figure A.4: Higher mortality rate for the elderly based on South Korean data, optimal
uniform and semi-targeted policies for safety-focus point on the frontier.
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LOWER TRANSMISSION: R0=1.8 (BASELINE 2.4)

Figure A.5: Lower value for transmission rate b, optimal uniform and semi-targeted poli-
cies for safety-first point on the frontier.

Figure A.6: Alternative initial condition with higher number of recovered individuals,
optimal uniform and semi-targeted policies for safety-focus point on the frontier.
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LESS EFFECTIVE LOCKDOWNS

Figure A.7: Lower effectiveness of lockdowns, q = 0.5. Optimal uniform and semi-
targeted policies for safety-focus point on the frontier.
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CONTACT MATRIX CALIBRATION

▸ BBC Pandemic Project (more recent than POLYMOD)
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INTERACTIVE   
MR-SIR DASHBOARD

https://mr-sir.herokuapp.com/main
(link provided in our paper)





NEXT STEPS…

▸ Parameters: update as better information 

▸ Testing: capacity issues and build up over time 

▸ Operationalize… 

▸ How to better isolate elderly? 

▸ Corp of workers: immune or isolated 

▸ Our results today: targeted lockdown policies very 
beneficial



BEHAVIORAL RESPONSES

▸ Behavioral responses… 

▸ crucial to understand no intervention 

▸ but generally do not affect planning solutions 

▸ affect implementation 

▸ Targeting may be easier with behavioral responses


