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Abstract 

During the COVID-19 Pandemic, communities faced two conflicting objectives: (1) minimizing 
infections among vulnerable populations with higher risk for severe illness, and (2) enabling 
reopening to revive American livelihoods. The U.S. pandemic strategy myopically considered 
one objective at a time, with lockdowns that addressed the former, but were detrimental to the 
latter, and phased reopening that pursued the latter, but lost control over the former. Universal 
mask mandates and limitations on gatherings have yielded insufficient compliance. How could 
we prioritize interventions to simultaneously minimize cases of severe illness and fatalities while 
reopening? A team of researchers anchored by the Center on Stochastic Modeling, Optimization, 
& Statistics (COSMOS) at the University of Texas at Arlington has formulated a 
computationally-efficient optimization framework, referred to as COSMOS COVID-19 Linear 
Programming (CC19LP), to study the delicate balance between the expected fatality rate due to 
cases of severe illness and the level of normalcy in the community. The key to the CC19LP 
framework is a focus on “key contacts” that separate individuals at higher risk from the rest of 
the population. CC19LP minimizes expected fatalities by optimizing the use of available 
interventions, namely COVID-19 testing, personal protective equipment (PPE), recently 
approved COVID-19 vaccines, and social precautions, such as distancing, handwashing, and face 
coverings. A C3.ai award-winning online CC19LP tool is accessible from the COSMOS 
COVID-19 project site (https://cosmos.uta.edu/projects/covid-19/) and has been tested for all 
3,142 U.S. county areas. Results are demonstrated for several metropolitan counties with a 
deeper investigation for Miami-Dade County in Florida. 
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Note to Practitioners: Abstract—In this paper, a computationally fast optimization framework is 
presented to study the delicate balance between reopening U.S. communities and controlling 
severe cases of COVID-19 that lead to hospitalizations and fatalities. This framework can 
provide guidance to decision-makers on optimal intervention strategies for protecting 
high-risk individuals while reopening communities. Resources on understanding and 
implementing the framework are publicly available, including an award-winning online 
optimization tool that automatically accesses county-level data from Census, CDC, and Johns 
Hopkins COVID-19 repositories.  
 
  

https://cosmos.uta.edu/projects/covid-19/


1. Introduction 
Widespread transmission of the novel coronavirus, SARS-CoV-2, compromised U.S. efforts to 
contain the spread of the COVID-19 associated illness and subsequent fatalities. Prior guidelines 
to avoid the spread of viruses are based on the premise that infected individuals are most 
contagious after the onset of symptoms [1]. However, studies of SARS-CoV-2 have 
demonstrated asymptomatic and pre-symptomatic transmission [2-5], corroborated by antibody 
testing [6]. Recognized social precautions to prevent the spread of SARS-CoV-2 consist of 6-
foot social distancing, personal hygiene (handwashing for at least 20 seconds with non-
antibacterial soap or using hand sanitizers with at least 60% alcohol content), face coverings [7], 
and quarantine for infected individuals [8]. Properly maintaining social precautions means 
conducting all of them. An individual that wears a face covering, but violates social distancing is 
not properly maintaining precautions. Successful containment of the virus has been seen in 
countries with rigorous contact tracing combined with abundant COVID-19 testing capabilities, 
and public compliance with social precautions [9-10]. However, the U.S. faces issues with 
limited resources to implement contact tracing and the threat of non-compliance by lower-risk 
individuals [11-12]. 

The key question is: How can we achieve a low rate of severe cases while reopening 
communities under realistic assumptions and limited resources? Because 81% of infected 
individuals have mild to moderate disease [13] and may not quarantine, studies emphasize the 
need to isolate or shield individuals that have a higher risk of fatality [14-15]. Strategies that are 
applied universally are, in actuality, unfair to those at higher risk that require additional 
protection to equalize their risk. However, isolating high-risk groups is impractical since many 
need employment, require assistance, or live in environments with “crowding” and cannot 
isolate. In this paper, we present the COSMOS COVID-19 linear programming (CC19LP) 
optimization framework that enables study of the trade-off between the expected fatality rate and 
the normalcy of activities by “key contact” individuals in the population. Linear programming is 
a computationally fast and well-established methodology that has proven applicability across 
innumerable domains (e.g., [16-24]).  Fatality rate was chosen to represent health impacts 
because fatalities are highly correlated with cases of severe illness, and case counts do not 
distinguish mild cases from severe ones. CC19LP minimizes expected fatalities by optimizing 
the use of interventions, namely social precautions, COVID-19 testing, personal protective 
equipment (PPE at the level of N95 respirator masks), and vaccination. Other than N95 masks, 
high-grade PPE can be achieved by installing protection barriers, double-masking, or combining 
a face shield with a mask [25-27]. 

Established approaches in public health for studying infectious disease outbreaks involve 
the use of SEIR (Susceptible-Exposed-Infectious-Recovered) models, which simulate disease 
transmission in a population [28-34]. These SEIR models can represent interventions, such as 
social distancing by reducing contact rates or vaccination by reducing transmission probabilities 
but cannot be directly optimized because controllable interventions are not explicitly defined. 
Further, these models require detailed assumptions that affect the evolution of disease 
transmission. For the COVID-19 Pandemic, there are varied SEIR models that attempt to 
simulate the progression of the pandemic because the validity of the various assumptions is 



uncertain (e.g., [34]). By contrast CC19LP clearly defines controllable interventions in an 
aggregate framework that is deliberately parameterized to yield optimal interventions that are 
insensitive to uncertain information. Benchmarking is based on actual reported cases and 
fatalities. 
 
2. CC19LP Model 
 
2.1 Definition of Key Contact Individuals 
The CC19LP framework was motivated by the concept of taking care of yourself, so that you can 
continue to care for others [35]. In this concept, the vulnerable group only stays protected if 
associated caregivers remain healthy. The CC19LP framework is based on partitioning the 
population into three non-overlapping groups, listed below and described in Figure 1. A 
questionnaire was developed to assist individuals in identifying their group and can be accessed 
from the COSMOS COVID-19 project site (https://cosmos.uta.edu/projects/covid-19/).  
 

Group 1: Sheltered high-risk individuals that can isolate with the assistance of key 
contact individuals in Group 2.  

Group 2: COVID-19 key contacts that simultaneously have a role in protecting high-risk 
individuals in Group 1 and cannot avoid interaction with the rest of the population in Group 3. 

Group 3: Baseline low-risk individuals that do not belong to Group 2. 

 
The focus of CC19LP is on controlling key contacts (Group 2), which consist of those with the 
following characteristics: 

Figure 1: Partitioning the population into three non-overlapping groups. The role of Group 2 is to 
minimize transmission of the virus from Group 3 to Group 1. Dotted lines denote contacts with shelter-in-
place. Dashed lines denote contacts requiring usage of social precautions, PPE, or testing. Solid lines 
denote baseline contacts without additional interventions. 

https://cosmos.uta.edu/projects/covid-19/


• High-risk individuals that have an occupation, such as employment, college, or volunteer 
activity (including those that are seeking employment). 

• High-risk individuals that reside in a crowding environment, such as lower-income 
communities and nursing homes. 

• Workers in health care and public safety, including nursing homes and jails. 
• Low-risk individuals that cannot avoid close contact with sheltered high-risk individuals.  

A household with two low-risk adults, two low-risk children, and one elderly grandparent would 
be classified as having one sheltered high-risk individual, one low-risk adult key contact, one 
baseline low-risk adult, and two baseline low-risk children. Children in K-12 school can be key 
contacts if they cannot avoid contact with sheltered high-risk individuals in their household. 
Excluded from the key contact population are K-12 children that are themselves high-risk and 
should remain isolated. It is assumed that asymptomatic or pre-symptomatic contagious 
individuals still exist in the larger population and can infect key contact individuals. 

Both the concepts of isolating and shielding can be incorporated in the CC19LP 
framework, where those that cannot avoid interaction with both the sheltered high-risk group and 
the baseline low-risk group should be classified as key contacts. High-risk children are among 
the sheltered high-risk group and will have a parent or guardian as a key contact. Low-risk 
younger children (aged 0-4) are in the baseline low-risk group. Recovered individuals can be key 
contacts or baseline low-risk individuals and are modeled in CC19LP has having immunity 
similar to vaccination. While compliance by key contacts may be a concern, the issue of 
compliance is lessened because CC19LP interventions are focused on maximizing benefit and 
are not applied to the entire population. The representation of social precautions is modeled as 
compliance in activities in the next section. 

The risk types for key contact individuals explicitly distinguish those whose environment 
involves “crowding” that does not permit recommended social precautions, i.e., social 
distancing, handwashing, etc. Three risk types are defined for key contacts, as follows: 

L1 = low-risk (key) individual that can comply with social precautions, 
H1 = high-risk (key) individual that can comply with social precautions, 
H2 = high-risk (key) individual that are subject to a crowding environment. 

Since high-risk children are not included among key contact individuals, only risk type L1 can 
represent K-12 key contacts. The crowding characteristic for risk type H2 will be seen later as 
affecting the community activity level that may be assumed of these individuals. Further, the 
estimation of fatalities counts sheltered high-risk individuals that are associated with key contact 
individuals, so as to appropriately capture the larger impact of infecting a key contact. 
 
2.2 Community Activity Levels 
Because key contact individuals must interact with the larger community, CC19LP assigns key 
contact individuals to allowable levels of activity. Normalcy is represented on a scale of 0 to 10 
in CC19LP, where 0 mimics an environment closest to compliance with widely enforced shelter-
in-place orders, and 10 mimics pre-pandemic activity without social precautions. Activity levels 
for key contacts define compliance with social precautions. Key contact children are assumed to 
participate in K-12 school, and key contact adults are assumed to participate in an occupation, 



such as employment or post-secondary school or other activities during work hours. All key 
contacts may additionally participate in community activities. Average contact rates assumed for 
each level are given in parentheses and are based on the disease transmission literature for agent-
based modeling [31-33].  

Because online K-12 school has been largely unsuccessful [36], only in-person schooling 
is considered for K-12 children, at two levels: 
 S1 = in-person K-12 school properly maintaining social precautions (0.10 contacts/day), 
 S2 = in-person K-12 school without social precautions (4.9 contacts/day). 
For some K-12 key contacts, the school level S1 may not be possible, so the school level S2 can 
be constrained with a lower limit. Because online work is a viable option for some occupations, 
work for adult key contacts is considered at three levels: 
 W0 = online work/occupation (no contacts/day), 
 W1 = in-person work/occupation properly maintaining social precautions (0.09 contacts/day), 
 W2 = in-person work/occupation without social precautions (5.5 contacts/day). 
The online work level W0 can be constrained by an upper limit on the number of key contact 
individuals that can be employed in occupations that permit completely online participation. By 
contrast, the near-normal work level W2 can be constrained by a lower limit to represent 
occupations, such as hospital workers, that can only be conducted in close contact with other 
individuals. 

In addition to occupations (S or W) above, each key contact individual may participate in 
other community activities, specified in five levels: 
 A1 = 0% of normal: all activities properly maintain social precautions (0.10 contacts/day), 
 A2 = 25% of normal (1.9 contacts/day), 
 A3 = 50% of normal (3.8 contacts/day), 
 A4 = 75% of normal (5.7 contacts/day), 
 A5 = 100% of normal: Pre-pandemic normal level (7.7 contacts/day). 
An individual at activity level A1 might choose not to participate in additional community 
activities, but in general can only participate in activities that permit maintaining social 
distancing and other precautions. To facilitate this, organizations would need to create 
environments that support precautions for their patrons that are key contacts. An individual at 
activity level A2 might maintain precautions indoors, but outdoors plays sports with normal 
contacts; or might go to occasional events (e.g., theater, restaurants) without precautions, but 
otherwise maintains precautions. An individual at activity level A3 maintains precautions about 
half the time, which is similar to the overall level of compliance among individuals aged 18-31 
years [12] prior to shelter-in-place orders. An individual at activity level A4 might frequently 
participate in contact activities of small to moderate size (e.g., daily gym, neighborhood 
gatherings) without precautions, but maintains precautions when not too inconvenient. Activity 
levels A4 and A5 in general represent more normal activities, including large gatherings (e.g., 
church, conferences, season passes to events) without precautions, with the difference indicating 
the frequency of participation in such activities. In particular, key contact risk type H2 will have a 
high proportion at activity levels A4 and A5 to represent the crowding characteristic. A CC19LP 



solution will assign key contacts to exactly one occupation level (S or W) and exactly one 
activity level. 

To represent previously mentioned limitations on occupation and activity levels, the 
following fractions are defined: 

𝑓𝑓𝑆𝑆2
𝑖𝑖 = minimum fraction that canNOT comply with social precautions at K-12 school, 
𝑓𝑓𝑊𝑊0
𝑖𝑖 = maximum fraction that can do their work completely online, 
𝑓𝑓𝑊𝑊2
𝑖𝑖 = minimum fraction that canNOT comply with social precautions at work, 
𝑓𝑓𝐴𝐴1
𝑖𝑖 = maximum fraction whose activity level can satisfy A1, 
𝑓𝑓𝐴𝐴2
𝑖𝑖 = additional maximum fraction whose activity level can satisfy A2 or A1, 
𝑓𝑓𝐴𝐴5
𝑖𝑖 = minimum fraction whose activity level must be A5, 
𝑓𝑓𝐴𝐴4
𝑖𝑖 = additional minimum fraction whose activity level can be A4 or A5. 

These fractions are input parameters to CC19LP and can be modified appropriately for different 
regions. 

The CC19LP decision variables assign social precaution interventions, based on 
occupation and activity levels, to key contact individuals, both uninfected and recovered from 
COVID-19. In addition, decision variables can assign transmission interventions, namely 
COVID-19 swab testing, the use of PPE at the level of N95 respirator masks, and COVID-19 
vaccination. Let 

𝑥𝑥𝑗𝑗𝑗𝑗𝑖𝑖 = # of key contacts of type i in required occupation j that have activity level k, 
𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 = # of type i in occupation j that have activity level k and are recovered, 
𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 = # of type i in occupation j that have activity level k and have COVID-19 testing, 
𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 = # of type i in occupation j that have activity level k and use high-grade PPE, 
𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 = # of type i in occupation j that have activity level k and are fully vaccinated, 

where i ∈{L1, H1, H2},    j ∈{S1, S2, W0, W1, W2},    k ∈{A1, A2, A3, A4, A5}. Vaccinated 
individuals are represented cumulatively, where the number of individuals already vaccinated is 
provided as input. Note that because there are no high-risk children that are key contact 
individuals, for i ∈{H1, H2} and j ∈{S1, S2}, 𝑥𝑥𝑗𝑗𝑗𝑗𝑖𝑖 = 0. Because of the scarceness of resources, it 
is assumed that no individual will receive more than one transmission intervention (testing, PPE, 
vaccination) within a single day, and K-12 children cannot be vaccinated. Finally, because 
children are commonly asymptomatic, recovered K-12 key contacts are not considered, i.e., for j 
∈{S1, S2}, 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 = 0. 
 
2.3 Representing Normalcy 
One objective of CC19LP is to permit the study of the balance between the expected rate of 
fatalities and the level of normalcy. Normal activity levels are represented by the highest levels 
defined in the previous section, namely S2, W2, and A5. To encourage normalcy, weights on 
occupations and activity levels are specified as below, where higher weight is closer to normal 
and closer to zero is more restrictive.  
 



𝑎𝑎𝑆𝑆1 = 0.01 
𝑎𝑎𝑆𝑆2 = 0.02 
 

𝑎𝑎𝑊𝑊0 = 0 
𝑎𝑎𝑊𝑊1 = 0.01 
𝑎𝑎𝑊𝑊2 = 0.02 

𝑎𝑎𝐴𝐴1 = 0 
𝑎𝑎𝐴𝐴2 = 0.005 
𝑎𝑎𝐴𝐴3 = 0.01 

𝑎𝑎𝐴𝐴4 = 0.015 
𝑎𝑎𝐴𝐴5 = 0.02 

 
The combined normalcy weight for individuals in occupation j with activity level k is: 

𝑎𝑎𝑗𝑗 + 𝑎𝑎𝑗𝑗, where  j ∈{S1, S2, W0, W1, W2},    k ∈{A1, A2, A3, A4, A5}. 
The total weight over all key contact individuals is then: 
  

���(𝑎𝑎𝑗𝑗 + 𝑎𝑎𝑗𝑗)�𝑥𝑥𝑗𝑗𝑗𝑗𝑖𝑖
𝑖𝑖

�
𝑗𝑗

 .
𝑗𝑗

 

 
The relative values of the weights are what matter, so the total weight is scaled between the 
range of 0 to 10, where 0 mimics an environment closest to rigorous compliance of precautions, 
and 10 mimics pre-pandemic normal activity. 
 
2.4 Expected Fatality Rate 
The primary objective is the expected number of fatalities per day. For a given assignment of key 
contacts to activity levels (𝑥𝑥𝑗𝑗𝑗𝑗𝑖𝑖 ), this objective is calculated by first counting (per day) fatalities 
for both key contacts (Group 2) and associated sheltered high-risk individuals (Group 1) that 
would occur without any transmission interventions of COVID-19 testing, PPE, or vaccination. 
However, recovered key contact individuals benefit from a protection factor 𝛾𝛾𝑗𝑗  that for now is 
assumed to be the same as vaccination, and K-12 school children benefit from a transmission 
reduction factor 𝛾𝛾𝑆𝑆 < 1. Next, given the assignment of transmission interventions (𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 , 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 , 
𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 ), the counts for those saved are subtracted from the objective. This allows an examination of 
the effectiveness of transmission interventions. 

The probability of fatality for an individual is based on the law of total probability, as 
follows: 
 P(fatality) = P(fatality | infection) P(infection | contact) P(contact), 
where a contact is a close contact with a contagious individual with the virus. The fatality rate 
replaces the probability of contacts with a rate of contacts. Different average contact rates were 
specified in Section 3 for every occupation j ∈{S1, S2, W0, W1, W2} and every community activity 
level k ∈{A1, A2, A3, A4, A5}. Denote these rates as 𝜌𝜌𝐶𝐶

𝑗𝑗  and 𝜌𝜌𝐶𝐶𝑗𝑗 , respectively. Assume the rates of 
contacts for different occupations and activities are independent, then key contact individuals in 
occupation j at activity level k have average close contact rates of 𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗  with other 
individuals. If the probability that a contact is contagious is 𝑝𝑝+, then the contact rates with 
contagious individuals are 𝜌𝜌𝐶𝐶+

𝑗𝑗 + 𝜌𝜌𝐶𝐶+𝑗𝑗 = 𝑝𝑝+�𝜌𝜌𝐶𝐶
𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�. Estimates for 𝑝𝑝+ are unknown, so 

CC19LP uses reported cases, a ratio of unknown to known cases [37-38], and average contagious 
periods for unknown (4.5 days) and known (10 days) [39-42]. Specific calculations are discussed 
in the Appendix. 



To calculate the infection rate, let 𝑝𝑝𝐼𝐼|𝐶𝐶+
𝐻𝐻  be the transmission probability (probability of 

infection) for high-risk individuals when in close contact with a contagious individual, and let 
𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿  be the corresponding transmission probability for low-risk individuals. It is possible for 
𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 > 𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 , if high-risk individuals are more susceptible to infection. The rate of infection for 

high-risk key contacts in occupation j with activity level k is  (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝜌𝜌𝐶𝐶+
𝑗𝑗 +  𝜌𝜌𝐶𝐶+𝑗𝑗 ), and similarly 

for low-risk key contacts. Finally, to calculate the fatality rate, let 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻  and 𝑝𝑝𝐹𝐹|𝐼𝐼

𝐿𝐿  be the probability 
of fatality, given infected, for high-risk and low-risk individuals, respectively, where 𝑝𝑝𝐹𝐹|𝐼𝐼

𝐻𝐻 > 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐿𝐿 . 

The fatalities among key contacts (Group 2) without testing, PPE, and vaccine interventions can 
now be calculated as follows: 

 

𝐸𝐸[Fatalities] = �𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻 (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝑝𝑝+)��(𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗)
𝑗𝑗

(𝑥𝑥𝑗𝑗𝑗𝑗
𝐻𝐻1

𝑗𝑗

+ 𝑥𝑥𝑗𝑗𝑗𝑗
𝐻𝐻2 − 𝛾𝛾𝑗𝑗(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐻𝐻1 + 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐻𝐻2 ))                 

+ 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐿𝐿 (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 )(𝑝𝑝+)��𝛾𝛾𝑆𝑆 � �𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�(𝑥𝑥𝑗𝑗𝑗𝑗
𝐿𝐿1)

𝑗𝑗∈{𝑆𝑆1 ,𝑆𝑆2}𝑗𝑗

+ � �𝜌𝜌𝐶𝐶
𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�(𝑥𝑥𝑗𝑗𝑗𝑗

𝐿𝐿1 + 𝑥𝑥𝑗𝑗𝑗𝑗
𝐿𝐿2 − 𝛾𝛾𝑗𝑗(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐿𝐿1 ))
𝑗𝑗∈{𝑊𝑊0,𝑊𝑊1 ,𝑊𝑊2}

�� .                                        (1) 

 
The fatalities among sheltered high-risk individuals (Group 1) depend on close contacts 

with their associated key contact individual. If this key contact individual is infected, then the 
sheltered high-risk individual will be at risk for infection. To capture this, let 𝜌𝜌𝐶𝐶0 be the average 
close contact rate per day for sheltered high-risk individuals with their associated key contact 
individual. Then the rate of infection for a sheltered high-risk individual associated with a low-
risk key contact is  (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝜌𝜌𝐶𝐶0)(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 )(𝜌𝜌𝐶𝐶+

𝑗𝑗 +  𝜌𝜌𝐶𝐶+𝑗𝑗 ), where the last two terms in the product give 
the rate of infection for low-risk key contacts in occupation j and activity level k, and the first 
two terms give the rate of infection for sheltered high-risk individuals by contagious key 
contacts. To capture the multiple fatalities that may be associated with key contacts, let 𝜇𝜇𝐻𝐻 be the 
mean number of sheltered high-risk individuals for each high-risk key contact individual, and let 
𝜇𝜇𝐿𝐿  be the corresponding mean for each low-risk key contact individual. Since all low-risk key 
contacts must be associated with sheltered high-risk individuals, 𝜇𝜇𝐿𝐿 ≥ 1. Since high-risk key 
contacts need not have associated high-risk individuals, 𝜇𝜇𝐻𝐻 ≤ 𝜇𝜇𝐿𝐿 . The means 𝜇𝜇𝐿𝐿  and 𝜇𝜇𝐻𝐻 are 
calibrated to match the number of sheltered high-risk individuals (Group 1), leading to their 
fatalities without transmission interventions: 



𝐸𝐸[Fatalities] = 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻 (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )𝜌𝜌𝐶𝐶0 �𝜇𝜇𝐻𝐻(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝑝𝑝+)���𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�
𝑗𝑗

(𝑥𝑥𝑗𝑗𝑗𝑗
𝐻𝐻1

𝑗𝑗

+ 𝑥𝑥𝑗𝑗𝑗𝑗
𝐻𝐻2 − 𝛾𝛾𝑗𝑗(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐻𝐻1 + 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐻𝐻2 ))

+ 𝜇𝜇𝐿𝐿(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 )(𝑝𝑝+)���𝜌𝜌𝐶𝐶
𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�

𝑗𝑗

(𝑥𝑥𝑗𝑗𝑗𝑗
𝐿𝐿1

𝑗𝑗

− 𝛾𝛾𝑗𝑗(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐿𝐿1 )� .                                           (2) 

 
If an individual is wearing high-grade PPE, such as an N95 mask, let 𝛾𝛾𝑗𝑗  be the protection 

factor reducing transmission. Assuming PPE interventions are highly effective, 𝛾𝛾𝑗𝑗  should be 
very high, nominally 0.95. The probability of transmission when wearing PPE drops to           
(1 − 𝛾𝛾𝑗𝑗)𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻  for a high-risk individual. However, compliance is an issue with wearing PPE, so 
CC19LP defines 𝑝𝑝𝑗𝑗𝑖𝑖  as the probability of a type i individual complying with wearing high-grade 
PPE, where those living in a crowding environment have lower compliance probabilities. The 
count of all key contact individuals (Group 2) saved by PPE, shown in equation (3), is similar to 
equation (1), using the probability of being saved from infection with the PPE intervention 
decision variables: 

 

𝐸𝐸[Saved] = 𝛾𝛾𝑗𝑗 �𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻 (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝑝𝑝+)��(𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗)
𝑗𝑗

(𝑝𝑝𝑗𝑗
𝐻𝐻1𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐻𝐻1

𝑗𝑗

+ 𝑝𝑝𝑗𝑗
𝐻𝐻2𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐻𝐻2 )         

+ 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐿𝐿 (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 )(𝑝𝑝+)��𝛾𝛾𝑆𝑆 � �𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�(𝑝𝑝𝑗𝑗
𝐿𝐿1𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐿𝐿1 )
𝑗𝑗∈{𝑆𝑆1 ,𝑆𝑆2}𝐾𝐾

+ � �𝜌𝜌𝐶𝐶
𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�(𝑝𝑝𝑗𝑗

𝐿𝐿1𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐿𝐿1 )

𝑗𝑗∈{𝑊𝑊0 ,𝑊𝑊1,𝑊𝑊2}

�� .                                                                        (3) 

 
Similar to equation (2), the count of sheltered high-risk individuals (Group 1) that are saved by 
their associated key contacts wearing PPE can be written as: 
 

𝐸𝐸[Saved] = 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻 𝛾𝛾𝑗𝑗(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝜌𝜌𝐶𝐶0)�𝜇𝜇𝐻𝐻(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝑝𝑝+)���𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�
𝑗𝑗

(𝑝𝑝𝑗𝑗
𝐻𝐻1𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐻𝐻1

𝑗𝑗

+ 𝑝𝑝𝑗𝑗
𝐻𝐻2𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐻𝐻2 )            

+ 𝜇𝜇𝐿𝐿(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 )(𝑝𝑝+)���𝜌𝜌𝐶𝐶
𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�

𝑗𝑗

(𝑝𝑝𝑗𝑗
𝐿𝐿1𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐿𝐿1

𝑗𝑗

)� .                                                      (4) 

 
For COVID-19 testing interventions, the key contact can still become infected, so the 

benefit is to quarantine the key contact, so that associated high-risk individuals do not risk 
infection. In particular, consistent testing of the key contact may catch infection before 
symptoms arise or if the key contact remains asymptomatic. Some additional probabilities are 



needed to represent uncertainty in test results and quarantine compliance. Let 𝑝𝑝𝑗𝑗+ be the 
probability of an infected and contagious individual testing positive, and let 𝑝𝑝𝑄𝑄|𝑗𝑗

𝑖𝑖  be the 
probability of a type i individual complying with quarantine after testing positive. Assume 
𝑝𝑝𝑄𝑄|𝑗𝑗
𝑖𝑖 < 𝑝𝑝𝑄𝑄|𝑗𝑗

𝑖𝑖′ , where i = H2 and i' ∈{H1, L1}. The count for those sheltered high-risk individuals 
(Group 1) saved by testing their associated key contacts, shown in equation (5), is again similar 
to equation (2) with the additional probabilities due to testing: 
            

𝐸𝐸[Saved] = 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻 (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝜌𝜌𝐶𝐶0)(𝑝𝑝𝑗𝑗+) �𝜇𝜇𝐻𝐻(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝑝𝑝+)���𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�
𝑗𝑗

(𝑝𝑝𝑄𝑄|𝑗𝑗
𝐻𝐻1 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐻𝐻1

𝑗𝑗

+ 𝑝𝑝𝑄𝑄|𝑗𝑗
𝐻𝐻2 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐻𝐻2 )       

+ 𝜇𝜇𝐿𝐿(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 )(𝑝𝑝+)���𝜌𝜌𝐶𝐶
𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�

𝑗𝑗

(𝑝𝑝𝑄𝑄|𝑗𝑗
𝐿𝐿1 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐿𝐿1

𝑗𝑗

)� .                                (5) 

 
If an individual is vaccinated, the calculation of fatalities is similar to equations (3) and 

(4) for PPE. Equation (6) below counts key contact individuals (Group 2) saved due to 
vaccination: 

 

𝐸𝐸[Saved] = 𝛾𝛾𝑗𝑗 �𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻 (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝑝𝑝+)��(𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗)
𝑗𝑗

(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐻𝐻1

𝑗𝑗

+ 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐻𝐻2 )         

+ 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐿𝐿 (𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 )(𝑝𝑝+)��𝛾𝛾𝑆𝑆 � �𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐿𝐿1 )

𝑗𝑗∈{𝑆𝑆1 ,𝑆𝑆2}𝐾𝐾

+ � �𝜌𝜌𝐶𝐶
𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗

𝐿𝐿1 )
𝑗𝑗∈{𝑊𝑊0 ,𝑊𝑊1,𝑊𝑊2}

�� .                                                                 (6) 

 
Equation (7) below counts sheltered high-risk individuals (Group 1) saved due to vaccinating 
their associated key contacts: 
 

𝐸𝐸[Saved] = 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻 𝛾𝛾𝑗𝑗(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝜌𝜌𝐶𝐶0)�𝜇𝜇𝐻𝐻(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐻𝐻 )(𝑝𝑝+)���𝜌𝜌𝐶𝐶

𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�
𝑗𝑗

(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐻𝐻1

𝑗𝑗

+ 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐻𝐻2 )                              

+ 𝜇𝜇𝐿𝐿(𝑝𝑝𝐼𝐼|𝐶𝐶+𝐿𝐿 )(𝑝𝑝+)���𝜌𝜌𝐶𝐶
𝑗𝑗 + 𝜌𝜌𝐶𝐶𝑗𝑗�

𝑗𝑗

(𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗
𝐿𝐿1

𝑗𝑗

)� .                                                (7) 

 
To handle vaccinated sheltered high-risk individuals (Group 1), the means 𝜇𝜇𝐻𝐻 and 𝜇𝜇𝐿𝐿  are 
adjusted downward using the vaccination protection factor 𝛾𝛾𝑗𝑗  with the vaccinated proportion, 



resulting in fewer fatalities among sheltered high-risk individuals (Group 1) calculated in 
equation (2). 

Finally, the expected fatalities per day is the sum of the fatalities in equations (1) and (2) 
minus those saved in equations (3) though (7). It should be noted that 𝑝𝑝+ is a scalar multiplier 
throughout the calculation, which means the optimal CC19LP interventions do not depend on 
this uncertain value. This is a benefit from directly employing an optimization to study 
interventions rather than using predictive models or simulation models that are popular in public 
health. However, having a reasonably accurate estimate of the expected daily fatality rate is still 
important in practice. As a guideline, decision-makers can identify a low daily average of 
reported fatalities that was realized by that county. The allowable normalcy level could be 
selected based on maintaining a CC19LP expected daily fatality rate near this realistic guideline. 

 
2.5 Objectives and Constraints 
The two conflicting objectives are: 

(1) Minimizing the expected daily fatality rate derived in Section 5. 
(2) Attaining a desired level of normalcy, as represented in Section 4. 

CC19LP directly minimizes fatalities and constrains normalcy as follows: 
 

���(𝑎𝑎𝑗𝑗 + 𝑎𝑎𝑗𝑗)�  𝑥𝑥𝑗𝑗𝑗𝑗𝑖𝑖
𝑖𝑖

�
𝑗𝑗

 
𝑗𝑗

≥ 𝐵𝐵, 

 
where B is a lower limit on normalcy. In the 0-10 scale, 10 corresponds to the maximum possible 
value of B. To maintain mass balance of key contact individuals for each risk type i ∈{L1, H1, H2}, 
let 𝑁𝑁𝑖𝑖 be the number of key contact individuals, with 𝑁𝑁𝑆𝑆𝑖𝑖 counting the K-12 children and 𝑁𝑁𝑊𝑊𝑖𝑖  
counting adults, and define the following equality constraints: 
 

�(𝑥𝑥𝑆𝑆1𝑗𝑗
𝑖𝑖 + 𝑥𝑥𝑆𝑆2𝑗𝑗

𝑖𝑖 )
𝑗𝑗

= 𝑁𝑁𝑆𝑆𝑖𝑖, 

�(𝑥𝑥𝑊𝑊0𝑗𝑗
𝑖𝑖 + 𝑥𝑥𝑊𝑊1𝑗𝑗

𝑖𝑖 + 𝑥𝑥𝑊𝑊2𝑘𝑘
𝑖𝑖 )

𝑗𝑗

= 𝑁𝑁𝑊𝑊𝑖𝑖 , 

��𝑥𝑥𝑗𝑗𝑗𝑗𝑖𝑖
𝑗𝑗𝑗𝑗

= 𝑁𝑁𝑖𝑖. 

 
Similarly, given the fraction 𝑓𝑓𝑗𝑗𝑖𝑖 of recovered key contacts of each risk type i, the mass balance 
constraint on the number of adult key contacts that are recovered is: 
 

𝑓𝑓𝑗𝑗𝑖𝑖𝑁𝑁𝑊𝑊𝑖𝑖 = � �𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖
𝑗𝑗𝑗𝑗∈{𝑊𝑊0 ,𝑊𝑊1,𝑊𝑊2}

 . 

 
Resource constraints on daily testing and PPE are: 



 

���𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖
𝑗𝑗𝑗𝑗𝑖𝑖

≤ 𝑁𝑁𝑗𝑗  , ���𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖
𝑗𝑗𝑗𝑗𝑖𝑖

≤ 𝑁𝑁𝑗𝑗 , 

 
where 𝑁𝑁𝑗𝑗 is the upper limit on the number of key contacts that can be tested per day, and 𝑁𝑁𝑗𝑗 is 
the upper limit on the number of key contacts that can be protected daily by high-grade PPE. For 
vaccine interventions only full vaccination protection is considered. For some vaccines, full 
protection is attained a couple weeks after the completion of 2 doses. An individual that has 
received only one dose of a 2-dose regimen is not considered vaccinated in CC19LP. Because 
vaccinated individuals remain vaccinated in the future, consider a planning time horizon of 𝑁𝑁𝐷𝐷 
days over which interventions are to be optimized. Let 𝑓𝑓𝑗𝑗𝑖𝑖 be the fraction of key contacts of risk 
type i that were already fully protected by vaccination prior to the planning time horizon, and let 
𝑁𝑁𝑗𝑗 be the maximum number of key contacts that can be vaccinated over these 𝑁𝑁𝐷𝐷 days. Then the 
number of fully protected vaccinated adult key contacts during the planning horizon must be at 
least the number that were already vaccinated: 
  

𝑓𝑓𝑗𝑗𝑖𝑖𝑁𝑁𝑊𝑊𝑖𝑖 ≤ � �𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗 .
𝑖𝑖

𝑗𝑗𝑗𝑗∈{𝑊𝑊0,𝑊𝑊1 ,𝑊𝑊2}

 

 
and the upper limit on the cumulative number of fully protected vaccinated adult key contacts is: 
 

���𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖
𝑗𝑗𝑗𝑗𝑖𝑖

≤ 𝑁𝑁𝑗𝑗 + �𝑓𝑓𝑗𝑗𝑖𝑖  𝑁𝑁𝑊𝑊𝑖𝑖  .
𝑖𝑖

 

 
Finally, each key contact can either be recovered or receive at most one transmission 
intervention: 

0 ≤ 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 + 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 + 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 + 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 ≤ 𝑥𝑥𝑗𝑗𝑗𝑗𝑖𝑖  ,  
0 ≤ 𝑥𝑥𝑗𝑗𝑗𝑗𝑖𝑖 , 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 , 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 ,𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖 , 𝑥𝑥𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖  . 

 
For the activity level fractions defined in Section 3, the following constraints are defined.  

First, some K-12 key contact children may not be able to properly comply with social 
precautions at school, and consequently there could be a lower limit on those that must 
participate at the S2 level: 
 

𝑓𝑓𝑆𝑆2
𝑖𝑖 𝑁𝑁𝑆𝑆𝑖𝑖 ≤  �𝑥𝑥𝑆𝑆2𝑗𝑗

𝑖𝑖

𝑗𝑗

≤ 𝑁𝑁𝑆𝑆𝑖𝑖 . 

 
For key contact adults, there is an upper limit on the number of each risk type i that can work 
online, and a lower limit on those that cannot comply with social precautions at work: 
 



0 ≤�𝑥𝑥𝑊𝑊0𝑗𝑗
𝑖𝑖

𝑗𝑗

≤ 𝑓𝑓𝑊𝑊0
𝑖𝑖 𝑁𝑁𝑊𝑊𝑖𝑖  , 

𝑓𝑓𝑊𝑊2
𝑖𝑖 𝑁𝑁𝑊𝑊𝑖𝑖 ≤ �𝑥𝑥𝑊𝑊2𝑗𝑗

𝑖𝑖

𝑗𝑗

≤ 𝑁𝑁𝑊𝑊𝑖𝑖  . 

 
For the community activity levels, these constraints define upper limits on key contacts attaining 
the lower A1 and A2 levels: 
 

0 ≤  �𝑥𝑥𝑗𝑗𝐴𝐴1
𝑖𝑖

𝑗𝑗

 ≤ 𝑓𝑓𝐴𝐴1
𝑖𝑖 𝑁𝑁𝑖𝑖 , 
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and these constraints define lower limits on key contacts attaining the higher A4 and A5 levels: 
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These last two constraints are important for specifying the crowding environment for key 
contacts of risk type H2, where a large proportion maintain high community activity levels. Key 
contacts not subject to crowding may have unconstrained activity levels. 
 
3 Case Studies 
An online version of CC19LP was awarded a third place prize in the C3.ai COVID-19 Grand 
Challenge (https://c3.ai/c3-ai-covid-19-grand-challenge/), and can be accessed from the 
COSMOS COVID-19 project site (https://cosmos.uta.edu/projects/covid-19/). The online tool 
was tested for all 3,142 U.S. county areas, including the District of Columbia. Table 1 presents 
CC19LP input parameter settings that were assumed for all counties. County-specific input 
parameter settings are discussed in the Appendix. County-level 2018 Census data and CDC risk-
factor data from the 2018 BRFSS Survey are used to conduct key contact partitioning, shown in 
Table 2 for ten metropolitan counties. The fraction of 2-or-more-person households with persons 
0-17, combined with the fraction of children aged 5-17, is used to count K-12 key contacts. This 
partitioning is an estimate, given that the designation of a key contact depends on household 
dynamics that are not specified in publicly available data. In general, these estimate over 50% of 
the population as baseline low-risk individuals (Group 3), which includes most children. Further, 
the sheltered high-risk population (Group 1) is only about 10% of the population, which implies 
that most high-risk individuals cannot isolate and are included as key contact individuals (Group 
2). About 30% of the total population are high-risk key contacts, and it is these individuals that 
should be provided higher protection in public and prioritized for vaccination. 

https://c3.ai/c3-ai-covid-19-grand-challenge/
https://cosmos.uta.edu/projects/covid-19/


Benchmarking was first conducted for the ten metropolitan counties for Spring/Summer 
2020 time periods following major lockdowns across the U.S. to reduce case counts. This is early 
in the pandemic when PPE was not rigorously employed. The COVID-19 testing rate was about 
one test per thousand population per day [49-50]. To estimate 𝑝𝑝+ (probability of a contagious 
individual), actual case counts [49-50] and various ratios of unknown cases to known reported 
cases are studied [37-38]. Table 3 compares the actual average daily fatalities to the CC19LP 
estimates under different ratios. The closest match is seen for a 4:1 (80% unknown) or 3:1 (75% 
unknown) ratio for most counties, but Tarrant’s closest match is between 5:1 (83.33% unknown) 
and 4:1, and Philadelphia’s closest match is between 3:1 and 2:1 (66.67% unknown). Tarrant is 
in Texas, which reopened very quickly following the mandated lockdown, and Philadelphia is in 
Pennsylvania, which was the slowest state to reopen, so the inferred ratios make logical sense. 
The minimum normalcy was assumed for the key contact group in each county, shown in the 
bottom row of Table 3. A normalcy of zero is not attainable due to the constraints on activity 
levels. CC19LP normalcy only pertains to key contact individuals (Group 2), and the minimum 
normalcy assumes key contacts are doing their best to properly attain CDC social precautions, 
subject to the constraints. Baseline low-risk individuals (Group 3) could engage in higher activity 
levels, which are represented in the actual reported case counts. 

A Fall 2020 time period was then selected to further study Miami-Dade County in 
Florida. By fall, health care and public safety workers (HC&PS) had access to high-grade PPE, 
and the national rate of testing was about 2.75 per thousand population per day. To benchmark 
this time period, minimum normalcy is still assumed for key contacts, but CC19LP optimal PPE 
allocations are constrained to cover HC&PS workers, and it is assumed that other key contacts 
were not provided easy access to high-grade PPE. Recovered individuals were estimated based 
on U.S. numbers, with reported cases and fatalities comprising approximately 2% and 0.06% of 
the U.S. population, respectively. In Table 4, benchmarking results employing high-grade PPE 
only for HC&PS (12.48) are comparable to the actual average daily fatalities (11.71). In this 
solution, 61% of PPE is allocated to low-risk HC&PS workers. Without the constraint on 
HC&PS, CC19LP optimal interventions shift high-grade PPE away from HC&PS workers of 
risk types L1 and H1 and toward key contacts of risk type H2. The expected daily fatality rate 
drops to 6.28, which implies that about 6 lives could have been saved per day in Miami-Dade 
County if high-grade PPE had been made available to these more vulnerable H2 key contacts. 

Next, a hypothetical Winter 2021 Miami-Dade study with vaccination was conducted to 
study the effectiveness of the different transmission interventions. Recovered individuals were 
again estimated based on U.S. numbers, with reported cases and fatalities comprising 
approximately 6.8% and 0.1% of the U.S. population, respectively. Optimal PPE is allocated 
with supply maintained as in Fall 2020, and nationwide testing was nearly 5.0 per thousand 
population per day. Benchmarking was not conducted since data on vaccinated populations 
partitioned by risk factors was not available. Instead, we assume no prior key contacts are fully 
vaccinated and set a rate of 5.0 individuals fully vaccinated per day. A breakdown of the 
CC19LP expected daily fatalities calculation (Section 5) is presented in Table 5 for a Normalcy 
of 4 on the 0-10 scale. The impact of PPE is still seen to save the most lives, and testing has little 
impact.  By contrast, vaccination, at the same 5.0 daily rate as testing, clearly has a measurable 



impact. Although PPE saves 4 times more lives than vaccination, the daily PPE usage rate is over 
10 times the rate of vaccination, demonstrating the effectiveness of vaccination over PPE.  

Figure 2 displays the corresponding Winter 2021 CC19LP optimal allocation of 
interventions. Specifically, it is seen that key contacts may participate at the highest levels of 
activity (W2 and/or A4 or A5), if they are allocated PPE or vaccination, and vaccines are 
prioritized for the H2 key contact group, which is primarily composed of those key contacts 
living in crowding environments. Further, daily COVID-19 testing was allocated to low-risk key 
contacts because it is less risky for them to become ill, but by quarantining positive cases, their 
associated sheltered high-risk individuals could be protected. However, as previously mentioned, 
testing in general has little impact on preventing fatalities. The reason why those living with 
crowding were not allocated tests is because their quarantine compliance was assumed to be 
lower. 

Finally, a hypothetical run was conducted to study the impact if all key contacts could be 
vaccinated, using Winter 2021 PPE supply, testing rate, and recovered individuals. If we assume 
the reported case counts from January 11-31, 2021, then the prevalence of the virus in the 
community is too high to enable higher levels of Normalcy. However, if we assume the reported 
case counts from September 10-30, 2020, then it is seen in Table 6 that a low fatality rate can be 
achieved with higher Normalcy. Reported case counts in March 2021 are similar to those in 
October 2020 and are approaching the September 2020 counts [49]. Consequently, if counties 
can prioritize their efforts on vaccinating CC19LP key contact individuals, which overall 
comprise about 35-40% of the population (see Table 2), then a return to Normalcy may begin 
prior to attaining “herd immunity” of approximately 60-80% vaccinated. 
 
Table 1: CC19LP input parameter settings [43-48]. 

Description of CC19LP Input Parameter Notation Setting 

Transmission probability for high-risk individual 𝑝𝑝𝐼𝐼|𝐶𝐶+
𝐻𝐻  0.05281 

Transmission probability for low-risk individual 𝑝𝑝𝐼𝐼|𝐶𝐶+
𝐿𝐿  0.02987 

Protection factor, if wearing high-grade PPE 𝛾𝛾𝑗𝑗  0.9500 
Protection factor, if fully vaccinated 𝛾𝛾𝑗𝑗  0.9000 

Probability of L1 key contact complying with high-grade PPE 𝑝𝑝𝑗𝑗
𝐿𝐿1  0.9500 

Probability of H1 key contact complying with high-grade PPE 𝑝𝑝𝑗𝑗
𝐻𝐻1  0.9500 

Probability of H2 key contact complying with high-grade PPE 𝑝𝑝𝑗𝑗
𝐻𝐻2  0.7500 

Probability of a contagious individual testing positive 𝑝𝑝𝑗𝑗+ 0.7000 

Probability of L1 key contact complying quarantine 𝑝𝑝𝑄𝑄|𝑗𝑗
𝐿𝐿1  0.9800 

Probability of H1 key contact complying with quarantine 𝑝𝑝𝑄𝑄|𝑗𝑗
𝐻𝐻1  0.9800 

Probability of H2 key contact complying with quarantine 𝑝𝑝𝑄𝑄|𝑗𝑗
𝐻𝐻2  0.5000 

Fatality probability for high-risk individual 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐻𝐻  0.0800 

Fatality probability for low-risk individual 𝑝𝑝𝐹𝐹|𝐼𝐼
𝐿𝐿  0.0020 

Reduction factor for fatality probability for K-12 children 𝛾𝛾𝑆𝑆  0.3765 



Table 2: Key contacts composition in percent of the total population for Texas counties Dallas, 
Harris, and Tarrant; Maricopa County in Arizona; Miami-Dade County in Florida; Los Angeles 
County in California; Cook County in Illinois; Queens County in New York; Philadelphia 
County in Pennsylvania; and King County in Washington state. 

Key Contact Type Dallas Harris Tarrant Maricopa Miami-Dade 
Total County Population 2,586,552 4,602,523 2,019,977 4,253,913 2,715,516 
Group-1: Sheltered 8.31% 8.51% 9.06% 10.33% 9.98% 
Group-2: Key Contacts 34.71% 34.18% 34.80% 37.17% 39.85% 
Group-3: Baseline 56.98% 57.32% 56.14% 52.50% 50.16% 
K-12-Children 0.48% 0.50% 0.48% 0.50% 0.82% 
L1 Low-risk Adult 3.54% 3.62% 3.62% 3.89% 4.94% 
H1 High-risk Adult 25.95% 25.44% 26.70% 28.03% 26.83% 
H2 High-risk Adult 4.75% 4.61% 4.00% 4.74% 7.27% 
Key Contact Type Los Angeles Cook Queens Philadelphia King 
Total County Population 10,098,052 5,223,719 2,298,513 1,575,522 2,163,257 
Group-1: Sheltered 9.55% 8.85% 9.88% 8.90% 8.83% 
Group-2: Key Contacts 34.81% 38.85% 38.27% 40.30% 38.32% 
Group-3: Baseline 55.63% 52.30% 51.85% 50.80% 52.85% 
K-12-Children 0.66% 0.56% 0.77% 0.54% 0.42% 
L1 Low-risk Adult 4.75% 4.47% 5.95% 5.36% 3.94% 
H1 High-risk Adult 24.24% 28.31% 26.27% 26.02% 30.18% 
H2 High-risk Adult 5.16% 5.52% 5.28% 8.37% 3.78% 

 

 

  



Table 3: Actual average daily fatalities vs. CC19LP during Spring/Summer 2020. CC19LP 
estimates in boldface are closest to actual average daily fatalities. 
 Dallas Harris Tarrant Maricopa Los Angeles 
Fatality Period May 1–31 Jun 1–15 May 1–31 May 25–Jun 3 May 19–Jun 7 
Avg. Daily Fatalities 4.16 6.47 3.13 8.20 35.00 
3-week Prior Period Apr 10–30 May 11–31 Apr 10–30 Apr 25–May 15 Apr 28–May 18 
Reported Cases 2,028 4,100 1,495 3,705 17,500 
CC19LP (5:1 ratio) 4.89 9.59 3.29 9.14 43.12 
CC19LP (4:1 ratio) 3.97 7.79 2.67 7.43 35.04 
CC19LP (3:1 ratio) 3.05 6.00 2.06 5.71 26.95 
CC19LP (2:1 ratio) 2.14 4.20 1.44 4.00 18.87 
Minimum Normalcy 2.79 2.78 2.70 2.75 2.83 
 Miami-Dade Cook Queens Philadelphia King 
Fatality Period Jun 1–30 Jun 23–Jul 13 Jun 5–29 Jul 5–31 Jun 12–30 
Avg. Daily Fatalities 9.63 14.29 12.00 3.70 1.26 
3-week Prior Period May 11–31 Jun 2–22 May 11–31 Jun 13–Jul 3 May 22–Jun 11 
Reported Cases 3,800 7,700 5,113 1,800 900 
CC19LP (5:1 ratio) 12.23 21.03 13.74 6.62 2.01 
CC19LP (4:1 ratio) 9.93 17.09 11.16 5.38 1.64 
CC19LP (3:1 ratio) 7.64 13.14 8.59 4.14 1.26 
CC19LP (2:1 ratio) 5.35 9.20 6.01 2.90 0.88 
Minimum Normalcy 2.97 2.81 2.90 3.20 2.69 

 

 

Table 4: Actual vs. CC19LP for Fall 2020 with a PPE supply sufficient for healthcare and public 
safety (HC&PS) workers and recovered individuals. 

  Miami-Dade 
Sep. 10–30 Reported Cases 7,506 
Oct. 1–31 Avg. Daily Fatalities 11.71 
Testing per 1000 per day (U.S. rate) 2.75 
PPE per 1000 per day (HC&PS supply) 54 
Full Vaccination per 1000 per day 0 
CC19LP with HC&PS PPE allocation (4:1 ratio) 12.48 
PPE allocation: 61% L1, 32% H1, 7% H2  
CC19LP Optimal PPE allocation (4:1 ratio) 6.28 
PPE allocation: 0% L1, 4% H1, 96% H2  

 
  



Table 5: Breakdown of CC19LP expected daily fatalities calculation for a hypothetical Winter 
2021 scenario with a PPE supply sufficient for healthcare and public safety (HC&PS) workers 
and recovered individuals as of January 31, 2021. 
  Miami-Dade 
Jan 11–31 Reported Cases 43,400 
Testing per 1000 per day (U.S. rate) 5 
PPE per 1000 per day (HC&PS supply) 54 
Full Vaccination per 1000 per day 5 
CC19LP Expected Daily Fatalities Calculation 
Fatalities (No Transmission Interventions) 55.92 
Lives Saved with Testing 0.66 
Lives Saved with PPE 24.34 
Lives Saved with Vaccination 6.55 
CC19LP Estimate (4:1 ratio) 24.37 
CC19LP Normalcy 4 

 
 
Table 6: Hypothetical scenario using Fall 2020 reported cases with a PPE supply sufficient for 
healthcare and public safety (HC&PS) workers, full vaccination available for all key contacts, 
and recovered individuals as of January 31, 2021.  
  Miami-Dade 
Sep. 10–30 Reported Cases 7,506 
Testing per 1000 per day (U.S. rate) 5 
PPE per 1000 per day (HC&PS supply) 54 
Full Vaccination per 1000 per day 400 
CC19LP Reopening Comparison 
CC19LP Normalcy for key contacts (minimum) 2.97 
CC19LP Optimal PPE allocation (4:1 ratio) 1.9945 
CC19LP Normalcy for key contacts 4.00 
CC19LP Optimal PPE allocation (4:1 ratio) 2.1227 
CC19LP Normalcy for key contacts 5.00 
CC19LP Optimal PPE allocation (4:1 ratio) 3.1977 

 

  



 
  

Figure 2: CC19LP optimal allocations for the Miami-Dade Winter 2021 case in Table 5.   
Green = K-12 children. Blue = Low-risk adults (L1). Yellow = High-risk without crowding (H1). 
Orange = High-risk living with crowding (H2). See Section 3 for notation on activity levels. Slices are 
sorted clockwise from lowest risk (K-12) to highest risk (H2) and sorted within risk type by activity 
levels (Work, Community). Pulled-out pie slices indicate controlled transmission interventions using 
COVID-19 testing, high-grade PPE, or full vaccination. 



4 Concluding Remarks 
CC19LP demonstrates the effectiveness of an aggregate and computationally fast optimization 
approach in both matching reality and identifying interventions that simultaneously save the 
most lives while balancing reopening. A key element of the CC19LP framework is identifying 
key contact individuals. High-risk individuals that are protected in the framework can be 
identified by age or by medical experts. Sheltered high-risk individuals should isolate and 
identify associated key contacts. High-risk individuals that cannot isolate, due to work or other 
occupations, are key contacts. Low-risk individuals may be classified as key contacts if they are 
associated with sheltered high-risk individuals or require close contact with high-risk individuals 
at their occupation, such as in health care. To accommodate key contacts, some businesses 
implemented concessions, such as protective barriers for employees, special grocery store hours 
for the high-risk population, restaurant take-out with minimal contact, and personnel scheduling 
[51-54]. However, key contacts have not been sufficiently recognized in communities. As an 
example, a wedding in Maine on August 7, 2020 led to an outbreak and 7 deaths [55], and none 
of the fatalities were wedding attendees. Consequently, all fatalities were due to transmission 
from wedding attendees that would have been classified as key contacts in the CC19LP 
framework. If key contacts had properly maintained social precautions or been provided high-
grade PPE at the wedding, then this outbreak and subsequent fatalities could have been averted. 

As seen in Figure 2, CC19LP optimal interventions allocate high-grade PPE to high-risk 
key contacts and testing to low-risk key contacts. Use of PPE to protect high-risk frontline 
workers fits with the CC19LP optimal solution, but CC19LP solutions extend the use of PPE to 
protect high-risk key contact individuals living with crowding, such as nursing home residents 
and low-income communities. U.S. policies for COVID-19 testing focused on testing those with 
symptoms. This is contrary to CC19LP, which recommends testing low-risk key contacts that 
can quarantine, so as to protect their associated sheltered high-risk individuals. However, when 
testing became more available, policies encouraged more testing to detect asymptomatic and pre-
symptomatic cases among low-risk individuals. Regardless, it was seen in Table 5 that testing 
has very little impact on saving lives. Finally, results in Table 6 provide hope that reopening 
could be possible before the vaccination effort reaches “herd immunity” if CC19LP key contacts 
are prioritized for vaccination. As mentioned in Sections 2 and 7, a questionnaire to identify 
CC19LP key contacts and a CC19LP webtool are freely available online.  Additional CC19LP 
results, including key contacts for all U.S. counties, Fall 2020 runs, and a Summer 2021 run for 
the entire U.S., can be found on the same COSMOS COVID-19 project website. 
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Appendix 
In Section 4, the expected daily fatalities calculation depends on the probability that a contact is 
contagious (𝑝𝑝+) or, equivalently, the percentage of contagious individuals in the population. 
CC19LP estimates 𝑝𝑝+ based on a 3-week period of reported cases. Table A1 shows the 
calculations for four of the studied counties, using various ratios of unknown to known cases. 
These estimates should be viewed as representing the average amount of contagion in the 
population.  
 

Table A1: Example calculations for contagious individuals for 4 county populations. 

Case Counts Dallas Maricopa Los Angeles Miami-Dade 
January 11-31, 2021 Reported Cases 41,300 84,300 167,100 43,400 
Assume 15% do not quarantine 6,195 12,645 25,065 6,510 
Unknown Cases         
Assume 4:1 ratio (80% unknown) 165,200 337,200 668,400 173,600 
Assume 3:1 ratio (75% unknown) 123,900 252,900 501,300 130,200 
Assume 2:1 ratio (66.67% unknown) 82,600 168,600 334,200 86,800 
Average Daily # Contagious Individuals         
Known cases contagious 10 days 2,950 6,021 11,936 3,100 
Unknown cases (4:1) contagious 4.5 days 35,400 72,257 143,229 37,200 
Unknown cases (3:1) contagious 4.5 days 26,550 54,193 107,421 27,900 
Unknown cases (2:1) contagious 4.5 days 17,700 36,129 71,614 18,600 
Daily # Contagious Individuals         
Under 4:1 ratio (80% unknown) 38,350 78,279 155,164 40,300 
Under 3:1 ratio (75% unknown) 29,500 60,214 119,357 31,000 
Under 2:1 ratio (66.67% unknown) 20,650 42,150 83,550 21,700 
% Contagious Individuals (p+)         
Under 4:1 ratio (80% unknown) 1.48% 1.84% 1.54% 1.48% 
  1 out of 67 1 out of 54 1 out of 65 1 out of 67 
Under 3:1 ratio (75% unknown) 1.14% 1.42% 1.18% 1.14% 
  1 out of 88 1 out of 71 1 out of 85 1 out of 88 
Under 2:1 ratio (66.67% unknown) 0.80% 0.99% 0.83% 0.80% 
  1 out of 125 1 out of 101 1 out of 121 1 out of 125 

 
 
Most CC19LP settings for the constraint limits in Section 3 were fixed to the values in 

Table A2, although they can be varied in the input parameter file. The constraint limits on the 
higher activity levels for key contacts living in crowding (H2) depend on the population density 
and are shown in Table A3. All other constraint limits were unconstrained in the presented case 
studies. 
 
  



Table A2: CC19LP fixed constraint limits. 

Description of CC19LP Input Parameter Notation Setting 
Maximum fraction of L1 key contacts that can work completely online 𝑓𝑓𝑊𝑊0

𝐿𝐿1  0.20 

Maximum fraction of H1 key contacts that can work completely online 𝑓𝑓𝑊𝑊0
𝐻𝐻1  0.20 

Maximum fraction of H2 key contacts that can work completely online 𝑓𝑓𝑊𝑊0
𝐻𝐻2  0 

Minimum fraction of L1 key contacts that cannot comply with social 
precautions at work 𝑓𝑓𝑊𝑊2

𝐿𝐿1  0.10 

Minimum fraction of H1 key contacts that cannot comply with social 
precautions at work 𝑓𝑓𝑊𝑊2

𝐻𝐻1  0.10 

Minimum fraction of H2 key contacts that cannot comply with social 
precautions at work 𝑓𝑓𝑊𝑊0

𝐻𝐻2  0.30 

Maximum fraction of H2 key contacts at activity level A1 𝑓𝑓𝐴𝐴1
𝐻𝐻2  0 

Additional maximum fraction of H2 key contacts at A2 or A1 𝑓𝑓𝐴𝐴2
𝐻𝐻2  0.05 

 
 
Table A3: Constraint limits on activity levels A4 and A5 for key contacts living in crowding (H2). 

Description Notation Dallas Harris Tarrant Maricopa Los Angeles 
County square miles  872.80 1,704.40 863.40 9,196.80 4057.1 
Population per square mile  2,963.51 2,700.38 2,339.56 462.54 2,488.98 
Minimum fraction of H2 key 
contacts at activity level A5 

𝑓𝑓𝐴𝐴5
𝐻𝐻2  0.0514 0.0277 0.0519 0.0054 0.0120 

Additional minimum fraction 
of H2 key contacts at A4 or A5 

𝑓𝑓𝐴𝐴4
𝐻𝐻2  0.4486 0.4723 0.4481 0.4946 0.4880 

Description Notation Miami-Dade Cook Queens Philadelphia King 
County square miles 

 
1,898.20 944.70 108.70 134.10 2,115.00 

Population per square mile 
 

1,430.57 5,529.50 21,145.47 11,748.86 1,022.82 
Minimum fraction of H2 key 
contacts at activity level A5 

𝑓𝑓𝐴𝐴5
𝐻𝐻2  0.0250 0.0479 0.2396 0.2136 0.0226 

Additional minimum fraction 
of H2 key contacts at A4 or A5 

𝑓𝑓𝐴𝐴4
𝐻𝐻2  0.4750 0.4521 0.2604 0.2864 0.4774 
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