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ABSTRACT

Infections produced by pre-symptomatic and asymptomatic (non-symptomatic) individuals have been identified as major drivers

of COVID-19 transmission. Non-symptomatic individuals unaware of the infection risk they pose to others, may perceive

themselves –and being perceived by others– as not representing risk of infection. Yet many epidemiological models currently in

use do not include a behavioral component, and do not address the potential consequences of risk misperception. To study the

impact of behavioral adaptations to the perceived infection risk, we use a mathematical model that incorporates individuals’

behavioral decisions based on a projection of the future system’s state over a finite planning horizon. We found that individuals’

risk misperception in the presence of asymptomatic individuals may increase or reduce the final epidemic size. Moreover,

under behavioral response the impact of asymptomatic infections is modulated by symptomatic individuals’ behavior. Finally,

we found that there is an optimal planning horizon that minimizes the final epidemic size.

Introduction

Asymptomatic individuals have the potential to affect the course of an epidemic through silent infections. Transmission events

in the absence of symptoms have been documented for different diseases, including the ongoing COVID-19 pandemic1–3. The

emergence of the SARS-CoV-2 virus challenged the scientific community to promptly uncover its pathogenesis and transmission

dynamics in order to fight infections and achieve disease containment. The potential transmission of COVID-19 during the pre-

symptomatic and asymptomatic stages was recognized relatively quickly4, 5. Containment efforts involving contact tracing and

testing have identified pre-symptomatic and asymptomatic individuals as major drivers of COVID-19 transmission in a number

of countries3, 6–10. However, the impossibility of identifying asymptomatic individuals without testing poses a major challenge

for disease containment. Yet most countries only test symptomatic individuals11. Ideally, large scale random testing with

appropriate test sensitivity is required to characterize the progression routes of infection12, 13. Without random testing, the role of

asymptomatic infections is hard to identify. The problem is made more difficult by the fact that the asymptomatic/symptomatic

ratio, as well as the infectiousness potential of COVID-19 asymptomatic individuals is uncertain14–16. Studies estimating

asymptomatic relative infectiousness report highly variable results, ranging from (0%-40%)7, 10, 17 to (40%-70%)11, 12, 18–20.

Absent testing, infections produced by asymptomatic individuals are difficult to prevent and to track due to the lack of

apparent illness and to the fact that asymptomatic individuals are unaware of the infection risk they pose to others. Asymptomatic

individuals may perceive themselves –and being perceived by others– as not representing an infection risk, potentially starting

infection chains that are not detectable through contact tracing9. Yet many epidemiological models currently in use do not

include a behavioral component, and do not address the potential consequences of risk misperception.

To get a measure of the risks posed by infectious pre-symptomatic and asymptomatic individuals we consider behavioral

responses to perceived risk. Behavioral responses aimed at mitigating disease risk include social distancing by both susceptible

and infected individuals, increased use of protective equipment, and better hygiene. Collectively, the suite of behavioral

responses taken by individuals have been characterized as a behavioral immune system at the population level21. Modern

mathematical models envision epidemics as complex systems in which behavioral responses, at different scales, both drive and

are driven by the disease transmission process. A number of different mathematical modeling frameworks have been used to

understand interactions between disease dynamics and behavioral responses,22–24.

In this paper we use per-capita contact rates as the mechanism by which disease is transmitted and benefits are obtained.

In other words, we assume economic productivity depends on social interactions25, 26. We apply the framework by Fenichel

et. al. in27–29, to study how the behavior of infectious exposed and asymptomatic individuals affects the spread of a disease.

Specifically, we use the impact of behavioral adaptations to disease risk to understand the effect of asymptomatic infections on

the transmission dynamics and the final epidemic size. As in the work by Fenichel et. al., we use a set of ordinary differential



equations to model disease progression, and a decentralized Markov decision framework to model the strategic behavior

of individuals in different health classes. Behavioral changes are modeled as adjustments in the contact decisions made by

individuals seeking to maximize the net benefits offered by contacts with others, where contacts also carry a risk of infection.

Specifically, we model the response to disease risk as a trade-off between benefits secured through contact with others, and

costs associated with the probability of infection due to contact with others expected to occur over some finite planning horizon.

Before the vaccines against COVID-19 infections were widely available, behavioral change took the form of variation in

contact rates over the epidemic period. That is, individuals chose their daily contact rates, given their understanding of infection

risks, so as to maximize the discounted flow of net benefits over a given planning horizon. The decision process accounts for

expectations of future utility, future risk of infection and potential future transitions to alternative health states, based on a

projection of the future system’s state over a finite planning horizon.

Understanding of infection risk is assumed to be determined by vulnerability cues21. Since most social interactions require

immediate evaluation of the infection risk, individuals are biased towards easily observable cues–specifically the presence

or absence of symptoms. It follows that there will be at best a weak behavioral response to individuals exhibiting mild or

no symptoms. Specifically, we suppose that the impact of non-symptomatic (exposed and asymptomatic) individuals on the

transmission dynamics depends on two misperceptions: (i) non-symptomatic individuals are treated as not infectious; (ii)

uninfected and non-symptomatic infectious individuals behave as if they are susceptible.

Taking variation in the final epidemic size as a measure of the impact of asymptomatic infections, we consider the net

effect of these two misperceptions on the behavior of the non-symptomatic population. The risk-avoiding behavior of non-

symptomatic but infectious individuals who perceive themselves to be susceptible, is balanced against the risk-increasing

behavior of susceptible individuals who perceive non-symptomatic individuals as non-infectious. Moreover, the impact of the

non-symptomatic population’s behavior is conditioned by the behavior of the symptomatic but still socially active population.

In the US, as in many other countries, non-pharmaceutical pro-social precautionary measures by infected but socially active

individuals are recommended but not mandatory30, 31. Consequently, it is expected that only a fraction of the infected but

socially active population will comply with health authority recommendations. We test the strength of the impact of variations

in the behavior of the non-symptomatic population to variations in the proportion of the symptomatic population adopting

pro-social behaviors.

We find that under behavioral adaptation an epidemic driven by both symptomatic and asymptomatic cases may produce a

greater final epidemic size than the analogous epidemic solely driven by symptomatic cases. Individuals’ risk misperception, by

playing a dual role on the behavioral response produced during an epidemic, may ameliorate or exacerbate the epidemic. By

contrast, constant contacts models, may find the final epidemic size monotonically decreases when a proportion of infections

result in asymptomatic cases.

Moreover, under behavioral response the impact of asymptomatic infections is modulated by symptomatic individuals’

behavior. The lower the symptomatic individuals’ contact rate, the greater the impact of asymptomatic infections on the attack

rate.

Finally, we found that there is an optimal planning horizon that minimizes the final epidemic size regardless of the proportion

of asymptomatic cases and their relative infectiousness.

Results

Since the model is not amenable to an analytic solution, we numerically explore the implications of adaptive behavior and

risk misperception on the epidemic dynamics and final size. We assume per-contact utility to be independent of health status

and use the single peaked utility function ut =
(

bCh
t − (Ch

t )
2
)ν

, where Ch
t represents the contact rate of a typical individual

with health status h at time t, and where the maximum number of contacts available per time (b) and the utility function shape

parameter (ν), are fixed over time. Therefore, u(h,Ch
t ) represents the immediate utility a typical individual in health class h

obtains by making C contacts at time t.

Since preferences are single-peaked each individual has a unique most preferred contact rate. Although the utility function

is symmetric around the optimal contact rate C∗ = b/2, we restrict behavior adaptations to reductions in the contact rate. In

Appendix C we explore the impact of changes in the utility function on the adaptive behavior produced.

In the absence of appropriate behavioral data, we assumed individuals make an average of b = 48 contacts per day and

that future utility is discounted at the rate of 5% per year (δ = 0.99986), and the utility function parameter value is assumed

to be ν = 0.1,27, 29. We explore the impact of variations in these parameter values in Appendix C. We calibrate the behavior

model letting expression (2) to be consistent with early disease dynamics of the COVID-19 pandemic. Exposed individuals

are assumed to exhibit a 5 days latency period (κ = 1/5) with a reduced infectiousness of ρ = 0.25,4, 35. Infected individuals

recover and cannot infect others on average after 9 days (γ = 1/9) of symptoms onset,36. For our baseline parameters we

assume 50% (σ = 0.5) of the infections become asymptomatic with relative infectiousness of ε = 0.410, and all symptomatic

individuals to be non-compliant (l = 1). These baseline parameters with a per-contact likelihood of infection β = 0.01324,
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generate a basic reproductive number of 2.4,37, 38. The set of parameters used in our numerical experiments, unless otherwise

indicated, are collected in Table 1.

Table 1. Constant contact rates and adaptive behavior model baseline parameters

Parameter Description Baseline value Ref

ν Utility function shape parameter 0.1 27

δ Discount factor 0.99986 27

b Maximum number of contacts per day 48 27

β Likelihood of infection 0.01324 27, 37

κ Latency rate 1/5 4, 35

γ Recovery rate 1/9 36

τ Planning horizon length 14 Assumed

ρ Exposed ind. infectiousness 0.25 Assumed

l Proportion of non-compliant ind. 1 Assumed

η Compliant ind. relative infectiousness 0.4 10

ε Asymptomatic ind. relative infectiousness 0.4 10

σ Proportion of asymptomatic ind. 0.5 14, 15

We now use model (1) with varying contact rates to study the impact of non-symptomatic individuals’ behavior on the

transmission dynamics and final epidemic size where symptomatic individuals are always non-compliant l = 1.

Risk misperception has the potential to increase the final epidemic size
Figure 1 shows selected simulations for disease dynamics under constant contact rates (dashed curves), and under adaptive

behavior (solid curves). It reports two scenarios: in panel (a) 30% (σ = 0.3) of all infections are asymptomatic, and in

panel (b) 60% (σ = 0.6) of all infections are asymptomatic. In panel (a), behavioral adaptation reduces the contact rate

of non-symptomatic individuals (CS
t ) down to 50%, and in panel (b), there is a weaker behavioral response, reducing the

non-symptomatic contact rate to 80%.
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Time
<latexit sha1_base64="TK0xur2BFZmFmZTHNGnjXpxSeJY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4CklF9Fjw4rFCv6ANZbOdtkt3N2F3I5TQv+DFgyJe/UPe/DcmbQ7a+mDg8d4MM/PCWHBjPe/b2djc2t7ZLe2V9w8Oj44rJ6dtEyWaYYtFItLdkBoUXGHLciuwG2ukMhTYCaf3ud95Qm14pJp2FmMg6VjxEWfU5lKTSxxUqp7rLUDWiV+QKhRoDCpf/WHEEonKMkGN6flebIOUasuZwHm5nxiMKZvSMfYyqqhEE6SLW+fkMlOGZBTprJQlC/X3REqlMTMZZp2S2olZ9XLxP6+X2NFdkHIVJxYVWy4aJYLYiOSPkyHXyKyYZYQyzbNbCZtQTZnN4ilnIfirL6+Tds31r92bx1q17hZxlOAcLuAKfLiFOjxAA1rAYALP8ApvjnRenHfnY9m64RQzZ/AHzucP+cCOIg==</latexit>

Time
<latexit sha1_base64="TK0xur2BFZmFmZTHNGnjXpxSeJY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4CklF9Fjw4rFCv6ANZbOdtkt3N2F3I5TQv+DFgyJe/UPe/DcmbQ7a+mDg8d4MM/PCWHBjPe/b2djc2t7ZLe2V9w8Oj44rJ6dtEyWaYYtFItLdkBoUXGHLciuwG2ukMhTYCaf3ud95Qm14pJp2FmMg6VjxEWfU5lKTSxxUqp7rLUDWiV+QKhRoDCpf/WHEEonKMkGN6flebIOUasuZwHm5nxiMKZvSMfYyqqhEE6SLW+fkMlOGZBTprJQlC/X3REqlMTMZZp2S2olZ9XLxP6+X2NFdkHIVJxYVWy4aJYLYiOSPkyHXyKyYZYQyzbNbCZtQTZnN4ilnIfirL6+Tds31r92bx1q17hZxlOAcLuAKfLiFOjxAA1rAYALP8ApvjnRenHfnY9m64RQzZ/AHzucP+cCOIg==</latexit>

Time
<latexit sha1_base64="TK0xur2BFZmFmZTHNGnjXpxSeJY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4CklF9Fjw4rFCv6ANZbOdtkt3N2F3I5TQv+DFgyJe/UPe/DcmbQ7a+mDg8d4MM/PCWHBjPe/b2djc2t7ZLe2V9w8Oj44rJ6dtEyWaYYtFItLdkBoUXGHLciuwG2ukMhTYCaf3ud95Qm14pJp2FmMg6VjxEWfU5lKTSxxUqp7rLUDWiV+QKhRoDCpf/WHEEonKMkGN6flebIOUasuZwHm5nxiMKZvSMfYyqqhEE6SLW+fkMlOGZBTprJQlC/X3REqlMTMZZp2S2olZ9XLxP6+X2NFdkHIVJxYVWy4aJYLYiOSPkyHXyKyYZYQyzbNbCZtQTZnN4ilnIfirL6+Tds31r92bx1q17hZxlOAcLuAKfLiFOjxAA1rAYALP8ApvjnRenHfnY9m64RQzZ/AHzucP+cCOIg==</latexit>

Time
<latexit sha1_base64="TK0xur2BFZmFmZTHNGnjXpxSeJY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4CklF9Fjw4rFCv6ANZbOdtkt3N2F3I5TQv+DFgyJe/UPe/DcmbQ7a+mDg8d4MM/PCWHBjPe/b2djc2t7ZLe2V9w8Oj44rJ6dtEyWaYYtFItLdkBoUXGHLciuwG2ukMhTYCaf3ud95Qm14pJp2FmMg6VjxEWfU5lKTSxxUqp7rLUDWiV+QKhRoDCpf/WHEEonKMkGN6flebIOUasuZwHm5nxiMKZvSMfYyqqhEE6SLW+fkMlOGZBTprJQlC/X3REqlMTMZZp2S2olZ9XLxP6+X2NFdkHIVJxYVWy4aJYLYiOSPkyHXyKyYZYQyzbNbCZtQTZnN4ilnIfirL6+Tds31r92bx1q17hZxlOAcLuAKfLiFOjxAA1rAYALP8ApvjnRenHfnY9m64RQzZ/AHzucP+cCOIg==</latexit>

Time
<latexit sha1_base64="TK0xur2BFZmFmZTHNGnjXpxSeJY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4CklF9Fjw4rFCv6ANZbOdtkt3N2F3I5TQv+DFgyJe/UPe/DcmbQ7a+mDg8d4MM/PCWHBjPe/b2djc2t7ZLe2V9w8Oj44rJ6dtEyWaYYtFItLdkBoUXGHLciuwG2ukMhTYCaf3ud95Qm14pJp2FmMg6VjxEWfU5lKTSxxUqp7rLUDWiV+QKhRoDCpf/WHEEonKMkGN6flebIOUasuZwHm5nxiMKZvSMfYyqqhEE6SLW+fkMlOGZBTprJQlC/X3REqlMTMZZp2S2olZ9XLxP6+X2NFdkHIVJxYVWy4aJYLYiOSPkyHXyKyYZYQyzbNbCZtQTZnN4ilnIfirL6+Tds31r92bx1q17hZxlOAcLuAKfLiFOjxAA1rAYALP8ApvjnRenHfnY9m64RQzZ/AHzucP+cCOIg==</latexit>

Adaptive behavior
<latexit sha1_base64="xPAdy/GtaryxugJAF4Xeq3hnvrM=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5JURY8VLx4r2A9oQ9lsJu3SzSbsbiol9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5fsKZ0o7zbRXW1jc2t4rbpZ3dvf0Du3zYUnEqKTRpzGPZ8YkCzgQ0NdMcOokEEvkc2v7odua3xyAVi8WDniTgRWQgWMgo0Ubq2+WbgCSajQH7MCRjFsu+XXGqzhx4lbg5qaAcjb791QtimkYgNOVEqa7rJNrLiNSMcpiWeqmChNARGUDXUEEiUF42P32KT40S4DCWpoTGc/X3REYipSaRbzojoodq2ZuJ/3ndVIfXXsZEkmoQdLEoTDnWMZ7lgAMmgWo+MYRQycytmA6JJFSbtEomBHf55VXSqlXd8+rlfa1Sv8jjKKJjdILOkIuuUB3doQZqIooe0TN6RW/Wk/VivVsfi9aClc8coT+wPn8AMGaT6g==</latexit>

Constant contacts
<latexit sha1_base64="0iLxyZc0Lc2CaLubhmpL7fCAW/s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxURZeFblxWsA9oh5JJM21oJhmSO0oZ/RQ3LhRx65e4829M21lo64HA4Zx7uScnTAQ34HnfTmFtfWNzq7hd2tnd2z9wy4dto1JNWYsqoXQ3JIYJLlkLOAjWTTQjcShYJ5w0Zn7nnmnDlbyDacKCmIwkjzglYKWBW24oaYBIwFRJIBTMwK14VW8OvEr8nFRQjubA/eoPFU1jJoEKYkzP9xIIMqKBU8GeSv3UsITQCRmxnqWSxMwE2Tz6Ez61yhBHSts3D2HV3xsZiY2ZxqGdjAmMzbI3E//zeilE10HGZZICk3RxKEoFBoVnPeAh14yCmFpCqOY2K6Zjom0Dtq2SLcFf/vIqadeq/nn18rZWqV/kdRTRMTpBZ8hHV6iOblATtRBFD+gZvaI359F5cd6dj8Vowcl3jtAfOJ8/c3qUFQ==</latexit>

A(t)
<latexit sha1_base64="R3QBsPagACxP4nuPz4eX14tk9vQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXK3qsePFYwX5Au5Rsmm1Dk+ySzApl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBbHgBlz32ymsrW9sbhW3Szu7e/sH5cOjtokSTVmLRiLS3YAYJrhiLeAgWDfWjMhAsE4wucv8zhPThkfqEaYx8yUZKR5ySiCTbqtwPihX3Jo7B14lXk4qKEdzUP7qDyOaSKaACmJMz3Nj8FOigVPBZqV+YlhM6ISMWM9SRSQzfjq/dYbPrDLEYaRtKcBz9fdESqQxUxnYTklgbJa9TPzP6yUQ3vgpV3ECTNHFojARGCKcPY6HXDMKYmoJoZrbWzEdE00o2HhKNgRv+eVV0r6oeZe1q4d6pVHP4yiiE3SKqshD16iB7lETtRBFY/SMXtGbI50X5935WLQWnHzmGP2B8/kDK9aNoQ==</latexit>

A(t)
<latexit sha1_base64="R3QBsPagACxP4nuPz4eX14tk9vQ=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2VXK3qsePFYwX5Au5Rsmm1Dk+ySzApl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBbHgBlz32ymsrW9sbhW3Szu7e/sH5cOjtokSTVmLRiLS3YAYJrhiLeAgWDfWjMhAsE4wucv8zhPThkfqEaYx8yUZKR5ySiCTbqtwPihX3Jo7B14lXk4qKEdzUP7qDyOaSKaACmJMz3Nj8FOigVPBZqV+YlhM6ISMWM9SRSQzfjq/dYbPrDLEYaRtKcBz9fdESqQxUxnYTklgbJa9TPzP6yUQ3vgpV3ECTNHFojARGCKcPY6HXDMKYmoJoZrbWzEdE00o2HhKNgRv+eVV0r6oeZe1q4d6pVHP4yiiE3SKqshD16iB7lETtRBFY/SMXtGbI50X5935WLQWnHzmGP2B8/kDK9aNoQ==</latexit>

Figure 1. Disease dynamics under adaptive behavior (thick curves) and constant contact rates (dashed curves). The scenarios

where 30% (panel a) and 60% (panel b) of cases become asymptomatic show differential behavioral response (CS
t ) as a function

of the risk perception, impacting the final epidemic size. Parameters τ = 14,ν = 0.1,ε = 0.4,CI = maxCt , l = 1 and ρ = 0.25.

While adaptive behavioral responses to disease risk reduce contact rates in both cases, the level of contacts reduction is

sensitive to the proportion of infections that are asymptomatic. We now explore the impact of the infectiousness of asymptomatic

individuals on the attack rate. Figure 2 shows that the impact of silent infections depends upon the relative infectiousness

of asymptomatic individuals. Our simulations show that under low infectiousness of asymptomatic individuals (ε = 30%),

the attack rate decreases as the proportion of asymptomatic cases increases. However, if asymptomatic individuals are highly

infectious, (ε = 60%), the attack rate increases as the proportion of asymptomatic cases increases.
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R(t)
<latexit sha1_base64="ykeCVierQDOmf9lFUOciBSy2WiM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquVvRY8OKxiv2AdinZNNuGJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3md56o0iySj2YaU1/gkWQhI9hk0kPVnA/KFbfmzoFWiZeTCuRoDspf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X46v3WGzqwyRGGkbEmD5urviRQLracisJ0Cm7Fe9jLxP6+XmPDGT5mME0MlWSwKE45MhLLH0ZApSgyfWoKJYvZWRMZYYWJsPCUbgrf88ippX9S8y9rVfb3SqOdxFOEETqEKHlxDA+6gCS0gMIZneIU3RzgvzrvzsWgtOPnMMfyB8/kDRc2Nsg==</latexit>

Time
<latexit sha1_base64="G/V6z83FswrYtL7tDnNc020K1ms=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoseCF48V+gVtKJvtpF26m4TdjVBC/4IXD4p49Q9589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pR8AhbhhuB3UQhlYHATjC5n/udJ1Sax1HTTBP0JR1FPOSMmrnU5BIH5YpbdRcg68TLSQVyNAblr/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni1tn5MIqQxLGylZkyEL9PZFRqfVUBrZTUjPWq95c/M/rpSa88zMeJanBiC0XhakgJibzx8mQK2RGTC2hTHF7K2FjqigzNp6SDcFbfXmdtGtV76p681ir1K/zOIpwBudwCR7cQh0eoAEtYDCGZ3iFN0c6L86787FsLTj5zCn8gfP5A/uOjig=</latexit>

σ = 0
<latexit sha1_base64="+aB0Hd9ul6o/D1htWeXT/NBnUBM=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2N6EUIePEYwTwgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj26nfeqLaMCUf7DihocADyWJGsHVSu2vYQOAbv1cq+xV/BrRMgpyUIUe9V/rq9hVJBZWWcGxMJ/ATG2ZYW0Y4nRS7qaEJJiM8oB1HJRbUhNns3gk6dUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q4+swYzJJLZVkvihOObIKTZ9HfaYpsXzsCCaauVsRGWKNiXURFV0IweLLy6R5XgkuKpf31XKtmsdRgGM4gTMI4ApqcAd1aAABDs/wCm/eo/fivXsf89YVL585gj/wPn8AjqWPnQ==</latexit>

σ = 0.3
<latexit sha1_base64="MJMJLtab2UI/FD83Vg5n74PSQoY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07JrK3oRCl48VrAf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//oHx41NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/O/PYTVZrF8sFMEhoIPJQsYgQbKz32NBsKfOO51X654rneHGiV+DmpQI5Gv/zVG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWTzi6fozCoDFMXKljRorv6eyLDQeiJC2ymwGellbyb+53VTE10HGZNJaqgki0VRypGJ0ex9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C+/vEpaF65fdS/va5V6LY+jCCdwCufgwxXU4Q4a0AQCEp7hFd4c7bw4787HorXg5DPH8AfO5w9xgJAS</latexit>

σ = 0.6
<latexit sha1_base64="B7Tcrsfh6ZgNeFW5aoJbSQV6JRM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgadnV+LgIAS8eI5gHJkuYncwmQ2Zml5lZISz5Cy8eFPHq33jzb5wke9DEgoaiqpvurjDhTBvP+3YKK6tr6xvFzdLW9s7uXnn/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqd+q0nqjSL5YMZJzQQeCBZxAg2VnrsajYQ+MZzL3vliud6M6Bl4uekAjnqvfJXtx+TVFBpCMdad3wvMUGGlWGE00mpm2qaYDLCA9qxVGJBdZDNLp6gE6v0URQrW9Kgmfp7IsNC67EIbafAZqgXvan4n9dJTXQdZEwmqaGSzBdFKUcmRtP3UZ8pSgwfW4KJYvZWRIZYYWJsSCUbgr/48jJpnrn+uXtxX63UqnkcRTiCYzgFH66gBndQhwYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AdgyQFQ==</latexit>
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σ = 0
<latexit sha1_base64="+aB0Hd9ul6o/D1htWeXT/NBnUBM=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2N6EUIePEYwTwgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj26nfeqLaMCUf7DihocADyWJGsHVSu2vYQOAbv1cq+xV/BrRMgpyUIUe9V/rq9hVJBZWWcGxMJ/ATG2ZYW0Y4nRS7qaEJJiM8oB1HJRbUhNns3gk6dUofxUq7khbN1N8TGRbGjEXkOgW2Q7PoTcX/vE5q4+swYzJJLZVkvihOObIKTZ9HfaYpsXzsCCaauVsRGWKNiXURFV0IweLLy6R5XgkuKpf31XKtmsdRgGM4gTMI4ApqcAd1aAABDs/wCm/eo/fivXsf89YVL585gj/wPn8AjqWPnQ==</latexit>

σ = 0.3
<latexit sha1_base64="MJMJLtab2UI/FD83Vg5n74PSQoY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07JrK3oRCl48VrAf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//oHx41NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/O/PYTVZrF8sFMEhoIPJQsYgQbKz32NBsKfOO51X654rneHGiV+DmpQI5Gv/zVG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWTzi6fozCoDFMXKljRorv6eyLDQeiJC2ymwGellbyb+53VTE10HGZNJaqgki0VRypGJ0ex9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C+/vEpaF65fdS/va5V6LY+jCCdwCufgwxXU4Q4a0AQCEp7hFd4c7bw4787HorXg5DPH8AfO5w9xgJAS</latexit>

σ = 0.6
<latexit sha1_base64="B7Tcrsfh6ZgNeFW5aoJbSQV6JRM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgadnV+LgIAS8eI5gHJkuYncwmQ2Zml5lZISz5Cy8eFPHq33jzb5wke9DEgoaiqpvurjDhTBvP+3YKK6tr6xvFzdLW9s7uXnn/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqd+q0nqjSL5YMZJzQQeCBZxAg2VnrsajYQ+MZzL3vliud6M6Bl4uekAjnqvfJXtx+TVFBpCMdad3wvMUGGlWGE00mpm2qaYDLCA9qxVGJBdZDNLp6gE6v0URQrW9Kgmfp7IsNC67EIbafAZqgXvan4n9dJTXQdZEwmqaGSzBdFKUcmRtP3UZ8pSgwfW4KJYvZWRIZYYWJsSCUbgr/48jJpnrn+uXtxX63UqnkcRTiCYzgFH66gBndQhwYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AdgyQFQ==</latexit>

R(t)
<latexit sha1_base64="ykeCVierQDOmf9lFUOciBSy2WiM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquVvRY8OKxiv2AdinZNNuGJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3md56o0iySj2YaU1/gkWQhI9hk0kPVnA/KFbfmzoFWiZeTCuRoDspf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X46v3WGzqwyRGGkbEmD5urviRQLracisJ0Cm7Fe9jLxP6+XmPDGT5mME0MlWSwKE45MhLLH0ZApSgyfWoKJYvZWRMZYYWJsPCUbgrf88ippX9S8y9rVfb3SqOdxFOEETqEKHlxDA+6gCS0gMIZneIU3RzgvzrvzsWgtOPnMMfyB8/kDRc2Nsg==</latexit>

Time
<latexit sha1_base64="G/V6z83FswrYtL7tDnNc020K1ms=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoseCF48V+gVtKJvtpF26m4TdjVBC/4IXD4p49Q9589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pR8AhbhhuB3UQhlYHATjC5n/udJ1Sax1HTTBP0JR1FPOSMmrnU5BIH5YpbdRcg68TLSQVyNAblr/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni1tn5MIqQxLGylZkyEL9PZFRqfVUBrZTUjPWq95c/M/rpSa88zMeJanBiC0XhakgJibzx8mQK2RGTC2hTHF7K2FjqigzNp6SDcFbfXmdtGtV76p681ir1K/zOIpwBudwCR7cQh0eoAEtYDCGZ3iFN0c6L86787FsLTj5zCn8gfP5A/uOjig=</latexit>

ǫ = 0.3
<latexit sha1_base64="HJqmSqC4ZP8WcQqiPspuXF9cuk4=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0i0oheh4MVjBfsBTSib7aRdutksuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL5KcaeN5305pbX1jc6u8XdnZ3ds/qB4etXWaKQotmvJUdSOigTMBLcMMh65UQJKIQyca3838zhMozVLxaCYSwoQMBYsZJcZKQQBSM56KW8+97FdrnuvNgVeJX5AaKtDsV7+CQUqzBIShnGjd8z1pwpwowyiHaSXINEhCx2QIPUsFSUCH+fzmKT6zygDHqbIlDJ6rvydykmg9SSLbmRAz0sveTPzP62UmvglzJmRmQNDFojjj2KR4FgAeMAXU8IklhCpmb8V0RBShxsZUsSH4yy+vkvaF61+6Vw/1WqNexFFGJ+gUnSMfXaMGukdN1EIUSfSMXtGbkzkvzrvzsWgtOcXMMfoD5/MHJaaRDw==</latexit>

a)
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Figure 2. Time evolution of the proportion of recovered population for scenarios with 0%, 30%, and 60% of asymptomatic

cases under adaptive behavior model. The impact of the asymptomatic subpopulation on the attack rate depends upon its

relative infectiousness. Panel a) shows that increments of the asymptomatic subpopulation having low infectiousness

(ε = 30%), decreases the attack rate. Panel b), shows that increments on the asymptomatic cases having high infectiousness

(ε = 60%), increases the attack rate. Parameters τ = 14,ν = 0.1,ρ = 0.3,CI = maxCt , l = 1 and ρ = 0.25.

In Figure 3 we explore all the potential scenarios where the attack rate is a function of both the proportion of infections that

are asymptomatic (σ ), and their relative infectiousness (ε). Panel a) shows the attack rate for the constant contact rates model,

and panel b) shows the attack rate for the adaptive behavior model. We take the case where there are no asymptomatic infections

(σ = 0) as the baseline scenario (gray plane), for each model. Panel a) shows that under the constant contact rates model,

regardless of asymptomatic individuals’ relative infectiousness, an epidemic driven by both symptomatic and asymptomatic

cases (σ > 0), leads to a lower attack rate than an epidemic solely driven by symptomatic cases. That is, under the constant

contact rates model the attack rate attained for all (σ ,ε) scenarios, is lower than the attack rate for the baseline scenario,

(σ = 0).

b)
<latexit sha1_base64="l6wxq+4/ulCZLqKQx7ttWTol1og=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnZ9EI8BLx6jmAckS5idzCZDZmeXmV4hLPkDLx4U8eofefNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqEccJ9yM6UCIUjKKVHoLzXqnsVtwZyDLxclKGHPVe6avbj1kacYVMUmM6npugn1GNgkk+KXZTwxPKRnTAO5YqGnHjZ7NLJ+TUKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QY3viZUEmKXLH5ojCVBGMyfZv0heYM5dgSyrSwtxI2pJoytOEUbQje4svLpHlR8S4r1/dX5Vo1j6MAx3ACZ+BBFWpwB3VoAIMQnuEV3pyR8+K8Ox/z1hUnnzmCP3A+fwAnT40V</latexit> Attack rate

<latexit sha1_base64="2a0M3THyKlZK5KhOt/p6z4JRPaI=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWRY8VLx4r2A/YLiWbzrah2eySzAql9Gd48aCIV3+NN/+NabsHbX0QeLw3M5l5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMc2jyRCa6EzIDUihookAJnVQDi0MJ7XB0N/PbT6CNSNQjjlMIYjZQIhKcoZX8W0TGR1QzhF654lbdOegq8XJSITkavfJXt5/wLAaFXDJjfM9NMZgwjYJLmJa6mYHUTmcD8C1VLAYTTOYrT+mZVfo0SrR9Culc/d0xYbEx4zi0lTHDoVn2ZuJ/np9hdBNMhEozBMUXH0WZpJjQ2f20LzRwlGNLGNfC7kr5kGnG0aZUsiF4yyevklat6l1Urx5qlfplHkeRnJBTck48ck3q5J40SJNwkpBn8kreHHRenHfnY1FacPKeY/IHzucP+lyRAw==</latexit>

Adaptive behavior
<latexit sha1_base64="mNhVnzQTXhMalCKAHBm2i9HgZXs=">AAAB+nicbVBNSwMxEM36WevXVo9egkXwVHYroseKF48V7Ae0S8lmZ9vQbLIk2Uqp/SlePCji1V/izX9j2u5BWx8MPN6bYWZemHKmjed9O2vrG5tb24Wd4u7e/sGhWzpqapkpCg0quVTtkGjgTEDDMMOhnSogScihFQ5vZ35rBEozKR7MOIUgIX3BYkaJsVLPLd1EJDVsBDiEARkxqXpu2at4c+BV4uekjHLUe+5XN5I0S0AYyonWHd9LTTAhyjDKYVrsZhpSQoekDx1LBUlAB5P56VN8ZpUIx1LZEgbP1d8TE5JoPU5C25kQM9DL3kz8z+tkJr4OJkykmQFBF4vijGMj8SwHHDEF1PCxJYQqZm/FdEAUocamVbQh+Msvr5JmteJfVC7vq+VaNY+jgE7QKTpHPrpCNXSH6qiBKHpEz+gVvTlPzovz7nwsWtecfOYY/YHz+QMvzJPo</latexit>

σ
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Figure 3. Attack rate under fixed contact rates (panel a) and under adaptive behavior (panel b), as a function of the proportion

of asymptomatic infections (σ ) and their relative infectiousness (ε). Panel (a) shows that under constant contact rates, changes

on the proportion of asymptomatic infections and their relative infectiousness monotonically decreases the attack rate. Panel (b)

shows that under adaptive behavior, there exists scenarios for which the attack rate in the presence of asymptomatic cases

overcomes the attack rate of having no asymptomatic cases. In this scenario, the presence of asymptomatic cases increases or

decreases the attack rate, relative to their infectiousness. Parameter set τ = 14,ν = 0.1,CI = maxCt , l = 1 and ρ = 0.25.

Panel b) shows as expected, that the attack rate in the absence of asymptomatic infections under behavioral response is

lower than the corresponding one under constant contact rates. Interestingly, under the adaptive behavior model, the attack rate

shows a non-monotonic behavior to the presence of asymptomatic infections. For scenarios where asymptomatic individuals’

infectiousness is high (ε > 0.6), behavioral response leads to an increased attack rate, relative to the baseline scenario (σ = 0).
In counterpart, for scenarios where asymptomatic individuals’ infectiousness is low (ε < 0.4), behavioral response leads to

a reduced attack rate, compared to the baseline scenario. Notice that for intermediate levels of asymptomatic individuals’

infectiousness, the impact of adaptive behavior on the attack rate depends upon the trade-off between the proportion of

asymptomatic cases (σ) and their relative infectiousness (ε).
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Symptomatic individuals’ behavior modulates the impact of asymptomatic infections

Our next set of experiments tested the effect of symptomatic individuals’ activity level. Specifically, we explored the impact of

behavioral responses on the attack rate as the contact rate of infected (but still socially active) individuals varies. We found that

the attack rate, in the presence of asymptomatic cases, is moderated by the contact rate of symptomatic but still socially active

individuals.

Figure 4 shows the impact on the attack rate, of the proportion of asymptomatic cases (σ ) and their relative infectiousness

(ε), for scenarios where symptomatic infected individuals exhibit contact rates of CI
t = 100%,75% and 50%. Our simulations

show that, in general, the attack rate of the epidemic decreases as the contact rate of symptomatic individuals falls, an intuitive

result. Moreover, Figure 4 shows two effects on the attack rate as symptomatic contact rates decreases: (i) the impact of

asymptomatic infections increases as the symptomatic individuals are less socially active, increasing the attack rate over the

baseline scenario, (ii) the higher the level of compliance (the reduction in the symptomatic individuals’ contact rate), the lower

the levels of asymptomatic cases and relative infectiousness (σ ,ε) at which the attack rate exceeds the baseline scenario (σ = 0).

In other words, the (σ ,ε) values that lead to an increased final epidemic size over the base case decrease as symptomatic

compliance increases. Furthermore, for the scenarios at which the presence of asymptomatic individuals exceeds the baseline

scenario (no asymptomatic cases), the impact on the attack rate increases as the symptomatic individuals compliance increases.
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<latexit sha1_base64="IOz4pTmMqtQi7pxxkVq0zM6V+FI=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgKiRqqRuh0I3uKtgHtDFMppN26OTBzI20hP6KGxeKuPVH3Pk3TtsstHrgwuGce7n3Hj8RXIFtfxmFtfWNza3idmlnd2//wDwst1WcSspaNBax7PpEMcEj1gIOgnUTyUjoC9bxx42533lkUvE4uodpwtyQDCMecEpAS55ZbjzcenBtW7VqPyQT3PDAMyu2ZS+A/xInJxWUo+mZn/1BTNOQRUAFUarn2Am4GZHAqWCzUj9VLCF0TIasp2lEQqbcbHH7DJ9qZYCDWOqKAC/UnxMZCZWahr7uDAmM1Ko3F//zeikEV27GoyQFFtHloiAVGGI8DwIPuGQUxFQTQiXXt2I6IpJQ0HGVdAjO6st/Sfvcci6s6t1lpe7kcRTRMTpBZ8hBNVRHN6iJWoiiCXpCL+jVmBnPxpvxvmwtGPnMEfoF4+MbyPaS8Q==</latexit>

σ
<latexit sha1_base64="T/Cfd2waTk5udYm+4up6Z7Gyx80=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjMuxGPAi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSDnSQ0FHgoWcwItk5q9QwbCtwvV/yqPwdaJUFOKpCj0S9/9QaKpIJKSzg2phv4iQ0zrC0jnE5LvdTQBJMxHtKuoxILasJsfu0UnTllgGKlXUmL5urviQwLYyYicp0C25FZ9mbif143tfFNmDGZpJZKslgUpxxZhWavowHTlFg+cQQTzdytiIywxsS6gEouhGD55VXSuqgGl9Xr+6tKvZbHUYQTOIVzCKAGdbiDBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8fm1SPHw==</latexit>

ǫ
<latexit sha1_base64="4q4EYMd6WKfIEYT5q2FJ3BjESQo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKez6QL0FvHiMYB6QLGF20psMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOldhcTzUUse+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7N7J+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm0+dJnytkRowtoUxxeythQ6ooMzaikg3BW3x5mTTPqt559fL+olK7yeMowhEcwyl4cAU1uIM6NICBgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx9MYJAe</latexit>

Attack rate
<latexit sha1_base64="2a0M3THyKlZK5KhOt/p6z4JRPaI=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWRY8VLx4r2A/YLiWbzrah2eySzAql9Gd48aCIV3+NN/+NabsHbX0QeLw3M5l5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMc2jyRCa6EzIDUihookAJnVQDi0MJ7XB0N/PbT6CNSNQjjlMIYjZQIhKcoZX8W0TGR1QzhF654lbdOegq8XJSITkavfJXt5/wLAaFXDJjfM9NMZgwjYJLmJa6mYHUTmcD8C1VLAYTTOYrT+mZVfo0SrR9Culc/d0xYbEx4zi0lTHDoVn2ZuJ/np9hdBNMhEozBMUXH0WZpJjQ2f20LzRwlGNLGNfC7kr5kGnG0aZUsiF4yyevklat6l1Urx5qlfplHkeRnJBTck48ck3q5J40SJNwkpBn8kreHHRenHfnY1FacPKeY/IHzucP+lyRAw==</latexit>

b)
<latexit sha1_base64="EeR/ia8ks294erWSri2sYqt2Bjk=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnZ9oN4CXjxGMQ9IljA7mU2GzM4uM71CWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dQSKFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJ34zSeujYjVI44S7ke0r0QoGEUrPQSn3VLZrbhTkEXi5aQMOWrd0lenF7M04gqZpMa0PTdBP6MaBZN8XOykhieUDWmfty1VNOLGz6aXjsmxVXokjLUthWSq/p7IaGTMKApsZ0RxYOa9ifif104xvPYzoZIUuWKzRWEqCcZk8jbpCc0ZypEllGlhbyVsQDVlaMMp2hC8+ZcXSeOs4p1XLu8vytWbPI4CHMIRnIAHV1CFO6hBHRiE8Ayv8OYMnRfn3fmYtS45+cwB/IHz+QMn6Y0X</latexit>

C
I

t
= 0.5maxCt

<latexit sha1_base64="J8efFUrv48wvgGo/gg96kf6Ufo4=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFchURbdCMUutFdBfuANobJdNIOnTyYuRFDqb/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7j58IrsC2v42V1bX1jc3CVnF7Z3dv3zw4bKk4lZQ1aSxi2fGJYoJHrAkcBOskkpHQF6ztj+pTv/3ApOJxdAdZwtyQDCIecEpAS55Zqt/feHCFbauKeyF5xHUPPLNsW/YMeJk4OSmjHA3P/Or1Y5qGLAIqiFJdx07AHRMJnAo2KfZSxRJCR2TAuppGJGTKHc+On+ATrfRxEEtdEeCZ+ntiTEKlstDXnSGBoVr0puJ/XjeF4NId8yhJgUV0vihIBYYYT5PAfS4ZBZFpQqjk+lZMh0QSCjqvog7BWXx5mbTOLOfcqt5WyrVKHkcBHaFjdIocdIFq6Bo1UBNRlKFn9IrejCfjxXg3PuatK0Y+U0J/YHz+AP9mkwc=</latexit>

σ
<latexit sha1_base64="T/Cfd2waTk5udYm+4up6Z7Gyx80=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjMuxGPAi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSDnSQ0FHgoWcwItk5q9QwbCtwvV/yqPwdaJUFOKpCj0S9/9QaKpIJKSzg2phv4iQ0zrC0jnE5LvdTQBJMxHtKuoxILasJsfu0UnTllgGKlXUmL5urviQwLYyYicp0C25FZ9mbif143tfFNmDGZpJZKslgUpxxZhWavowHTlFg+cQQTzdytiIywxsS6gEouhGD55VXSuqgGl9Xr+6tKvZbHUYQTOIVzCKAGdbiDBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8fm1SPHw==</latexit>

ǫ
<latexit sha1_base64="4q4EYMd6WKfIEYT5q2FJ3BjESQo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKez6QL0FvHiMYB6QLGF20psMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOldhcTzUUse+WKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7N7J+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm0+dJnytkRowtoUxxeythQ6ooMzaikg3BW3x5mTTPqt559fL+olK7yeMowhEcwyl4cAU1uIM6NICBgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx9MYJAe</latexit>

Attack rate
<latexit sha1_base64="2a0M3THyKlZK5KhOt/p6z4JRPaI=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWRY8VLx4r2A/YLiWbzrah2eySzAql9Gd48aCIV3+NN/+NabsHbX0QeLw3M5l5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMc2jyRCa6EzIDUihookAJnVQDi0MJ7XB0N/PbT6CNSNQjjlMIYjZQIhKcoZX8W0TGR1QzhF654lbdOegq8XJSITkavfJXt5/wLAaFXDJjfM9NMZgwjYJLmJa6mYHUTmcD8C1VLAYTTOYrT+mZVfo0SrR9Culc/d0xYbEx4zi0lTHDoVn2ZuJ/np9hdBNMhEozBMUXH0WZpJjQ2f20LzRwlGNLGNfC7kr5kGnG0aZUsiF4yyevklat6l1Urx5qlfplHkeRnJBTck48ck3q5J40SJNwkpBn8kreHHRenHfnY1FacPKeY/IHzucP+lyRAw==</latexit>

c)
<latexit sha1_base64="Ho1JIgCK/sACvoIHMF/fEeTtrZw=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnZ9oN4CXjxGMQ9IljA7mU2GzM4uM71CWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dQSKFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJ34zSeujYjVI44S7ke0r0QoGEUrPbDTbqnsVtwpyCLxclKGHLVu6avTi1kacYVMUmPanpugn1GNgkk+LnZSwxPKhrTP25YqGnHjZ9NLx+TYKj0SxtqWQjJVf09kNDJmFAW2M6I4MPPeRPzPa6cYXvuZUEmKXLHZojCVBGMyeZv0hOYM5cgSyrSwtxI2oJoytOEUbQje/MuLpHFW8c4rl/cX5epNHkcBDuEITsCDK6jCHdSgDgxCeIZXeHOGzovz7nzMWpecfOYA/sD5/AEpbo0Y</latexit>

Figure 4. Attack rate as a function of the proportion of asymptomatic infections (σ ) and their relative infectiousness (ε), for

different contact rates of symptomatic individuals under adaptive behavior model. In panel a) we assume symptomatic

individuals maintain the privately optimal contact rate (CI
t = maxCt ), in panel b) we assume symptomatic individuals reduce

their contact rate to 75% (CI
t = 0.75maxCt ), and in panel c) we assume a contact rate reduction to 50% (CI

t = 0.5maxCt ).

Compliance with recommended precautionary measures by infectious individuals moderates the impact of asymptomatic

infections. The lower the symptomatic individuals’ contact rate, the greater the impact of asymptomatic infections on the attack

rate. Parameters τ = 14,ν = 0.1, and ρ = 0.25.

Optimal planning horizon minimizing the final epidemic size

Finally, we considered the impact of the planning horizon of non-symptomatic individuals on the final epidemic size. The

planning horizon is the period over which individuals anticipate the costs and benefits of contact decisions, and the period over

which they take disease prevalence to be constant. It may be thought of as the period over which individuals have confidence

that the state of the epidemic will remain unchanged. We investigated the sensitivity of the attack rate to variations in the length

of the planning horizon as the proportion of asymptomatic infections, and their infectiousness, change.

We found the attack rate to be sensitive to the length of the planning horizon. Indeed, our simulations suggest there exists a

planning horizon that minimizes the impact of the epidemic. Figure 5 panel a) show the attack rate as a function of the length

of the planning horizon for the scenarios of 30% (σ = 0.3), 50% (σ = 0.5) and 70% (σ = 0.7) of asymptomatic cases, with

relative infectiousness of ε = 0.4. Figure 5 panel b) show the attack rate as a function of the length of the planning horizon

for the scenarios where asymptomatic individuals have a relative infectiousness of 70% (ε = 0.7), 50% (ε = 0.5) and 30%

(ε = 0.3), for a proportion of asymptomatic cases of σ = 0.5. Our selected simulations show that the attack rate is minimized

for a planning horizon between 20-25 days regardless of the proportion of asymptomatic cases and their relative infectiousness.
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σ = 0.7
<latexit sha1_base64="3wVNSGlOHY53/1Ormdpy0lflf8k=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07KrlXoRCl48VrAf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//oHx41NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/O/PYTVZrF8sFMEhoIPJQsYgQbKz32NBsKfOO5tX654rneHGiV+DmpQI5Gv/zVG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWTzi6fozCoDFMXKljRorv6eyLDQeiJC2ymwGellbyb+53VTE10HGZNJaqgki0VRypGJ0ex9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C+/vEpaF65/6V7dVyv1ah5HEU7gFM7BhxrU4Q4a0AQCEp7hFd4c7bw4787HorXg5DPH8AfO5w93kJAW</latexit>

σ = 0.3
<latexit sha1_base64="MJMJLtab2UI/FD83Vg5n74PSQoY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07JrK3oRCl48VrAf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//oHx41NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/O/PYTVZrF8sFMEhoIPJQsYgQbKz32NBsKfOO51X654rneHGiV+DmpQI5Gv/zVG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWTzi6fozCoDFMXKljRorv6eyLDQeiJC2ymwGellbyb+53VTE10HGZNJaqgki0VRypGJ0ex9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C+/vEpaF65fdS/va5V6LY+jCCdwCufgwxXU4Q4a0AQCEp7hFd4c7bw4787HorXg5DPH8AfO5w9xgJAS</latexit>

σ = 0.5
<latexit sha1_base64="u/F81g1QbfG435MkClwSvbfQTq8=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07KrLXoRCl48VrAf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//oHx41NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/O/PYTVZrF8sFMEhoIPJQsYgQbKz32NBsKfOO5tX654rneHGiV+DmpQI5Gv/zVG8QkFVQawrHWXd9LTJBhZRjhdFrqpZommIzxkHYtlVhQHWTzi6fozCoDFMXKljRorv6eyLDQeiJC2ymwGellbyb+53VTE10HGZNJaqgki0VRypGJ0ex9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C+/vEpaF65/6dbuq5V6NY+jCCdwCufgwxXU4Q4a0AQCEp7hFd4c7bw4787HorXg5DPH8AfO5w90iJAU</latexit>

τ
<latexit sha1_base64="ekw65oWdf/1q8TFRr2LQlvg/0o8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oCcpePFYwdpCG8pmu2mX7m7C7kQooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPBDXret1NaWV1b3yhvVra2d3b3qvsHjyZONWUtGotYd0JimOCKtZCjYJ1EMyJDwdrh+Db3209MGx6rB5wkLJBkqHjEKcFc6iFJ+9WaV/dmcJeJX5AaFGj2q1+9QUxTyRRSQYzp+l6CQUY0cirYtNJLDUsIHZMh61qqiGQmyGa3Tt0TqwzcKNa2FLoz9fdERqQxExnaTklwZBa9XPzP66YYXQcZV0mKTNH5oigVLsZu/rg74JpRFBNLCNXc3urSEdGEoo2nYkPwF19eJo9ndf+8fnl/UWvcFHGU4QiO4RR8uIIG3EETWkBhBM/wCm+OdF6cd+dj3lpyiplD+APn8wciPY5L</latexit>

ǫ
<latexit sha1_base64="gMp6uDIWwMUS1/Ff7X2ZX9oq9Ok=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKez6QE8S8OIxgnlAsoTZSW8yZHZ2nZkVwpKf8OJBEa/+jjf/xkmyB00saCiquunuChLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2V2l1MNBex7JUrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83unZATq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiISjYEb/HlZdI8q3rn1cv7i0rtJo+jCEdwDKfgwRXU4A7q0AAGAp7hFd6cR+fFeXc+5q0FJ585hD9wPn8ATeGQIw==</latexit> Attack rate

<latexit sha1_base64="FxCAdWffSHp+xmWa4c3C370Ox30=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWRL1VvHisYD9gu5RsOtuGZrNLMiuU0p/hxYMiXv013vw3pu0etPVB4PHezGTmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzaHJE5noTsgMSKGgiQIldFINLA4ltMPR3cxvP4E2IlGPOE4hiNlAiUhwhlbybxEZH1HNEHrlilt156CrxMtJheRo9Mpf3X7CsxgUcsmM8T03xWDCNAouYVrqZgZSO50NwLdUsRhMMJmvPKVnVunTKNH2KaRz9XfHhMXGjOPQVsYMh2bZm4n/eX6G0XUwESrNEBRffBRlkmJCZ/fTvtDAUY4tYVwLuyvlQ6YZR5tSyYbgLZ+8Slq1qndRvXyoVeo3eRxFckJOyTnxyBWpk3vSIE3CSUKeySt5c9B5cd6dj0Vpwcl7jskfOJ8/+92RCA==</latexit>

Attack rate
<latexit sha1_base64="FxCAdWffSHp+xmWa4c3C370Ox30=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWRL1VvHisYD9gu5RsOtuGZrNLMiuU0p/hxYMiXv013vw3pu0etPVB4PHezGTmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzaHJE5noTsgMSKGgiQIldFINLA4ltMPR3cxvP4E2IlGPOE4hiNlAiUhwhlbybxEZH1HNEHrlilt156CrxMtJheRo9Mpf3X7CsxgUcsmM8T03xWDCNAouYVrqZgZSO50NwLdUsRhMMJmvPKVnVunTKNH2KaRz9XfHhMXGjOPQVsYMh2bZm4n/eX6G0XUwESrNEBRffBRlkmJCZ/fTvtDAUY4tYVwLuyvlQ6YZR5tSyYbgLZ+8Slq1qndRvXyoVeo3eRxFckJOyTnxyBWpk3vSIE3CSUKeySt5c9B5cd6dj0Vpwcl7jskfOJ8/+92RCA==</latexit>

τ
<latexit sha1_base64="ekw65oWdf/1q8TFRr2LQlvg/0o8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oCcpePFYwdpCG8pmu2mX7m7C7kQooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPBDXret1NaWV1b3yhvVra2d3b3qvsHjyZONWUtGotYd0JimOCKtZCjYJ1EMyJDwdrh+Db3209MGx6rB5wkLJBkqHjEKcFc6iFJ+9WaV/dmcJeJX5AaFGj2q1+9QUxTyRRSQYzp+l6CQUY0cirYtNJLDUsIHZMh61qqiGQmyGa3Tt0TqwzcKNa2FLoz9fdERqQxExnaTklwZBa9XPzP66YYXQcZV0mKTNH5oigVLsZu/rg74JpRFBNLCNXc3urSEdGEoo2nYkPwF19eJo9ndf+8fnl/UWvcFHGU4QiO4RR8uIIG3EETWkBhBM/wCm+OdF6cd+dj3lpyiplD+APn8wciPY5L</latexit>

ǫ = 0.5
<latexit sha1_base64="g3lQoFQsFC1FQnkSpQDQdFHA4ss=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0i0RS9CwYvHCtYWmlA22027dLNZdjdCCf0bXjwo4tU/481/47bNQVsfDDzem2FmXiQ508bzvp3S2vrG5lZ5u7Kzu7d/UD08etRppghtk5SnqhthTTkTtG2Y4bQrFcVJxGknGt/O/M4TVZql4sFMJA0TPBQsZgQbKwUBlZrxVNx4bqNfrXmuNwdaJX5BalCg1a9+BYOUZAkVhnCsdc/3pAlzrAwjnE4rQaapxGSMh7RnqcAJ1WE+v3mKzqwyQHGqbAmD5urviRwnWk+SyHYm2Iz0sjcT//N6mYmvw5wJmRkqyGJRnHFkUjQLAA2YosTwiSWYKGZvRWSEFSbGxlSxIfjLL6+SxwvXv3Qb9/Vas17EUYYTOIVz8OEKmnAHLWgDAQnP8ApvTua8OO/Ox6K15BQzx/AHzucPKK6REQ==</latexit>

ǫ = 0.7
<latexit sha1_base64="J1QU+AaSgDNewSGH3fEPV6ptTYs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0i0Ui9CwYvHCtYWmlA22027dLNZdjdCCf0bXjwo4tU/481/47bNQVsfDDzem2FmXiQ508bzvp3S2vrG5lZ5u7Kzu7d/UD08etRppghtk5SnqhthTTkTtG2Y4bQrFcVJxGknGt/O/M4TVZql4sFMJA0TPBQsZgQbKwUBlZrxVNx4bqNfrXmuNwdaJX5BalCg1a9+BYOUZAkVhnCsdc/3pAlzrAwjnE4rQaapxGSMh7RnqcAJ1WE+v3mKzqwyQHGqbAmD5urviRwnWk+SyHYm2Iz0sjcT//N6mYmvw5wJmRkqyGJRnHFkUjQLAA2YosTwiSWYKGZvRWSEFSbGxlSxIfjLL6+SxwvXv3Sv7uu1Zr2IowwncArn4EMDmnAHLWgDAQnP8ApvTua8OO/Ox6K15BQzx/AHzucPK7aREw==</latexit>

ǫ = 0.3
<latexit sha1_base64="HJqmSqC4ZP8WcQqiPspuXF9cuk4=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0i0oheh4MVjBfsBTSib7aRdutksuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL5KcaeN5305pbX1jc6u8XdnZ3ds/qB4etXWaKQotmvJUdSOigTMBLcMMh65UQJKIQyca3838zhMozVLxaCYSwoQMBYsZJcZKQQBSM56KW8+97FdrnuvNgVeJX5AaKtDsV7+CQUqzBIShnGjd8z1pwpwowyiHaSXINEhCx2QIPUsFSUCH+fzmKT6zygDHqbIlDJ6rvydykmg9SSLbmRAz0sveTPzP62UmvglzJmRmQNDFojjj2KR4FgAeMAXU8IklhCpmb8V0RBShxsZUsSH4yy+vkvaF61+6Vw/1WqNexFFGJ+gUnSMfXaMGukdN1EIUSfSMXtGbkzkvzrvzsWgtOcXMMfoD5/MHJaaRDw==</latexit>

0 20 40 60 80 100 120

0.80

0.85

0.90

0.95

σ
<latexit sha1_base64="N75IdRx9FBdydjJXV4pvKKW2C3M=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6EkCXjxGMAskQ+jp9CRtehm6e4Qw5B+8eFDEq//jzb+xk8xBEx8UPN6roqpelHBmrO9/e4WV1bX1jeJmaWt7Z3evvH/QNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj26nfeqLaMCUf7DihocADyWJGsHVSs2vYQOBeueJX/RnQMglyUoEc9V75q9tXJBVUWsKxMZ3AT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY2vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIQSLLy+T5lk1OK9e3l9Uajd5HEU4gmM4hQCuoAZ3UIcGEHiEZ3iFN095L9679zFvLXj5zCH8gff5A51vjyY=</latexit>Attack rate

<latexit sha1_base64="FxCAdWffSHp+xmWa4c3C370Ox30=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWRL1VvHisYD9gu5RsOtuGZrNLMiuU0p/hxYMiXv013vw3pu0etPVB4PHezGTmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzaHJE5noTsgMSKGgiQIldFINLA4ltMPR3cxvP4E2IlGPOE4hiNlAiUhwhlbybxEZH1HNEHrlilt156CrxMtJheRo9Mpf3X7CsxgUcsmM8T03xWDCNAouYVrqZgZSO50NwLdUsRhMMJmvPKVnVunTKNH2KaRz9XfHhMXGjOPQVsYMh2bZm4n/eX6G0XUwESrNEBRffBRlkmJCZ/fTvtDAUY4tYVwLuyvlQ6YZR5tSyYbgLZ+8Slq1qndRvXyoVeo3eRxFckJOyTnxyBWpk3vSIE3CSUKeySt5c9B5cd6dj0Vpwcl7jskfOJ8/+92RCA==</latexit>

τ
<latexit sha1_base64="ekw65oWdf/1q8TFRr2LQlvg/0o8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oCcpePFYwdpCG8pmu2mX7m7C7kQooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPBDXret1NaWV1b3yhvVra2d3b3qvsHjyZONWUtGotYd0JimOCKtZCjYJ1EMyJDwdrh+Db3209MGx6rB5wkLJBkqHjEKcFc6iFJ+9WaV/dmcJeJX5AaFGj2q1+9QUxTyRRSQYzp+l6CQUY0cirYtNJLDUsIHZMh61qqiGQmyGa3Tt0TqwzcKNa2FLoz9fdERqQxExnaTklwZBa9XPzP66YYXQcZV0mKTNH5oigVLsZu/rg74JpRFBNLCNXc3urSEdGEoo2nYkPwF19eJo9ndf+8fnl/UWvcFHGU4QiO4RR8uIIG3EETWkBhBM/wCm+OdF6cd+dj3lpyiplD+APn8wciPY5L</latexit>
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τ
<latexit sha1_base64="ekw65oWdf/1q8TFRr2LQlvg/0o8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oCcpePFYwdpCG8pmu2mX7m7C7kQooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPBDXret1NaWV1b3yhvVra2d3b3qvsHjyZONWUtGotYd0JimOCKtZCjYJ1EMyJDwdrh+Db3209MGx6rB5wkLJBkqHjEKcFc6iFJ+9WaV/dmcJeJX5AaFGj2q1+9QUxTyRRSQYzp+l6CQUY0cirYtNJLDUsIHZMh61qqiGQmyGa3Tt0TqwzcKNa2FLoz9fdERqQxExnaTklwZBa9XPzP66YYXQcZV0mKTNH5oigVLsZu/rg74JpRFBNLCNXc3urSEdGEoo2nYkPwF19eJo9ndf+8fnl/UWvcFHGU4QiO4RR8uIIG3EETWkBhBM/wCm+OdF6cd+dj3lpyiplD+APn8wciPY5L</latexit>

Attack rate
<latexit sha1_base64="FxCAdWffSHp+xmWa4c3C370Ox30=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWRL1VvHisYD9gu5RsOtuGZrNLMiuU0p/hxYMiXv013vw3pu0etPVB4PHezGTmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzaHJE5noTsgMSKGgiQIldFINLA4ltMPR3cxvP4E2IlGPOE4hiNlAiUhwhlbybxEZH1HNEHrlilt156CrxMtJheRo9Mpf3X7CsxgUcsmM8T03xWDCNAouYVrqZgZSO50NwLdUsRhMMJmvPKVnVunTKNH2KaRz9XfHhMXGjOPQVsYMh2bZm4n/eX6G0XUwESrNEBRffBRlkmJCZ/fTvtDAUY4tYVwLuyvlQ6YZR5tSyYbgLZ+8Slq1qndRvXyoVeo3eRxFckJOyTnxyBWpk3vSIE3CSUKeySt5c9B5cd6dj0Vpwcl7jskfOJ8/+92RCA==</latexit>

<latexit sha1_base64="bbvQygqH9hfw0IDq6eJ1hSlaLkA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7Ar4uMW8OIxinlAsoTeyWwyZHZ2mZkVwpI/8OJBEa/+kTf/xkmyB00saCiquunuChLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFWUNGotYtQPUTHDJGoYbwdqJYhgFgrWC0e3Ubz0xpXksH804YX6EA8lDTtFY6QHPeuWKW3VnIMvEy0kFctR75a9uP6ZpxKShArXueG5i/AyV4VSwSambapYgHeGAdSyVGDHtZ7NLJ+TEKn0SxsqWNGSm/p7IMNJ6HAW2M0Iz1IveVPzP66QmvPYzLpPUMEnni8JUEBOT6dukzxWjRowtQaq4vZXQISqkxoZTsiF4iy8vk+Z51busuvcXldpNHkcRjuAYTsGDK6jBHdShARRCeIZXeHNGzovz7nzMWwtOPnMIf+B8/gAlxo0U</latexit>

a)
<latexit sha1_base64="gT38XMxB9RgSnOiRCIJZUoIfUIw=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7Ar4uMW8OIxinlAsoTZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9BCc9coVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5tdOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2nZEPwFl9eJs3zqndZde8vKrWbPI4iHMExnIIHV1CDO6hDAxiE8Ayv8OaMnBfn3fmYtxacfOYQ/sD5/AEnS40V</latexit>

b)

<latexit sha1_base64="Hg9MFA6jKzVtxVN3l4T8GI/O1AA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7Ar4uMW8OIxinlAsoTZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9MDOeuWKW3VnIMvEy0kFctR75a9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn80unZATq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieO1nQiUpcsXmi8JUEozJ9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF4iy8vk+Z51busuvcXldpNHkcRjuAYTsGDK6jBHdShAQxCeIZXeHNGzovz7nzMWwtOPnMIf+B8/gAo0I0W</latexit>

c)
<latexit sha1_base64="vpxjKW7nj4pSJzrt0AS1/yyMGDI=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOgl7Ar4uMW8OIxinlAsoTZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9NA/65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fja7dEJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4bWfCZWkyBWbLwpTSTAm07dJX2jOUI4toUwLeythQ6opQxtOyYbgLb68TJrnVe+y6t5fVGo3eRxFOIJjOAUPrqAGd1CHBjAI4Rle4c0ZOS/Ou/Mxby04+cwh/IHz+QMqVY0X</latexit>

d)

Figure 5. Attack rate as a function of the planning horizon for different proportion of asymptomatic cases and their relative

infectiousness, under adaptive behavior model. Panels a) and b) show the non-monotonic effect of increasing the planning

horizon on the attack rate, under variations of the proportion of asymptomatic cases and their relative infectiousness,

respectively. Panels c) and d) shows the attack rate as a function of the planning horizon and the proportion of asymptomatic

cases, and their relative infectiousness, respectively. For τ between 20-25 days the attack rate is minimized for all σ and ε
scenarios.

Figure 5 show the attack rate as a function of the planning horizon and both the proportion of asymptomatic cases where

ε = 0.4 (panel a), and as a function of the relative infectiousness of asymptomatic individuals where σ = 0.5 (panel b). For

the parameter values tested, the attack rate attains a minimum at 20-25 days, irrespective of the proportion of asymptomatic

infections and their relative infectiousness.

The previous simulations suggest that while the projection of the benefits and costs of making contacts over a longer

planning horizons is beneficial, the assumption of constant prevalence may deviate risk assessments leading to high attack rate

values.

Figure 6 summarizes the methodology components of our adaptive behavior model and our key results.

<latexit sha1_base64="Dsfqmo7MLWkdc//MX9KTEm4a0iE=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwVaYPrd0Vu3FZwT6gHUomzbShmWRI7iil9lPcuFDErV/izr8xfVBU9EDgcM693JPjR4IbcN1PJ7G2vrG5ldxO7ezu7R+kM4dNo2JNWYMqoXTbJ4YJLlkDOAjWjjQjoS9Yyx/VZn7rjmnDlbyFccS8kAwkDzglYKVeOlNT0gCRgKmSQCjgXjrr5iqlUqVUxPmcOwe2SrFcOC+tlCxaot5Lf3T7isYhk0AFMaaTdyPwJkQDp4JNU93YsIjQERmwjqWShMx4k3n0KT61Sh8HSts3D2HV7xsTEhozDn07GRIYmt/eTPzL68QQXHoTLqMYmKSLQ0EsMCg86wH3uWYUxNgSQjW3WTEdEm0bsG2lbAmrv/9PmoVc/iLn3hSy1atlHUl0jE7QGcqjMqqia1RHDUTRPXpEz+jFeXCenFfnbTGacJY7R+gHnPcvVh6UDg==</latexit>

Constant contact
<latexit sha1_base64="eELivS7qOZMZI+h0sxshfSVR0qE=">AAAB8nicdZDJSgNBEIZ74hbjFvXopTEInsJk0Zhb0IvHCGaBJISenpqkSc/00F0jhJDH8OJBEa8+jTffxs5CUNEfGorvr6Krfi+WwqDrfjqptfWNza30dmZnd2//IHt41DQq0RwaXEml2x4zIEUEDRQooR1rYKEnoeWNbmZ+6wG0ESq6x3EMvZANIhEIztCijmYIhobKB9nP5tx8tVyulku0kHfnopaUKsWL8orkyFL1fvaj6yuehBAhl8yYTsGNsTdhGgWXMM10EwMx4yM2gI4tIxaC6U3mK0/pmSU+DZS2L0I6p98nJiw0Zhx6tjNkODS/vRn8y+skGFz1JiKKE4SILz4KEklR0dn91BcaOMqxLRjXwu5K+ZBpxtGmlLEhrG7/v2gW84XLvHtXzNWul3GkyQk5JeekQCqkRm5JnTQIJ4o8kmfy4qDz5Lw6b4vWlLOcOSY/5Lx/AZ7xkXs=</latexit>

rates model

<latexit sha1_base64="Bh+k4d6N/by2q7xcPws0xDhnmFs=">AAAB/nicdZDLSgMxFIYz9VbrrSqu3ASL4KrMtKO1u1I3LivYC7RDOZNJ29DMhSRTKEPBV3HjQhG3Poc738a0HYqK/hA4fP85nJPfjTiTyjQ/jcza+sbmVnY7t7O7t3+QPzxqyTAWhDZJyEPRcUFSzgLaVExx2okEBd/ltO2Ob+Z+e0KFZGFwr6YRdXwYBmzACCiN+vmTOh3BhIUCOAYPIpXyglms2nbVLmOraC6ENSlXSpf2ihRQqkY//9HzQhL7NFCEg5Rdy4yUk4BQjHA6y/ViSSMgYxjSri4D8Kl0ksX5M3yuiYcHodAvUHhBv08k4Es59V3d6YMayd/eHP7ldWM1uHYSFkSxogFZLhrEHKsQz7PAHhOUKD7VBRDB9K2YjEAAUTqxnA5h9ff/i1apaF0VzbtSoVZP48iiU3SGLpCFKqiGblEDNRFBCXpEz+jFeDCejFfjbdmaMdKZY/RDxvsXv1qWAg==</latexit>

Behavioral adaptation
<latexit sha1_base64="slEImCMAryxehDJvyQaIKAbvHo4=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2Wrsr6sJlBfuANpTJZNIOnUzCzKQQQv/EjQtF3Pon7vwbpw+Kih4YOJxzD/fO8RNGpbLtT6Owtr6xuVXcLu3s7u0fmIdHbRmnApMWjlksuj6ShFFOWooqRrqJICjyGen445uZ35kQIWnMH1SWEC9CQ05DipHS0sA0b6kkOg+DjKOIYjkwy7ZVd926W4WOZc8BtVKtVS7clVIGSzQH5kc/iHEaEa4wQ1L2HDtRXo6EopiRaamfSpIgPEZD0tNUbyHSy+eXT+GZVgIYxkI/ruBc/Z7IUSRlFvl6MkJqJH97M/Evr5eq8MrLKU9SRTheLApTBlUMZzXAgAqCFcs0QVhQfSvEIyQQVrqski5h9ff/SbtiOZeWfV8pN66XdRTBCTgF58ABNdAAd6AJWgCDCXgEz+DFyI0n49V4W4wWjGXmGPyA8f4FyACTxA==</latexit>

Disease dynamics

<latexit sha1_base64="4HcDUjb8HFcDc6rFCYce49+Qee8=">AAACAnicdVDLSgMxFM3UV62vqitxEyyCqzJtR2t3xW5cVrAPaIeSSW/b0ExmSDLFMhQ3/oobF4q49Svc+TemD4qKHggczrk3yTleyJnStv1pJVZW19Y3kpupre2d3b30/kFdBZGkUKMBD2TTIwo4E1DTTHNohhKI73FoeMPK1G+MQCoWiFs9DsH1SV+wHqNEG6mTPqoEfsjhDpMuCTUbAe4yBeZC3Eln7GzJcUpOAeey9gzYKIVi/txZKhm0QLWT/mh3Axr5IDTlRKlWzg61GxOpGeUwSbUjBSGhQ9KHlqGC+KDceBZhgk+N0sW9QJojNJ6p3zdi4is19j0z6RM9UL+9qfiX14p079KNmQgjDYLOH+pFHOsAT/swcSVQzceGECqZ+SumAyIJ1aa1lClhmf1/Us9ncxdZ+yafKV8t6kiiY3SCzlAOFVEZXaMqqiGK7tEjekYv1oP1ZL1ab/PRhLXYOUQ/YL1/AS4el0w=</latexit>

Complex adaptive disease
<latexit sha1_base64="EWj0vAjqhg5bJ5yHJ8ZEKOczzaw=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyFpo7W7ohuXFWwrtKFMJpN26GQSZiaFEAr+ihsXirj1O9z5N04fFBU9q8M593LuPX7CqFS2/WkUVlbX1jeKm6Wt7Z3dPXP/oC3jVGDSwjGLxb2PJGGUk5aiipH7RBAU+Yx0/NH11O+MiZA05ncqS4gXoQGnIcVIaalvHiEeQJ8M0ZjGAgYZRxHFsm+WbavuunW3Ch3LngFqpVqrnLtLpQwWaPbNj14Q4zQiXGGGpOw6dqK8HAlFMSOTUi+VJEF4hAakq6lOIdLLZ+dP4KlWAhjq/DDmCs7U7xs5iqTMIl9PRkgN5W9vKv7ldVMVXno55UmqCMfzoDBlUMVw2gUMqCBYsUwThAXVt0I8RAJhpRsr6RKWv/9P2hXLubDs20q5cbWoowiOwQk4Aw6ogQa4AU3QAhjk4BE8gxfjwXgyXo23+WjBWOwcgh8w3r8AgneV2w==</latexit>

and behavior dynamics

<latexit sha1_base64="GdsUHgaD8r3p8zQeJMEJfq74lvk=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARXJVpO1q7K+rCjVDBPqAtJZPeaUMzkyHJFErpxl9x40IRt36GO//GTFuKih4IHM45l5t7vIgzpR3n01paXlldW09tpDe3tnd27b39mhKxpFClggvZ8IgCzkKoaqY5NCIJJPA41L3BVeLXhyAVE+G9HkXQDkgvZD6jRBupYx/eEjkQQ3wNlCUhXJGCglIdO+NkS65bcgs4l3WmwEYpFPNn7kLJoDkqHfuj1RU0DiDUlBOlmjkn0u0xkZpRDpN0K1YQETogPWgaGpIAVHs8PWCCT4zSxb6Q5oUaT9XvE2MSKDUKPJMMiO6r314i/uU1Y+1ftMcsjGINIZ0t8mOOtcBJG7jLJFDNR4YQKpn5K6Z9IgnVprO0KWFx+/+kls/mzrPOXT5TvpzXkUJH6BidohwqojK6QRVURRRN0CN6Ri/Wg/VkvVpvs+iSNZ85QD9gvX8B0cCWkQ==</latexit>

Markov Decision Process

<latexit sha1_base64="eD8FCDRLvTiHE9d9FnIHFMe1k30=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4GqYqdQ6u6IgLivYC7RDyWQybWgmGZKMUkufxI0LRdz6KO58G9MLRUV/CBy+/xzOyR+mjCrtup9WbmV1bX0jv1nY2t7ZLdp7+00lMolJAwsmZDtEijDKSUNTzUg7lQQlISOtcHg59Vt3RCoq+K0epSRIUJ/TmGKkDerZxSsh75GMIBNiSHm/Z5dcxz+tuBUXeo47EzTE8/2qvyQlsFC9Z390I4GzhHCNGVKq47mpDsZIaooZmRS6mSIpwkPUJx1TcpQQFYxnh0/gsSERjIU0j2s4o98nxihRapSEpjNBeqB+e1P4l9fJdHwejClPM004ni+KMwa1gNMUYEQlwZqNTIGwpOZWiAdIIqxNVgUTwvLv/xfNsuOdOe5NuVS7WMSRB4fgCJwAD1RBDVyDOmgADDLwCJ7Bi/VgPVmv1tu8NWctZg7AD1nvXyuBk28=</latexit>

Forward looking

<latexit sha1_base64="cpTaBNxVJEbkMB+3o381D1JefE4=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZaYLdVl040aoYB8wHUomk2lDM8mQ3BGGoZ/hxoUibv0ad/6NaTsLbT0QOJxzLrn3hKngBlz321lb39jc2q7sVHf39g8Oa0fHXaMyTVmHKqF0PySGCS5ZBzgI1k81I0koWC+c3M783hPThiv5CHnKgoSMJI85JWAl/57BWEU2NcqHtbrbcOfAq8QrSR2VaA9rX4NI0SxhEqggxviem0JQEA2cCjatDjLDUkInZMR8SyVJmAmK+cpTfG6VCMdK2ycBz9XfEwVJjMmT0CYTAmOz7M3E/zw/g/g6KLhMM2CSLj6KM4FB4dn9OOKaURC5JYRqbnfFdEw0oWBbqtoSvOWTV0m32fAuG+5Ds966KeuooFN0hi6Qh65QC92hNuogihR6Rq/ozQHnxXl3PhbRNaecOUF/4Hz+AJufkXY=</latexit>

Methodology
<latexit sha1_base64="Wnvhbh9DGqOQBRKECh0fLYHU7Hs=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkP6rHoRfBSwX5AG8pmM2mXbjZhdyOE0r/hxYMiXv0z3vw3btsctPXBwOO9GWbmBang2rjut7O2vrG5tV3aKe/u7R8cVo6O2zrJFMMWS0SiugHVKLjEluFGYDdVSONAYCcY3878zhMqzRP5aPIU/ZgOJY84o8ZK/XvMScRlyOVQDypVt+bOQVaJV5AqFGgOKl/9MGFZjNIwQbXueW5q/AlVhjOB03I/05hSNqZD7FkqaYzan8xvnpJzq4QkSpQtachc/T0xobHWeRzYzpiakV72ZuJ/Xi8z0bU/4TLNDEq2WBRlgpiEzAIgIVfIjMgtoUxxeythI6ooMzamsg3BW355lbTrNe+y5j7Uq42bIo4SnMIZXIAHV9CAO2hCCxik8Ayv8OZkzovz7nwsWtecYuYE/sD5/AHa3ZGQ</latexit>

Key findings
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that minimizes the final epidemic size

Figure 6. Methodology components of our adaptive behavior model and key results.

Discussion

The starting point for this analysis is the finding that adaptive behavior by non-symptomatic individuals responding to perceived

infection risk alters epidemic dynamics by modifying the structure of contacts39. In this paper we focused on an important

feature of the COVID-19 pandemic: that a large proportion of infected individuals are asymptomatic or have symptoms at a

level that allows continued social interaction. Absent testing, asymptomatic individuals may both behave and be treated by
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others as if they are susceptible. On the other hand, absent enforcement of health authority recommendations, symptomatic

individuals experiencing only mild effects may continue to engage with others.

To uncover the importance of the asymptomatic proportion of the infected population we considered the impact of

behavioral responses to the risks and rewards of contact with others, assuming variable levels of compliance with health

authority recommendations on the part of infected individuals. Taking the case where non-symptomatic individuals do not

make any attempt to mitigate the risks to themselves or others as the base case, we considered how the inclusion of behavioral

responses may be expected to alter disease dynamics. We supposed that individuals do not have perfect knowledge of either

their own health class or the health class of others, and that they make decisions based on observable cues—symptoms of

disease.

A study using data from New York City, New York and Austin, Texas, found that the attack rate in the first wave of

the pandemic had depended on the proportion of asymptomatic infections but not on the infectiousness of asymptomatic

individuals40. Consistent with this study, we found that while the inclusion of behavioral responses generally reduces the

final epidemic size relative to the base case, the effect was highly sensitive to the proportion of the infected population that

was asymptomatic. However, we also found the final epidemic size to be highly sensitive to both the infectiousness of the

asymptomatic population and to the compliance with health authority recommendations of the symptomatic but socially engaged

population. The higher the proportion of the infected population that is asymptomatic, and the greater the infectiousness of

asymptomatic individuals, the greater the final epidemic size. Particularly, if there are asymptomatic infections, Figure 4 shows

that there is a threshold determined by the proportion of asymptomatic cases and their relative infectiousness, for which the

final epidemic size is larger than would occur if there were no asymptomatic infections. It also shows that the greater the rate of

compliance with health authority recommendations by symptomatic individuals, the greater the likelihood that asymptomatic

infections will lead to a final epidemic size larger than would occur absent asymptomatic infections.

The evidence to date on both the proportion of infections that is asymptomatic and the relative infectiousness of asymp-

tomatics is mixed. The New York/Austin study reported that 56% of infections were estimated to be asymptomatic40. This

result is consistent with other studies outside China41, but is higher than was found in studies focused on the original outbreak

in Wuhan. A study of Japanese evacuees from Wuhan, for example, found the asymptomatic ratio to be 30.8%12.

Evidence on the relative infectiousness of symptomatic and asymptomatic individuals indicates that asymptomatic infections

may well be increasing the final epidemic size. Most studies have found viral loads in symptomatic and asymptomatic individuals

to be similar42, but even where viral loads have been found to be lower in asymptomatic individuals, a period of viral shedding

has been observed43. Modelling exercises have shown that differences in the generation-interval distribution of asymptomatic

and symptomatic transmission matter, and can significantly bias estimates of the basic reproduction number44. The first

quantitative study of asymptomatic transmission found a total infection rate of 6.15%, with 6.30% and 4.11% for symptomatic

and asymptomatic individuals respectively45. The implication is that the relative infectiousness of asymptomatic individuals is

such that the final epidemic size is increasing in the proportion of asymptomatic infections.

Absent large scale random testing there is no way to generate precise estimates of the size of the infected and infectious

asymptomatic population, and in consequence no way to generate reliable estimates of the disease reproduction number.

However, by investigating changes in observable contact and associated attack rates it may be possible to infer the size and the

impact of the infected asymptomatic and pre-symptomatic populations.

The framework we use to model individuals’ adaptive behavior during an epidemic focuses on the private benefits and

costs of contacts. The individuals does not consider the impact that their behavior would have on others. The individual does

not internalize the external costs and benefits of their behavior. The social costs of private behavior are instead reflected in

health authority recommendations on, for example, social distancing measures or the use of personal protective equipment. We

explore the consequences of variations in infected individuals’ willingness to comply with such recommendations. Another

critical aspect on the model is the uni-dimensional and single peaked utility function. This allows us to focus on the costs and

benefits of contact decisions alone, but neglects other factors that may influence individual decisions. The population in health

states S, E, A, R are assumed to be homogeneous. The population in health state I is divided between those who choose to

comply with health authority recommendations, and those who do not. They balance the costs and benefits of contact over that

horizon assuming no change in prevalence. The benefits of being forward-looking in some state are constrained by the speed at

which that state is changing.

While these assumptions allow us to explore the role of human behavioral responses during an epidemic, we recognize that

take no account of the many other factors influencing decision-making in the current epidemic. Politicization of the epidemic is

partially reflected in the parameter describing compliance with health authority recommendations, but we cannot, for example,

capture the very different constraints faced by individuals in manufacturing and services, or the limited capacity to respond by

those on low incomes. However, our goal is to capture the interactive evolution of human behavioral adaptation and epidemic

dynamics, by using a simple but insightful mechanistic model.
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Methods

Mathematical model

Our model focuses on infected individuals who are capable of social interaction, i.e., infected individuals who have no symptoms

or mild symptoms. Since our goal is to study the impact of the behavior of infectious exposed and asymptomatic individuals on

the disease dynamics, we neglect individuals with severe symptoms, since these do not interact with the rest of the population.

The potential impact of nosocomial outbreaks has been analyzed in the context of SARS, pneumonia and other diseases32.

Our model of disease transmission is composed of susceptible (S), non-symptomatic and infectious exposed individuals

(E), infected individuals with symptoms or testing positive (I), infectious but asymptomatic individuals (A), and recovered

individuals (R). We suppose that only individuals in I know themselves to be infected either through observation of symptoms

or through a positive test result. During the ongoing COVID-19 pandemic, it has been shown that infected individuals carry the

highest viral load on or before symptom onset33. Due to the lack of adequate data on the specific infectiousness of exposed

individuals, we assume this subpopulation to be less infectious than symptomatic infected individuals, ρ = 0.25. We explore

the impact that changing the exposed individuals’ infectiousness produce on the evolution of the disease transmission and on

the attack rate (the proportion of finally infected individuals), in the Appendix C section. We assume that on average, 1
κ days

after infection, a proportion σ of exposed individuals remain asymptomatic, while the rest develop symptoms.

To capture the fact that only a fraction of the infected population will adopt pro-social precautionary behavior, we stratify

the infected population into those who reduce their infectious potential by complying with health authority recommendations

(IS), and those who do not (IC)34. We assume the fraction l of symptomatic individuals do not follow health authority

recommendations, while the proportion 1− l do it. Individuals may be non-compliant for many different reasons: they may

have no reasonable alternative to interact with others, they may be compelled to continue interacting with others, they may

be non-compliant for political or ideological reasons, or they may simply be careless. For our purposes all that matters is

that a proportion of those known to be infected do not comply with health authority recommendations. The adoption of

precautionary measures by the symptomatic population IS is assumed to reduce their infectious potential by a factor η < 1. All

other symptomatic individuals not following precautionary recommendations maintain their infectious potential. Finally, we

assume a similar infectious period of 1
γ days for asymptomatic and symptomatic individuals.

Our model for disease progression is sketched in Figure 7
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(1− σ)lκ
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σκ
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Figure 7. Our model for disease progression assumes susceptible (S), exposed (E), asymptomatic (A), symptomatic

non-compliant (IC), symptomatic compliant (IS), and recovered individuals (R).

and mathematically described by the system of equations (1)

Ṡ =−βS
ρE + εA+ηIS + IC

N
,

Ė = βS
ρE + εA+ηIS + IC

N
−κE,

İS = (1−σ)(1− l)κE − γIS,

İC = (1−σ)lκE − γIC,

Ȧ = σκE − γA,

Ṙ = γ(IS + IC +A).

(1)

We computed model’s (1) basic reproductive number,

R0 = β

(

ρ

κ
+

(1−σ)(1− l)η

γ
+

(1−σ)l

γ
+

σε

γ

)

, (2)

by following the next generation matrix approach, and included the details in Appendix A.
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Disease dynamics under adaptive human behavior

Aside from the conditions that lie behind non-compliance with health authority recommendations, we assume a homogeneous

population. Changes in health status are the only source of behavioral variation. Individuals’ behavior differs across health

classes, but individuals with similar health status behave similarly.

Taking (1) as a baseline, we model the incidence term under adaptive behavior as

βCS
t S

CE
t ρE +CA

t εA+C
IS
t ηIS +C

IC
t IC

CS
t S+CE

t E +CA
t A+C

IS
t IS +C

IC
t IC +CR

t R
, (3)

where individuals in health classes {S,E,A, IS, IC,R} select contact rates {CS
t ,C

E
t ,C

A
t ,C

IS
t ,C

IC
t ,CR

t }, at time t so as to maximize

the discounted stream of net benefits–the present net value–of social interaction. Individuals make contact choices as a function

of the health class-specific utility and infection risks of contacts, and this in turn influences the path of the epidemic and hence

future contact risks. Observations on current disease prevalence are used to infer infection risks, and hence to project the net

benefits of contact over the individual’s planning horizon. Individuals assume the population distribution among health classes

and their respective current contact rates are constant over the planning horizon. Risk of infection depends on contact rates Ch
t

for h ∈ {S,E,A, IS, IC,R}, and constitutes a cost that generates a feedback between the epidemiological and economic systems.

Formally, individuals in each health class maximize the expected utility of making contacts subject to the dynamics of the

epidemic (7).

We determine the contact choices made by individuals at each time step, by finding the contact rate that maximize their

expected utility Vt(h) in each of the possible health state h ∈ {S,E, IS, IC,A,R}, over a given planning horizon, τ . At each time

step, the system’s current state (population distribution among health states and their respective contact choices) is assumed to

remain constant during the planning period. The expected utility Vt(h) comprises the potential benefit obtained by making the

optimal contact choice at each future time step during the planning horizon.

The expected utility comprises the immediate net benefits of contact (which depends only on the individual’s perceived

health status), and the expected net benefits of future contacts (which depend on all possible future health states and transitions

probabilities). We assume that the utility of making C contacts at time t is described by a concave single peaked utility function

ut = u(Ct). Individuals obtain positive marginal net benefit from additional contacts up to C∗
t , after which additional contacts

diminish the net benefits.

Following the work by Morin et. al. in29, we assume a utility function of the particular form ut =
(

bCh
t − (Ch

t )
2
)ν

, where b

is the maximum number of contacts possible, ν is the utility function shape parameter, and Ch
t is the contact rate of a typical

individual with health status h. Therefore, u(h,Ch
t ) is the utility a typical individual in health class h obtains by making C

contacts at time t. We assume that individuals get similar per-contact utility regardless of health status, except symptomatic

infected individuals who gets no utility during the infectious period. The number of daily contacts maximizing the immediate

utility is given by C∗ = b/2.

To solve the optimization problem, we define a system of Bellman’s equations which are then numerically solved using

dynamic programming methods. The detailed formulation of the decision problem is shown in Appendix B.
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Figures

Figure 1

Please see the Manuscript PDF �le for the complete �gure caption.

Figure 2

Time evolution of the proportion of recovered population for scenarios with 0%, 30%, and 60% of
asymptomatic cases under adaptive behavior model. The impact of the asymptomatic subpopulation on
the attack rate depends upon its relative infectiousness. Panel a) shows that increments of the
asymptomatic subpopulation having low infectiousness (ε = 30%), decreases the attack rate. Panel b),
shows that increments on the asymptomatic cases having high infectiousness (ε = 60%), increases the
attack rate. Parameters τ = 14; v = 0.1; ρ = 0.3; CI = maxCt, l = 1 and ρ = 0.25.



Figure 3

Attack rate under �xed contact rates (panel a) and under adaptive behavior (panel b), as a function of the
proportion of asymptomatic infections (σ) and their relative infectiousness (ε). Panel (a) shows that
under constant contact rates, changes on the proportion of asymptomatic infections and their relative
infectiousness monotonically decreases the attack rate. Panel (b) shows that under adaptive behavior,
there exists scenarios for which the attack rate in the presence of asymptomatic cases overcomes the
attack rate of having no asymptomatic cases. In this scenario, the presence of asymptomatic cases
increases or decreases the attack rate, relative to their infectiousness. Parameter set τ = 14; v = 0.1; CI =
maxCt, l = 1 and ρ = 0.25.

Figure 4

Please see the Manuscript PDF �le for the complete �gure caption.



Figure 5

Attack rate as a function of the planning horizon for different proportion of asymptomatic cases and their
relative infectiousness, under adaptive behavior model. Panels a) and b) show the non-monotonic effect
of increasing the planning horizon on the attack rate, under variations of the proportion of asymptomatic
cases and their relative infectiousness, respectively. Panels c) and d) shows the attack rate as a function
of the planning horizon and the proportion of asymptomatic cases, and their relative infectiousness,
respectively. For τ between 20-25 days the attack rate is minimized for all σ and ε scenarios.



Figure 6

Methodology components of our adaptive behavior model and key results.

Figure 7

Our model for disease progression assumes susceptible (S), exposed (E), asymptomatic (A),
symptomatic non-compliant (IC), symptomatic compliant (IS), and recovered individuals (R).
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