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Abstract 
 

During the coronavirus disease of the 2019 pandemic, there was a shortage of ventilators to meet the medical demands 
of the United States hospitals. Coronavirus patients with severe conditions lose the ability to breathe by themselves 
and require a ventilator, which pumps air in and out of the lungs. The response to the ventilator shortage created many 
situations: Automakers started to manufacture ventilators to help the medical device companies grow ventilators 
production. Additionally, engineering students at different U.S. universities invented low-cost ventilators in university 
laboratories, and three-dimensional printed ventilators started to be manufactured. These solutions would be helpful 
in the long term. However, the urgent need for ventilators necessitates strategies for allocating these minimal available 
ventilators to assist the decision-makers and healthcare providers in U.S. hospitals. To compensate this challenge, 
proper resource allocation of ventilators makes the best use of these available ventilators to increase society's economic 
and ethical benefits. In this paper, two models of resource allocation will be studied: 1) A smart resource allocation 
advisor using the cost-benefit-analysis to allocate limited ventilators in a specific hospital, and 2) a stochastic 
optimization model for allocating and sharing ventilators among the states.  
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1. Introduction  
Coronavirus disease (COVID-19) is described by the Centers for Disease Control and Prevention as a very deadly 
disease triggered by a virus exposed in December 2019 in Wuhan, China, and it has transmitted around the world 
([CDC], 2021). If the lungs of the patients with COVID-19 have been severely impaired, they might need ventilators 
to help their respiration and oxygen supply. Mechanical ventilation is a very important service for patients with severe 
respiratory failure. Recent estimates show that the United States is one of the countries that may not have the required 
number of mechanical ventilators for all the patients who require this device for COVID-19 illness treatment (Dos 
Santos et al. 2020). In response to a national survey on coronavirus preparation, eighty-five percent of U.S. mayors 
reported they did not have enough ventilators for their hospitals (Auckland, 2020). As a result, an urgent need to 
increase ventilator supplies in different hospitals across the country became a priority.  
  
Many responses originated to face the problem of ventilator's overwhelming shortage. The United States Government 
directed the Secretary of Health and Human Services to use the Defense Production Act to prioritize federal contracts 
for ventilators (DeBord, 2020). In response, General Motors replied that it will start building ventilators at a company 
located at Indiana in cooperation with Ventec Life Systems (DeBord, 2020). The two companies decided to expand 
their production capacity in excess of 10,000 critical care ventilators per month with planning to increase further 
based on demand (DeBord, 2020). Furthermore, engineering students in different U.S. universities invented low-cost 
ventilators in university laboratories. For example, two biomedical engineering students at the University of 
Cincinnati, Ohio (U.C.) developed a low-cost ventilator. The students worked under the supervision of a professor in 
the biomedical engineering department at U.C. and in partnership with the Venti-Now Company in Ohio. The students 
produced a ventilator design suitable for temporary emergency facilities and meets the ISO standards (Washington, 
D.C 2020). In addition, 3D printed ventilators were another solution to meet the urgent need of ventilators during the 
pandemic. Oregon Health and Science University, Portland, Oregon, improved a design of a 3D printed ventilator. 
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The cost per ventilator was $15 and was produced with low-cost materials using a standard 3D printer in three hours. 
This ventilator design also met the Food and Drug Administration guidelines (Nacharaju et al. 2020).  
 
The previous ventilators could not be built fast enough to meet the high demand during the country's coronavirus 
outbreak. Even if ventilators could be manufactured in time, was the country willing to risk the likelihood that the 
manufacturing process would result in low-quality ventilators (Adelman 2020)? The problem was a ventilator 
distribution problem more than a ventilator shortage problem (Ramachandran 2020). Since the virus was spreading so 
quickly and putting a strain on healthcare services, allocating scarce resources became a crucial problem (Cosgun and 
Umar 2020).    
 
The purpose of this research is to focus on strategies and models to properly allocate and reallocate ventilators 
available in the national stockpile to maximize the health benefit to the patients those are in need of ventilators. In 
order to pursue the objective of the paper, two ventilators allocation models: 1) cost-benefit analysis, and 2) stochastic 
optimization are studied and analysed. 
 
2. Literature Review 
Resource allocation is one of the important aspects for healthcare providers in disasters and pandemic situations. Cost 
benefit analysis and stochastic optimization modelling have been used by many researchers to solve resource 
allocation problems in healthcare. In the case of ventilators shortage in the U.S., these two concepts used to distribute 
ventilators among the hospitals in different states. The brief description of the actual scenario of the ventilator crisis 
followed by the necessity to perform this study are presented in the following sub-sections. The significance of this 
study under the present condition against the backdrop of the current ventilation crisis in the United States is presented 
in the following sub-sections. 
 
2.1 Pandemic Situations Require New Resource Allocation Plans  
During pandemics, a variety of methods have been adopted to distribute health resources more effectively across the 
country. Medications, healthcare providers, and medical treatment supplies are all expected to be in high demand 
during an emerging pandemic, so officials are always seeking new protocols. When resources are limited, public health 
officials must strike a balance between prioritizing highly affected communities and ensuring a safe environment for 
everyone (Long et al. 2018). 
 
Under the existing COVID-19 pandemic condition in the United States, despite taking the necessary measures to 
improve hospital capacities and ventilator supplies, hospitals authorities needed to be well prepared to meet 
skyrocketing demand of this sophisticated respiratory device (e.g., ventilators). As a result, new policies are necessary 
for the healthcare providers to make a better decision on who to prioritize the allocation of this scarce resource (Barrett 
et al. 2020). 
 
2.2 Cost-Benefit Analysis for Allocating Antivirals in a Flu Pandemic  
In 2010, researchers from the University of Arizona implemented a resource allocation model to allocate antivirals 
during an overwhelming demand in the event of an influenza pandemic (Arora et al. 2010). The model they used was 
a cost–benefit-based model to help areas and locations with a shortage of stockpiles of antivirals. Based on this model, 
antiviral medications were shipped to improve human immunity against the virus among regions. Once the pandemic 
hits a country, part of the stored resources surplus is allocated to each area and location of that country for treatment 
of the deadly disease, and the rest is kept in the stock to be used in future. Moreover, the pandemic affects one area 
and location more than another, resulting in excess resources in some regions and shortages in others. To solve this 
problem, areas and locations having deficiencies can obtain support from areas with an excess (mutual aid). This 
solution was accomplished or using a cost-benefit model to help optimize the allocation of antivirals. The benefit 
models are resulting from the realized financial savings gained from the number of subsided health outcomes. On the 
rather hand, the cost model is grounded by the realized cost of shipping resources among areas and locations involved 
in mutual aid. Therefore, this model focuses on make the most of net returns and profits through optimal allocation of 
needed resources. Three important parameters were considered for this model: (i) gross attack rates (G.A.R.) which 
includes the projected infected number of people, anticipated distribution of infected persons by age, expected number 
of health outcomes which encompasses hospitalization, death, outpatient, sick with medical treatment), and scheduled 
money savings per health outcome forestalled; (ii) antiviral prophylactic and treatment effectiveness and (ii) cost of 
transhipment of antivirals among regions (Arora et al. 2010). 
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2.3 Cost-Benefit Analysis for Allocating Ventilators in COVID-19 Pandemic 
In 2020, researchers from Harrisburg University of Science and Technology created a technology for an intelligent 
resource allocation advisor stored in the cloud to help with distribution of ventilators among the U.S. states in the 
COVID-19 pandemic (Cosgun and Umar 2020). This optimal method of resource allocation is also based on the cost-
benefit analysis. This model helps the states with a shortage of ventilators to limit the spread of the virus (Cosgun and 
Umar 2020). They considered the ventilation capacity of each hospitals (R) and the number of patients who need 
ventilators (Demand D). Besides the aforementioned factors, to allocate the limited ventilators in a specific hospital 
they considered different attributes including time, cost, policies, impacts related to lives save, rate/control of the 
transmission, and to name a few (Cosgun and Umar 2020). 
 
2.4 Stochastic Optimization Modeling for Resource Allocation 
Probability distribution functions are often used in stochastic programming models in unpredictable environments 
with restricted resource capability (Yousefli and Ghazanfari 2012). It furnishes the holistic view of the problem 
domains to the decision maker and also provides better understanding of the stochastic nature of the problem (Yousefli 
and Ghazanfari 2012). During the first year of the pandemic in US, researchers from Northwestern University in 
Evanston, Illinois developed a supply chain decision model on ventilator distributions system to support the COVID-
19 patients. This model is based on a what-if-analysis of ventilator’s demand and supply data from various states 
across the country. The researchers devised a stochastic program to distribute ventilators to various hospitals based 
on the urgent need for ventilators among their patients (Mehrotra et al. 2020).  
 
It is apparent from the literature that there are different set of techniques have been adopted to discuss the resource 
allocation problems from different perspectives. However, cost-benefit model and stochastic analysis model are the 
widely popular as these approaches consider the uncertainty while evaluating the output and provide more insightful 
outcomes.  
 
3. Methods  
3.1 Cost-Benefit Analysis Model  
is Centers for Disease Control and Prevention stated cost-benefit analysis as a method of comparing the costs and 
benefits of an intervention, where both are represented in monetary units ([CDC], 2021). The application of cost-
benefit analysis in the field of healthcare domain- has gained increased popularity. It also helps decision-makers to 
better allocate scarce resources prioritizes interventions, and ultimately helps to achieve a specific health goal  
(Rutstein et al. 2017). This concept was adopted by Cosgun and Umar (2020), who implemented a smart resource 
allocation through an advisory model. Within this model, based on the ventilators needed to treat patients, researchers 
assigned with two labels (low, high) for cost which is noted as effort and a benefit which is considered as impact (see 
Figure 1).  
 

 
 
 

Figure 1. Cost-Benefit (Effort-Impact Model) (Cosgun and Umar, 2020). 
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3.2 Stochastic Optimization Model  
Mathematical modelling is one of the most effective methods for evaluating and improving resource utilization 
performance in emergencies where stochastic variables are available (Bridgeman 2013).The main purpose of resource 
allocation is to select the best solution among alternatives. So, computational approaches such as optimization are 
often used in this process (Bridgeman 2013). Choosing the best solution from a collection of alternatives requires a 
problem's mathematical expression to optimize or minimize some functions... When any of the parameters in an 
optimization model are dependent on random variables, stochastic programming is preferred to use (Bridgeman 2013). 
Therefore, during the case of the stochastic existence of variables, the uncertainty based mathematical optimization 
model could be more appropriate. 
 
To treat the critical COVID patients, a multi-period planning model was executed by the Northwestern University 
researchers to assign ventilators to various regions depending on a state’s needs (Mehrotra et al. 2020). Following 
assumptions made to this model: 1) The demand for ventilators is stochastic at each planning period; 2) The ventilator 
allocation decisions are coordinated by a central organization; 3) The allocation of the ventilators occurs at the start 
of a time span; and 4) Both the federal government and the states must determine whether to keep inventory on hand 
in expectation of potential demand or to share it with other organizations.  
 
4. Data Collection 
4.1 Cost Benefit Analysis Model 
Cosgun and Umar's (2020) first step in developing their model was to establish the following parameters: if hospital 
(H) serves the total population of multiple towns, then health services provided for that region is equal to P. Every 
hospital has R capacity of ventilators while the ratio k to P indicates the level of pandemic severity. Consequently, the 
researchers developed a scale based on k to demonstrate the level of pandemic: if k<1%, the pandemic severity 
considered as manageable, while k>10% should be considered as average pandemic severity, but when k is around 
30%, signifies a major pandemic.  The demand D for ventilators depends on k and P with D (k, P) represents the 
demand for ventilators for k percent of population P. Along the same line,the resources capacity R should be 
distributed depended on the  effort versus impact analysis (Cosgun and Umar 2020). 
 
When assigning a ventilator, a low effort means that the ventilator is readily accessible, while a high effort indicates 
that the ventilator must be imported. Likewise, high impact means that the patient's life will be saved, while low effect 
or impact means that the patient will not be supported (Cosgun and Umar 2020). 

 
Allocations that take a lot of work, but also have a lot of effect will need to be investigated to see how effort can be 
minimized. It is apparent from the Figure 1 that the high-effort and low-impact allocations is not desirable while low-
effort and high-impact allocations should be chosen. In addition, low-effort and low-impact allocations is not approved 
at any level  

 
To compensate the effort vs impact dilemma, utilizing neighbouring hospitals and their equipment can be a handy 
supplementary option. (Cosgun and Umar 2020). The procedure of collaborations and partnership of healthcare 
facilities within the proposed model is discussed as follows. For instance, a parameter Network N is introduced that 
includes a set of collaborating hospitals (N1, N2….., Nm) within the network. In additon, to distinguish the the model 
distinguishes between the acpaciaty of the hospitals two new parameters are introduced: H as large hospitals versus h 
as small hospitals). In addition, large and small government agencies will be denoted by G versus g, respectively) 
those are participated in this local collaboration (Cosgun and Umar 2020).Further, to add “Smart Advice” capability 
the approach, , four smart human characteristics (KDAL) are considered to be presented in this smart system: 1) 
knowledge about the patient, critical resources, demand scenarios, and commonly used allocation methodologies, 2)  
detection ability to determine as a result of when the demand is increasing too quickly as compared to supply, 3) 
adjust to implement the most suitable and proper use of an allocation scheme 4) lastly, to learn who rates the most to 
gain from the limited resources to save the most lives by using the data collected (Cosgun and Umar 2020). 
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5. Results and Discussion  
5.1 Cost Benefit Analysis Model Results 
There are multiple severity levels for each pandemic. The Influenza pandemic had six intensity levels, each with its 
own set of characteristics (Arora et al. 2010). COVID 19 also has its levels of severity such as asymptomatic COVID-
19:in this case, is present based on molecular data, but there are no symptoms or signs; mild disease: molecular proof 
of COVID-19 infection with symptoms; severe disease: molecular evidence of presence of COVID-19 infection with 
symptoms, as well as lung infiltrates on chest X-ray and hypoxemia, finally critical disease: Molecular evidence of 
COVID-19 infection and respiratory failure (Mirza et al. 2020). 
 
Cosgun and Umar (2020) carried out several experiments based on the various degrees of severity with the first one 
low severity level of pandemic. In this case, there are only a few cases present in the population. Since all the services 
are readily available, there is little effort expended in obtaining ventilators and this effort can have a significant impact 
on the patients and families, in terms of reducing the risk of infection from one patient to the next. These low-effort 
and high-impact allocations are crucial in a pandemic and must be enforced (Cosgun and Umar 2020). 

 
The second experiment (medium severity level of pandemic): In this case, the number of individuals suffering from 
fever and respiratory complications is expected to rise. As a result, the demand for ventilators can outstrip its supply. 
However, because of the use of face masks, which tends to deter the spread of COVID-19, the need for ventilators can 
be diminished (Cosgun and Umar 2020). 

 
The third experiment is high severity level of pandemic. The point of this third experiment is to observe the number 
of patients suffering from low oxygen index, organ dysfunction, and other illnesses will increase dramatically in 
relation to prior cases, and the majority of admitted patients will need ventilators. As a result, in this situation, the 
need for ventilators would be even higher than normal. This high demand will force a higher level response with 
further effort in terms of budget and schedule. These situations should be investigated more carefully since obtaining 
these resources during a pandemic is difficult and time-consuming. This case could prompt requests to neighbouring 
hospitals with the resources required to be more sensitive to patients, manage infection transmission, and save lives 
(Cosgun and Umar 2020). 

 
The Fourth experiment is using the Smart Cities and Communities (SCC) Lab in the cloud (Cosgun and Umar 
2020). They completed their smart resource allocation advisor. The Smart Collaborating Hubs (SCHs) in this Lab 
are hosted in the public cloud. Instead of a central smart city strategy, these smart collaborating hubs can be useful 
to offer extended services to a limited communities in a big city and to eventually incorporate a large smart city plan 
(Umar 2018).  
 
5.2 Proposed Improvements of the Cost Benefit Analysis Model 
In each experiment they implemented, the researchers found only one demand scenario that is most likely to occur, 
so more scenarios may give more accurate data. Also, they will consider collaborations with other hospitals in the 
same region or in other regions in the future to improve the smart resource allocation process. They would also take 
ethical values into account when making wise allocation decisions to ensure fair distribution. This model also, may 
be used for other disasters or pandemics. Machine learning technique is recommended to provide useful insights into 
potential resource use and allow healthcare service providers to make informed choices on how to best allocate these 
limited resources in the cost benefit-analysis model (Cosgun and Omar 2020). 
 
5.3 Stochastic Optimization Model Results 
Northwestern University researchers considered four different cases to generate random samples for the number of 
ventilators needed to care for COVID-19 patients in the U.S (Mehrotra et al. 2020). Figure 2 shows these cases are 
Case I (Average I): each of the demand scenarios has equal probability and the distribution is uniform over the range 
of the total forecasts. Figure 3 shows this case. 2) Case II (Average II): The demand scenarios in the top 25% of 
forecasts have 0.25 probability (equally distributed); and scenarios in the bottom 75% have 0.75 probability. Figure 4 
shows this case. 3) Case III (Worse than Average): The demand scenarios in the top 25% of forecasts have 0.50 
probability and the scenarios in the bottom 75% have 0.50 probability. Figure 5 shows this case. 4) Case IV (severe): 
The demand scenarios in the top 25% of forecasts have 0.75 probability; and the demand scenarios in the bottom 75% 
have 0.25 probability. Figure 5 shows this case (Mehrotra et al. 2020). 
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Figure 2. Case 1(Mehrotra et al., 2020). 

  
 

Figure 3. Case 2 (Mehrotra et al., 2020). 

  
 

Figure 4. Case 3 (Mehrotra et al., 2020). 
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Figure 5. Case 4 (Mehrotra et al., 2020). 
 

 
 

Figure 6. Different Scenarios for each case (Mehrotra et al., 2020). 
 
In Case I, the mean is the demand distribution's median (i.e., the right- and left-tail of the demand distribution have 
0.5 probability). They produced a number randomly to denote which tail to sample from, with all tails having a 0.5 
chance of being selected. They divided the tail into 50 equally distanced partitions and selected a random partition to 
randomly sample from until the tail was calculated. This procedure was replicated for all days and states. In this case, 
all scenarios are equally likely. Figure 6 shows the 24 generated scenarios used in all four cases (Mehrotra et al. 2020). 
This data shows 24 simulated scenarios tested among four different cases (Mehrotra et al. 2020). 

 
In Case II, they generated a number randomly to indicate which tail to sample from, with the top 25% of the data (i.e., 
the right tail) having a 0.25 probability of being selected and the bottom 75% (i.e., the left tail) having a 0.75 
probability. If the appropriate tail is selected, the scenario's weight is set to 0.25. Otherwise, it is set to 0.75. The rest 
of the steps are the same as in Case I. They normalized the weights to calculate the probability of scenarios (Mehrotra 
et al. 2020). 

 
In Cases III &IV demand scenarios were produced in the same way that Case II does, with the only difference being 
the probability of which tail to select from, which is determined by the sampling scheme defined in the cases 
description above (Mehrotra et al. 2020). 

 
The second input for the stochastic optimization model is the initial ventilator inventory. Data about the inventory 
production of ventilators obtained from CovidCareMap website (Mapping US Health System, 2020). 
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The results researchers obtained show that the percentage of currently available ventilators that would be used by non-
COVID-19 patients has a significant effect on state and national capacity to accommodate COVID-19 patient demand. 
The national stockpile is adequate to satisfy demand as more than 40% of the current inventory is eligible for COVID-
19 patients. If, on the other hand, less than 25% of the current inventory is available, the existing national stockpile 
and expected production may not be adequate (Mehrotra et al. 2020). 

 
5.4 Proposed Improvements of the Stochastic Optimization Model 
The results obtained are based on some assumptions, and the forecasts used may have some errors which may make 
the usage of this model to be limited. The ventilator allocation problem can also be expressed as a time-dynamic 
multistage stochastic program, in which the decision maker can make resource decisions as time passes based on the 
knowledge currently available on stochastic demands and previous decisions (Mehrotra et al. 2020). 
 
5.5 Validation of Research Contribution or Findings 
The results and research have validated that there is a significant issue with how resources are used, utilized, and 
shared in the United States. But not only does this show there is an issue with how resources are shared and utilized 
within the United States but potentially all around the world. The pandemic has shown that the US medical system 
needs to address these issues to improve their utilization and resource accommodation. 
 
6. Conclusion  
In this paper, two models of resource allocation of ventilators during the COVID-19 pandemic were studied. The 
algorithms used, experiments implemented, limitations, and future work for the cost-benefit analysis-based model and 
the stochastic optimization based-model were explained. These models helped in the distribution of ventilators among 
the U.S. after the shortage happened in the COVID-19 pandemic. There are many other models available in research 
for resource allocation in healthcare facilities during disasters. Operations research played a role in creating these 
models. Operation research is a discipline that brings together expertise from various fields, including applied 
mathematics, computer science, and systems engineering to help in the decision-making process (Vieira et al. 2016).  
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