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Timely pandemic countermeasures reduce both health damage and economic loss:
Generality of the exact solution
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Balancing pandemic control and economics is challenging, as the numerical analysis assuming
specific economic conditions complicates obtaining predictable general findings. In this study, we
analytically demonstrate how adopting timely moderate measures helps reconcile medical effective-
ness and economic impact, and explain it as a consequence of the general finding of “economic
irreversibility” by comparing it with thermodynamics. A general inequality provides the guiding
principles on how such measures should be implemented. The methodology leading to the exact
solution is a novel theoretical contribution to the econophysics literature.

Since early 2020, the world has been considerably impacted by the COVID-19 pandemic. To prevent widespread
infections, several countries adopted severe countermeasures, including extended lockdowns, particularly when their
medical care systems were on the verge of a breakdown. Therefore, how to adopt countermeasures against such a pan-
demic as well as future infections, has emerged as an important question because countermeasures such as lockdowns
may significantly damage socioeconomic systems. As addressing this question needs economic analysis, mathematical
economists began to examine this issue numerically [1H4]. However, numerical findings assuming individual socioeco-
nomic situations lack generality as they depend on specific parameters [5].

To determine a general result, an analytic study that transcends conventional methodology and numerical methods
of mathematical economics is indispensable. The history of physics leads us to acknowledge the importance of theory
derived through analytic studies, in which we concentrate on the effect of a small number of elements essential to the
system. The number of elements may be more in a real system than that used in theory. However, the exact solution
of a simple model can provide deep insights and high predictability.

Given the physicist’s viewpoint, the author was inspired by the pioneering numerical work of Rowthorn and Ma-
ciejowski 2], who used economic parameters for the United Kingdom to numerically demonstrate that keeping the
infected population stationary after lockdown is economically optimum. The author then formulated a theoretical
framework and found a preliminary analytic result, analogous to the thermodynamic theory, that the early adoption
of a countermeasure, keeping the infected population constant, is more effective than a delayed countermeasure in
reducing both infected population and economic damage [6]. However, the result depends on the special condition
that the infected population must be cyclic in time, in contrast to the realistic situation where the maximum number
of infected people is important. Therefore, the theory cannot be applied to general situations that are out of the
cycle.

In this study, the author formulates a theoretical framework and evaluates the countermeasure process for the
pandemic outbreak (infection-spreading) phase |8] because it is the principal and the most important phase of a
pandemic [8]. The early adoption of countermeasures to keep the exponential growth rate of the infected population
moderate is shown to be better than delayed countermeasures implemented just before the crisis of medical care
capacity in reducing both the infected population and economic damage. The result includes the preliminary findings
[6] under the cyclic condition as a special solution. It is also shown to be a natural consequence of the general finding
of “economic irreversibility.” |7

Pandemic control comprises measures adopted to reduce the number of people infected by an infected person. The
average number within a society is called the “effective reproduction number,” R; [9]. When R; drops below 1,
the pandemic subsides. Countermeasures, including wearing masks, strengthening ventilation, suspending business
activities, and announcing lockdowns, can be adopted to reduce Ry from its uncontrolled (natural) value, Ry (> 1).
Ry at the initial phase of infection equals the basic reproduction number Rq [9].

Hereafter, four general assumptions are adopted for the outbreak phase of the pandemic.

i) Infected population varies exponentially according to the effective reproduction number, Ry.

ii) The social cost of countermeasures is defined by the intervention cost, where countermeasures are assumed to
be adopted in sequential order of cost-effectiveness. To further decrease R, society must implement costlier
measures |2].
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iii) Medical costs, including costs triggered by the increase in the infected population, increase as the infected
population increases.

iv) The total cost is the sum of the intervention and medical costs. Note that the set of assumptions 2, 3, and 4 is a
typical example of cost-benefit analysis in economics [10,[11]. The current formulation regarding the cost-benefit
analysis is similar to that in Rowthorn and Maciejowski [2] and is conducted as follows.

Assumption (i) yields the following equation for the infected population at time ¢, I(t):
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where A(t) = Ry — 1, and v is a constant that determines the time scale of the dynamics [6]. At Ry = 1, the infected
population is stationary as A(t) = 0. As exponential dynamics is a general property in a pandemic during the
infection-spreading phase (8], Eq. () can be derived from mathematical models of infectious diseases. A derivation
from the susceptible-infected-recovered model is found in [6].

Assumption (ii) for the sequential order of countermeasures can be implemented by introducing a cost function.
Hereafter, we refer to the social cost per unit of time as the “intervention cost” in the form of C(Rt). The following
are assumed in the C'(Ry) function: The condition without intervention measures corresponds to Ry = Ry, in which
C(Ry) = 0. The cost should increase as the effective reproduction number decreases. The rate of increase in C(Ry)
should also increase as the effective reproduction number is reduced by the countermeasures because they are adopted
in sequential order of cost-effectiveness. Thus, the following conditions can be set for the intervention cost function
per unit of time, C(Ry) (0 < Ry < Ry):

C(RN) =0, (2)
C(R; —¢€) > C(R;) for Ve >0, (3)
C(Ry) is convex downward. (4)

Assumption (iii) for the medical cost per unit of time yields

dM(I)
>0 5
s, )
where M (I) is the medical cost. Note that the above inequality includes the case where medical cost M (I) is nonlinear
with respect to I, which contrasts with the model where medical cost is proportional to the infected population [2].

The total cost per unit of time is the sum of intervention and medical costs, that is, C(Ry(¢)) + M (I(t)). Thus, the
total cost for a given period (¢/, t”") is defined as

| ety + pra (©)

With this formulation, our task is to find which countermeasure policy, “Step by step and intensity” or “Early and
moderate countermeasure,” minimizes the average of the total cost (C(R¢(t)) + M (I(t))) over a given period (¢, t")
(see Fig. 1). To determine the optimized process specified by a protocol of the effective reproduction number, R(t),
for a given period, we must describe how the infected population increases. Thus, we must solve Eq. (D).

The solution of Eq. () at time ¢ is

I(t) = Ipe™, (7)

where A(t) is assumed a constant, A, and Iy is an infected population at ¢ = 0. As A = Ry — 1, the intervention
cost is treated hereafter as a function of A: C(A(t)). Path B in Fig. 1 is set at a monotonic exponential growth rate,
At) = A*. At t =T, it yields

I(T) = IyeX™™", (8)
For the path A; (0 <t < T1), which is the 1st segment of path A in Fig. 1, we set

A(t)=Ap, = A" 44, 9)
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FIG. 1. Tracing infected population during the cyclic process of pandemic control. The analytic solution shows that both

economic and medical costs of path A are higher than those of path B.

and for path Ay (71 <t < T), which is the 2nd segment of path A,

Then,

I(Tl) = Ioe’yTl(A*+6l) and

I(Ty + Ty) = I(Ty)e T2 (A7 —%2),
By using 71 + T = T and Eq.(8]), we obtain the equality
0111 = 62T5.

(13)

Now, the costs between the two processes, paths A and B, can be compared. The intervention costs during the

period between ¢t = 0 and ¢t = T are written as

/ C(A(t))dt = C(A* 4+ 61) Ty + C(A* — §3) Ta,
path A

/ CIAM))dt = C(AYT = C(A*)Ts + C(A*)T.
path B

Then,

/path A CaE)dt - /path B C(A(t))dt = [C(A* +81) — C(A*)|Ty + [C(A* — &2) — C(A)]Tx.

The convexity of C'(A) (Eq. M) leads to the inequality (see Fig. 2I):
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C(A) < C(aY)

By applying this inequality together with the equality (Eq. ([I3)) into Eq. (I6]) leads to

/path A CA)dt = /path L Camyir=o.

(14)
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FIG. 2. An example of the functional form of C'(A). This function need not be differentiable; it need only be a continuous
function that is convex downward. The red dashed line connecting points (A* + 01, C(A* + 01)) and (A* — 2, C(A* — §2))
takes the value C'(A*) at A = A*.

We therefore obtain the general inequality,

/p g Ca = /p L OB (19)

As the infected population of path A is not less than that of path B, through Eq.(#]), the same inequality also holds
for medical costs:

/p L M@ 2 /p g MU (20)

Therefore, the total cost of path A is not less than that of path B:
Total cost of path A > Total cost of path B. (21)

The inequality has generality in the sense that it is independent of specific parameters, §;, and J2. Furthermore,
because any integrable function can be decomposed into a step function with arbitrary precision, Eq.(21) holds for
any process of integrable R(¢) on the condition that Ihath Alt) > Ihath B(t) and I(t) of path A reaches that of path
Batt=1T [12].

The results show that a society delaying countermeasures must incur more intervention and medical costs during
the process. It is illustrated in Fig. Bl with the model C(A) = (Ax — A)/(1+ A). Typical examples are the countries
that adopted ad-hoc countermeasures only when their medical care systems were on the verge of a breakdown. Such a
policy against the pandemic is found to be non-economic based on the present theory. Notably, the present formulation
and the result include the preliminary ones [6] as a special (cyclic) case where I(T') = .

Finally, the case that the order of countermeasure is the reverse of path A of Fig. 1 is discussed to clarify this
study’s position. In Fig. ll(a), intense countermeasures are adopted first (path C;), followed by weak countermeasures
(path Cs), in which the effective reproduction number and the period of paths A; and Ca, as well as those of paths
A5 and path Cq, are identical. As the intervention cost is a function only of the effective reproduction number, the
average intervention cost is the same for paths A and C. However, the average medical cost is larger in path A than
in path C as the infected population of path A is always greater than or equal to that of path C. Therefore, the total
cost of path C is less than that of path A. This example clarifies the structure of the finding that social delay measures
have a greater total cost.

Next, let us compare the costs between paths C and B. Intervention costs of path C are the same as that of path
A, as these are functions only of the effective reproduction number. As the intervention cost of path A is always more
than that of path B, the intervention cost of path C is also more than that of path B. By contrast, the medical cost
of path C is less than that of path B because the infected population of path C is less than that of path B. Thus,
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FIG. 3. Example of delay effects in countermeasures in path A of Fig. 1. No measure is assumed in the 1st segment between
t =0and t =T;. As path B is a reference and independent of the delay, the ratio of the cost of path A to that of path B shows
how the delay affects costs. The greater the parameter T3, the larger the delay in countermeasures. The following parameters
are used for demonstration: RN = 3, C(Ry) = (3— Ry)/(Ry), A" = 1(Rf = 2), andyT = 61 = 1, while medical cost is assumed
to be proportional to the infected population, for simplicity. (a) Medical cost, (b) Intervention cost.
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FIG. 4. (a) The total cost of path A is more than that of paths B and C, although the present theory cannot solve which
total cost between paths B and C is better. Here, the period and effective reproduction number of paths A; and Cs, as well as
those of Az and path Ci, are identical. (b) Outline of the paper: In the upper left region: The total cost decreases as the path
approaches the optimal one, represented by the broken line. The bottom right region: an optimal path cannot be found based
on the present theory because it should be determined by the competition between medical and economic costs.

whether implementing a more intense countermeasure at the beginning is more beneficial than the exponentially
constant countermeasure during the whole period cannot be determined by the present theory. The total cost in
the bottom right region of Figld] can only be analyzed with a more detailed knowledge of the cost parameters. In
other words, the weighting factors between medical and economic costs determine which is better in this region. For
example, the more toxic the pandemic, the more the weight of the medical cost, indicating that not just early but
intense countermeasures are important for reducing total cost.

This study analytically demonstrated the fundamental structure of irreversibility in the pandemic control process.
Delaying measures against the spread of infection generally results in cost increases. Once the infected population
increases more than the reference path B, the system is economically irreversible because extra expenditures compared
with the reference path must be incurred. The results are not restricted to the specific model and are applicable as long
as the infection-spreading phase is expected to last longer than the time scale of variation in the infected population.
The theoretical methodology described in this paper leading to the exact solution and the generality of the findings
is a novel contribution to the econophysics literature.

These general and robust findings contradict the ad-hoc policy of adopting serious measures only just before a
crisis. Assuming we can estimate the maximum number of infected people that a medical care system can reasonably
manage and the time required for changes in the environment surrounding the pandemic (e.g., vaccines, seasonal



changes), it is important to calculate and maintain a target effective reproduction number to be implemented during
that period to avoid economic irreversibility. The preliminary result [6] is included in this study as a special case, and
the present result applies not only to the COVID-19 pandemic, whether or not “herd immunity” exists, but also to
any likely future pandemic [13, [14]. However, the present theory cannot solve which countermeasure process is better
if the process is in the bottom right region of Fig. H(b). To solve this question, more detailed cost parameters are
needed.

The generality established in this study is similar to that in thermodynamics [15], and is in contrast to the conven-
tional methodology of mathematical economics. Thermodynamics provides a quantitative relationship among physical
variables and postulates thermodynamic irreversibility, which is similar to the present result that an excess infected
population is economically irreversible. The irreversibility arises from two mathematical structures: 1) the concave
nature of the functional form, C(Ry), of the intervention cost (Eq. (), and 2) the exponential dynamics of the
infected population (Eq.(T)), suggesting a similar irreversibility structure outside of econophysical phenomena.

As noted in the introduction, our findings were derived by assuming minimal factors concerning pandemic regulation
and economics. A real system is affected by many more factors such as vaccination effect, seasonal effects, and improved
ventilation. However, all the factors in this study are considered common in many real-world complex systems. Thus,
the results are expected to be useful both as a basis for considering more realistic situations and for further analytic
theory, given the importance of exact solutions to the fundamental theory in physics.
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