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I.​ Introduction and Approach 
​ A contagious virus has spread across the country, but a vaccine has been developed by a company 
named Phazer. The vaccine now needed to be fairly distributed from three supplying cities in Atlanta, 
Richmond, and Albany to 17 different cities. The three cities had 1000, 500, and 500 supply trucks 
respectively with 1000 vaccines in each truck for a total supply of 2,000,000 vaccines. Cost of transportation 
is roughly $3.00 per mile for each truck factoring in all related expenses such as paying the driver, weight of 
the truck, etc..The vaccines expire after 14.5 hours, but can be repacked with coolant at Denver, Boise, 
Pierre, or Springfield for an additional fee of $3,000 per truck as well of having an additional 8 hour wait to 
repack. It is important to note, a city is considered vaccinated when half of the city’s population is 
vaccinated. However, the total number of people that needs to be vaccinated to consider every target city 
vaccinated vastly outnumbers the number of vaccines available. The purpose of this report is to explore 
different factors that would affect the “fairness” of distribution. Our approach to finding the solution is to first 
isolate the shortest paths from each supplying city to the destination cities, and from that spanning tree 
create models to minimize cost and time. The benefits from minimizing each factor are discussed later in the 
paper. We will then assist Phazer make an educated decision on how to fairly distribute the vaccine through 
a final recommendation. When solving this dilemma, we have three main goals, which will be reflected in 
our objective models: 1. All trucks are utilized 2. All cities receive vaccines 3. The vaccines are 
distributed in a fashion we accept as fair 

II.​ Assumptions Made For Our Research 
An important assumption we are making is that the supplying cities have the resources to repack 

coolant supply in a truck since they would have to initially pack coolant anyways. We are also assuming 
Phaser is distributing the vaccine and requires a recommendation instead of the government. The 
government is simply advising Phazer on what cities they believe are important to vaccinate. For this reason 
in the rest of the paper, we assume Phazer is the client we are researching for. The last assumption made 
was to assume that the data for population, time, and distance we found in February 2022 did not change 
throughout the process. More on data collection is discussed in the next section. 
III.​ Data Collection 

The raw data used in the following paper for distances and time to travel from city to city were 
collected through Google Maps [1]. For example, the distance and time to travel from Atlanta to Richmond 
was found like so: 

 
​ The time taken to travel through the shortest was taken the same way but with the repackaging 
centers added in between to ensure we got an accurate estimation of time taken to travel, like so (for 
Atlanta to Sacramento through calculated shortest path): 

 



The population data for each city was searched on World Population Review and was the most 
recent data as we could find (February 2022) [2]. 
 
IV.​ Dijkstra Algorithm: Shortest Path From Supply to Destination 

To figure out the shortest path from the supplying cities to the destination cities, the first step we took 
was finding the spanning tree for the city connections. Each supplying and repackaging city was connected 
to every city within 14.5 hours (before it has to be repacked). For example, this is the data for all the cities 
under 14.5 hours from Atlanta: 

 
The gathered data was then plotted through Python: 

 
Doing this for every source city (supplying/repackaging city), we generated a spanning tree with distance as 
the weights of the arcs: 

 
 

The generated spanning tree could now be solved with Dijkstra’s algorithm to find the shortest path from 
supply to destination cities. Python was used to apply the algorithm, for example this is the python code to 
find the shortest path to Olympia from a supplying city: 



 
 

We repeated this process for all 17 of the destination cities for each supplying city and came to the following 
data. The cost is calculated by the miles x $3.00 and $3000 per repacking stop. The time is calculated by 
summing the time it takes to traverse the paths according to the data collected along with 8 additional hours 
per repacking stocks: 

 



Although this process was not an LP, and was a data collection process instead, Dijkstra's algorithm still had 
similar characteristics (Sets/Parameters) as the following models. 
Sets: 
The sets for this model include the supplying cities the vaccines are coming from and the cities the vaccines 
need to arrive at as these cities represent the “nodes” in our model. 

●​ Supplying Cities: {Atlanta, Richmond, Albany} 
●​ Repackaging Cities: {Denver, Boise, Pierre, Springfield} 
●​ Destination Cities: {Olympia, Sacramento, Helena, Boise, Austin, Oklahoma City, Springfield, 

Nashville, Atlanta, Santa Fe, Denver, Pierre, Madison, Richmond, Columbia, Boston, Albany} 
Parameter: 
The relevant parameters are the distances we calculated and collected from Google Maps data collection. 

●​ Distance to travel from a city to another city 
Again, this was not an optimization model, and simply a means for data collection. We define the sets and 
parameters here for more clarification, but since it was not an optimization model it does not have 
constraints. We will use the information we have gathered from Dijkstra’s in the following two optimization 
model sections. 
 

V.​ Optimization Model For Cost 
Motivation: 
Minimizing cost is important as Phaser does not have an unlimited budget. We want to ensure our 
recommendation to Phaser has their interest in mind in terms of cost. It is worth noting minimizing total cost 
of operation is more beneficial for Phaser than it is for the people. 
Description: 
The model will be minimizing the total cost of the operation. It will do this by figuring out how many trucks 
should go to each city from each supplying city to minimize cost. The solver will make this decision through 
deciding which cities are the most cost efficient to send trucks to while taking into consideration a minimum 
population that each city needs to be vaccinated by. The minimum population stipulation is discussed more 
in the constraints section. 
Sets: 
The sets for this model include the supplying cities the vaccines are coming from and the cities the vaccines 
need to arrive at as these cities represent the “nodes” in our model. The solver will be solving for the 
number of trucks between these nodes to minimize the total cost of the operation. 

●​ Supplying Cities: {Atlanta, Richmond, Albany} 
●​ Repackaging Cities: {Denver, Boise, Pierre, Springfield} 
●​ Destination Cities: {Olympia, Sacramento, Helena, Boise, Austin, Oklahoma City, Springfield, 

Nashville, Atlanta, Santa Fe, Denver, Pierre, Madison, Richmond, Columbia, Boston, Albany} 
Parameter: 
The relevant parameters are all the factors that relate to cost that was given from the problem along with 
any data we solved for including cost. 

●​ Cost of one truck driving one mile is 3 dollars 
●​ Cost of one truck repacking once is 3,000 dollars 
●​ Trucks available from each supplying city (Atlanta has 1000 trucks, Albany has 500, Richmond has 

500) 
●​  Cost of one truck traveling from supplying city to destination, calculated previously 𝑐

𝑖𝑗
:

Variables: 
 𝑋

𝑖𝑗
= 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑢𝑐𝑘𝑠 𝑔𝑜𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝑐𝑖𝑡𝑦 𝑖 𝑡𝑜 𝑗

 𝑖:  {𝐴𝑡𝑙𝑎𝑛𝑡𝑎,  𝐴𝑙𝑏𝑎𝑛𝑦,  𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑}
 𝑗:  {𝑂𝑙𝑦𝑚𝑝𝑖𝑎,  𝑆𝑎𝑐𝑟𝑎𝑚𝑒𝑛𝑡𝑜,  𝐻𝑒𝑙𝑒𝑛𝑎,  𝐵𝑜𝑖𝑠𝑒,  𝐴𝑢𝑠𝑡𝑖𝑛,  𝑂𝑘𝑙𝑎ℎ𝑜𝑚𝑎 𝐶𝑖𝑡𝑦,  𝑆𝑝𝑟𝑖𝑛𝑔𝑓𝑖𝑒𝑙𝑑,  𝑁𝑎𝑠ℎ𝑣𝑖𝑙𝑙𝑒,

 𝐴𝑡𝑙𝑎𝑛𝑡𝑎,  𝑆𝑎𝑛𝑡𝑎 𝐹𝑒,  𝐷𝑒𝑛𝑣𝑒𝑟,  𝑃𝑖𝑒𝑟𝑟𝑒,  𝑀𝑎𝑑𝑖𝑠𝑜𝑛,  𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑,  𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑎,  𝐵𝑜𝑠𝑡𝑜𝑛,  𝐴𝑙𝑏𝑎𝑛𝑦}
Relevant Code Snippet: 



 
Objective: 
Conceptually, the objective is: 

 𝑀𝑖𝑛 𝑍,  𝑍 = 𝑆𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙:  (𝐶𝑜𝑠𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑡𝑟𝑢𝑐𝑘 𝑔𝑜𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝑐𝑖𝑡𝑦 𝑖 𝑡𝑜 𝑗) 𝑋
𝑖,𝑗

Where Z is the total cost of the operation. With the numbers calculated from the shortest path section: 
 𝑀𝑖𝑛 𝑍,  𝑍 =  Σ𝑐

𝑖𝑗
𝑋

𝑖𝑗
Relevant Code Snippet: 

+... 
Constraints: 
The three constraints to consider are utilizing all the vaccines, supply and demand constraints. 
We want to ensure the model uses all 2000 of the trucks available so we can distribute as many vaccines as 
possible. This is modeled with the following constraint: 
Utilizing all the vaccines: 

 Σ𝑋
𝑖𝑗

= 2000
The model needs to be constrained by the supply of vaccine trucks available from each city and how many 
vaccine trucks each city demands. The supply is straightforward to constrain, each supplying city has either 
1,000 or 500 available trucks. 
 
Atlanta has 1,000 available trucks: 

 Σ𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑗

< 1000
Relevant Code Snippet: 

+... <1000 
Richmond has 500 available trucks: 

 Σ𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑗

< 500
Albany has 500 available trucks: 

 Σ𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑗

< 500
 
To constrain the model for the demand of each city, we decided to have every city receive enough vaccines 
to vaccinate at least 10% of the city. We knew we couldn’t constrain the model to minimum 50% because 
there weren’t enough trucks available. We chose a minimum of 10% of the population because we decided 
it was unfair for people in far cities to not receive any vaccines at all because of their location, which they 
have no control over. We also chose to constrain the demand to a maximum of 50% of the population per 
city. This is because the model would otherwise unfairly prioritize the closest cities automatically when the 
closest cities only require 50% of the population to be vaccinated before being considered vaccinated. To 
find the minimum amount of trucks each city needed to receive, we took the population of the city and then 
divided it by 10 to get the 10% of the population. Then, we divided the resulting population number by 1000 
since each truck carries 1000 vaccines and rounded up to the nearest whole number since you cannot have 
a partial truck. We then did the same procedure to get 50% of the population. Here is a snippet of the 
calculations: 



Each City Needs Trucks Delivered For 10% Of Population: 
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑂𝑙𝑦𝑚𝑝𝑖𝑎
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑂𝑙𝑦𝑚𝑝𝑖𝑎
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑂𝑙𝑦𝑚𝑝𝑖𝑎
>= 6

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑆𝑎𝑐𝑟𝑎𝑚𝑒𝑛𝑡𝑜

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑆𝑎𝑐𝑟𝑎𝑚𝑒𝑛𝑡𝑜

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑆𝑎𝑐𝑟𝑎𝑚𝑒𝑛𝑡𝑜

>= 54
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐻𝑒𝑙𝑒𝑛𝑎
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐻𝑒𝑙𝑒𝑛𝑎
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝐻𝑒𝑙𝑒𝑛𝑎
>= 3

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐵𝑜𝑖𝑠𝑒

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐵𝑜𝑖𝑠𝑒

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐵𝑜𝑖𝑠𝑒

>= 24
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐷𝑒𝑛𝑣𝑒𝑟
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐷𝑒𝑛𝑣𝑒𝑟
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝐷𝑒𝑛𝑣𝑒𝑟
>= 77

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑆𝑎𝑛𝑡𝑎 𝐹𝑒

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑆𝑎𝑛𝑡𝑎 𝐹𝑒

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑆𝑎𝑛𝑡𝑎 𝐹𝑒

>= 9
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑃𝑖𝑒𝑟𝑟𝑒
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑃𝑖𝑒𝑟𝑟𝑒
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑃𝑖𝑒𝑟𝑟𝑒
>= 2

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑂𝑘𝑙𝑎ℎ𝑜𝑚𝑎 𝐶𝑖𝑡𝑦

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑂𝑘𝑙𝑎ℎ𝑜𝑚𝑎 𝐶𝑖𝑡𝑦

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑂𝑘𝑙𝑎ℎ𝑜𝑚𝑎 𝐶𝑖𝑡𝑦

>= 68
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑀𝑎𝑑𝑖𝑠𝑜𝑛
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑀𝑎𝑑𝑖𝑠𝑜𝑛
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑀𝑎𝑑𝑖𝑠𝑜𝑛
>= 27

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑆𝑝𝑟𝑖𝑛𝑔𝑓𝑖𝑒𝑙𝑑

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑆𝑝𝑟𝑖𝑛𝑔𝑓𝑖𝑒𝑙𝑑

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑆𝑝𝑟𝑖𝑛𝑔𝑓𝑖𝑒𝑙𝑑

>= 12
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑁𝑎𝑠ℎ𝑣𝑖𝑙𝑙𝑒
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑁𝑎𝑠ℎ𝑣𝑖𝑙𝑙𝑒
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑁𝑎𝑠ℎ𝑣𝑖𝑙𝑙𝑒
>= 69

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐴𝑡𝑙𝑎𝑛𝑡𝑎

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐴𝑡𝑙𝑎𝑛𝑡𝑎

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐴𝑡𝑙𝑎𝑛𝑡𝑎

>= 54
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐴𝑢𝑠𝑡𝑖𝑛
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐴𝑢𝑠𝑡𝑖𝑛
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝐴𝑢𝑠𝑡𝑖𝑛
>= 97

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑎

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑎

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑎

>= 14
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑
>= 23
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐴𝑙𝑏𝑎𝑛𝑦
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐴𝑙𝑏𝑎𝑛𝑦
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝐴𝑙𝑏𝑎𝑛𝑦
>= 10

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐵𝑜𝑠𝑡𝑜𝑛

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐵𝑜𝑠𝑡𝑜𝑛

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐵𝑜𝑠𝑡𝑜𝑛

>= 70

Relevant Code Snippet: 
 

 
Each City’s Population Cannot Be More Than 50% Vaccinated: 

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑂𝑙𝑦𝑚𝑝𝑖𝑎

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑂𝑙𝑦𝑚𝑝𝑖𝑎

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑂𝑙𝑦𝑚𝑝𝑖𝑎

<= 28
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑆𝑎𝑐𝑟𝑎𝑚𝑒𝑛𝑡𝑜
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑆𝑎𝑐𝑟𝑎𝑚𝑒𝑛𝑡𝑜
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑆𝑎𝑐𝑟𝑎𝑚𝑒𝑛𝑡𝑜
<= 266

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐻𝑒𝑙𝑒𝑛𝑎

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐻𝑒𝑙𝑒𝑛𝑎

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐻𝑒𝑙𝑒𝑛𝑎

<= 15
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐵𝑜𝑖𝑠𝑒
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐵𝑜𝑖𝑠𝑒
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝐵𝑜𝑖𝑠𝑒
<= 116

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐷𝑒𝑛𝑣𝑒𝑟

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐷𝑒𝑛𝑣𝑒𝑟

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐷𝑒𝑛𝑣𝑒𝑟

<= 381
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑆𝑎𝑛𝑡𝑎 𝐹𝑒
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑆𝑎𝑛𝑡𝑎 𝐹𝑒
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑆𝑎𝑛𝑡𝑎 𝐹𝑒
<= 44
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑃𝑖𝑒𝑟𝑟𝑒
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑃𝑖𝑒𝑟𝑟𝑒
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑃𝑖𝑒𝑟𝑟𝑒
<= 7

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑂𝑘𝑙𝑎ℎ𝑜𝑚𝑎 𝐶𝑖𝑡𝑦

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑂𝑘𝑙𝑎ℎ𝑜𝑚𝑎 𝐶𝑖𝑡𝑦

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑂𝑘𝑙𝑎ℎ𝑜𝑚𝑎 𝐶𝑖𝑡𝑦

<= 339
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑀𝑎𝑑𝑖𝑠𝑜𝑛
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑀𝑎𝑑𝑖𝑠𝑜𝑛
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑀𝑎𝑑𝑖𝑠𝑜𝑛
<= 133

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑆𝑝𝑟𝑖𝑛𝑔𝑓𝑖𝑒𝑙𝑑

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑆𝑝𝑟𝑖𝑛𝑔𝑓𝑖𝑒𝑙𝑑

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑆𝑝𝑟𝑖𝑛𝑔𝑓𝑖𝑒𝑙𝑑

<= 57
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑁𝑎𝑠ℎ𝑣𝑖𝑙𝑙𝑒
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑁𝑎𝑠ℎ𝑣𝑖𝑙𝑙𝑒
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑁𝑎𝑠ℎ𝑣𝑖𝑙𝑙𝑒
<= 342

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐴𝑡𝑙𝑎𝑛𝑡𝑎

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐴𝑡𝑙𝑎𝑛𝑡𝑎

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐴𝑡𝑙𝑎𝑛𝑡𝑎

<= 267
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐴𝑢𝑠𝑡𝑖𝑛
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐴𝑢𝑠𝑡𝑖𝑛
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝐴𝑢𝑠𝑡𝑖𝑛
<= 481

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑎

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑎

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑎

<= 69
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑
<= 114
 𝑋

𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐴𝑙𝑏𝑎𝑛𝑦
+ 𝑋

𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐴𝑙𝑏𝑎𝑛𝑦
+ 𝑋

𝐴𝑙𝑏𝑎𝑛𝑦, 𝐴𝑙𝑏𝑎𝑛𝑦
<= 49

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝐵𝑜𝑠𝑡𝑜𝑛

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝐵𝑜𝑠𝑡𝑜𝑛

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝐵𝑜𝑠𝑡𝑜𝑛

<= 349

Relevant Code Snippet: 
 

 
Output: 
Using the GNU MathProg programming language and IDE with the full code demonstrated in the snippets 
above, the results were as follows:

 



 

 
Rest of the variables are 0. 
What these results mean is that to optimize truck distribution for cost, Atlanta should send 349 trucks to 
Austin, 339 trucks to Oklahoma City, 155 to Nashville, etc. The minimized total cost of the operation is 
$44,720,548. 
 
VI.​ Optimization Model For Time 

Motivation: 
Minimizing the total time of operation is important because the virus is contagious and getting people 
vaccinated as fast as possible will reduce further spreading of the virus. The faster the vaccine is 
distributed, the faster the vaccines are being used as well. Comparative to how minimizing cost benefits the 
distributor, minimizing for time benefits the people receiving and using the vaccines being delivered. 
Description: 
The model will be minimizing the total time of the operation. This model will be extremely similar to the 
previous model for cost, except the parameters will be related to time and the objective will have different 
coefficients accordingly.  
Sets: 
The sets for this model are the same as the previous model.The solver will be solving for the number of 
trucks between these nodes to minimize the total time of the operation this time. 

●​ Supplying Cities: {Atlanta, Richmond, Albany} 
●​ Repackaging Cities: {Denver, Boise, Pierre, Springfield} 
●​ Destination Cities: {Olympia, Sacramento, Helena, Boise, Austin, Oklahoma City, Springfield, 

Nashville, Atlanta, Santa Fe, Denver, Pierre, Madison, Richmond, Columbia, Boston, Albany} 
Parameter: 
The relevant parameters are all the factors that relate to time that was given from the problem along with 
any data we solved for including time. 



●​ Time taken by one truck to repacking once is 8 hours 
●​ Trucks available from each supplying city (Atlanta has 1000 trucks, Albany has 500, Richmond has 

500) 
●​  Time of one truck traveling from supplying city to destination, calculated in previous section 𝑡

𝑖𝑗
:

Variables: 
 𝑋

𝑖𝑗
= 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑢𝑐𝑘𝑠 𝑔𝑜𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝑐𝑖𝑡𝑦 𝑖 𝑡𝑜 𝑗

 𝑖:  {𝐴𝑡𝑙𝑎𝑛𝑡𝑎,  𝐴𝑙𝑏𝑎𝑛𝑦,  𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑}
 𝑗:  {𝑂𝑙𝑦𝑚𝑝𝑖𝑎,  𝑆𝑎𝑐𝑟𝑎𝑚𝑒𝑛𝑡𝑜,  𝐻𝑒𝑙𝑒𝑛𝑎,  𝐵𝑜𝑖𝑠𝑒,  𝐴𝑢𝑠𝑡𝑖𝑛,  𝑂𝑘𝑙𝑎ℎ𝑜𝑚𝑎 𝐶𝑖𝑡𝑦,  𝑆𝑝𝑟𝑖𝑛𝑔𝑓𝑖𝑒𝑙𝑑,  𝑁𝑎𝑠ℎ𝑣𝑖𝑙𝑙𝑒,

 𝐴𝑡𝑙𝑎𝑛𝑡𝑎,  𝑆𝑎𝑛𝑡𝑎 𝐹𝑒,  𝐷𝑒𝑛𝑣𝑒𝑟,  𝑃𝑖𝑒𝑟𝑟𝑒,  𝑀𝑎𝑑𝑖𝑠𝑜𝑛,  𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑,  𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑎,  𝐵𝑜𝑠𝑡𝑜𝑛,  𝐴𝑙𝑏𝑎𝑛𝑦}
Objective: 
Conceptually, the objective is: 

 𝑀𝑖𝑛 𝑍,  𝑍 = 𝑆𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙:   (𝑇𝑖𝑚𝑒 𝑡𝑎𝑘𝑒𝑛 𝑏𝑦 𝑜𝑛𝑒 𝑡𝑟𝑢𝑐𝑘 𝑔𝑜𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝑐𝑖𝑡𝑦 𝑖 𝑡𝑜 𝑗) 𝑋
𝑖,𝑗

Where Z is the total time of the operation. With the numbers gathered from the same table as the previous 
model for : 𝑡

𝑖𝑗
 𝑀𝑖𝑛 𝑍,  𝑍 =  Σ𝑡

𝑖𝑗
𝑋

𝑖𝑗
Constraints: 
The first two constraints for this model are the same as the previous model since the supply and vaccine 
truck amount are not different. However for the time model, we purposefully did not set a ceiling constraint 
on the demand. This is because unlike cost, since we are minimizing time in this model, it is OK for the 
model to prioritize the closest cities. We still set a floor constraint since as stated in our introduction, one of 
our goals was making sure every city received some amount of vaccination. 
 
Utilize All Available Trucks Constraint: 

 Σ𝑋
𝑖𝑗

= 2000
 
Supply Constraints: 

, ,  Σ𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑗

< 1000 Σ𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑗

< 500 Σ𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑗

< 500
 
Demand Constraints: 

 𝑋
𝐴𝑡𝑙𝑎𝑛𝑡𝑎, 𝑗

+ 𝑋
𝑅𝑖𝑐ℎ𝑚𝑜𝑛𝑑, 𝑗

+ 𝑋
𝐴𝑙𝑏𝑎𝑛𝑦, 𝑗

>= 10% 𝑜𝑓 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑖𝑡𝑦 𝑗

 
Output:

 

 



 

 
Rest of the variables are 0s 
What these results mean is that to optimize truck distribution for time, Atlanta should supply 541 trucks to 
Atlanta, Richmond should supply 339 trucks to Richmond, etc. The minimized total time of operation is 11, 
504 hours. An easier way to think about this is 11,504/2000 or one truck travels 5.75 hours on average.  
VII.​ Analysis/Pros & Cons Of Models And Their Results 
We can visualize the results from these models in the following plots: 
​ ​ ​  
     Optimal Truck Flow According to Cost Model​ ​    Optimal Truck Flow According to Time Model 

 
Before analyzing the results of the models, we can already find some pros and cons for optimizing 

either factor that was touched on earlier in the paper. Optimizing for cost is advantageous for the distributor 
of the vaccine, in our case Phazer. Optimizing for time is advantageous for the people who need the 
vaccine and the population in general. The faster the vaccine is distributed, the faster the virus will be 
eliminated from society. Another factor to consider is, what are the maximum amount of resources available 
for each factor. If there is a limit to Phazer’s budget for this operation, cost would be more important to 
consider. The same if Phazer had a deadline to distribute the vaccines, time would become much more 
important to consider. 
 

Now as we analyze the results from our models, we find more pros and cons for each model. As 
shown in the plots above and on the table on the right, there is a massive difference between what each 
model prioritized. A big downside that is noticeable about minimizing for time is that most of the vaccines 
are being distributed from Atlanta. Cost has a similar appearance, but in this case, most of the vaccines are 
being distributed from Richmond. In the cost plot on the left, we can see there are still plenty of cities being 



supplied from Atlanta and Boston. The reason diversification of distribution 
cities is important is for risk management. If the responsibility for the bulk of the 
operation falls under solely Atlanta, the operation becomes significantly more 
risky. Especially when this vaccine and its distribution is so new and untested, 
it would be unwise to rely so heavily on one city for the first ever wave of 
distribution. Another thing to note from the results is the difference in the range 
of the number of vaccines distributed to one city. More importantly, the tradeoff 
for optimizing each model. For example, in the time model, some cities receive 
shipments of 400-500 trucks whereas in the cost model, the truck distribution 
between cities is much more evenly distributed with most being between 
50-350 trucks. As you optimize for time, we can see a compromise is made for 
how evenly the trucks are being distributed. Thinking about the situation with a 
multi-objective approach, we can conceptually come to a conclusion that the 
two factors are related to each other directly. As total cost increases, total 
time should also increase. This is because they are both tied to distance. 
Stopping to repackage has a penalty for both factors, so that should not affect 
the linear relationship greatly. Due to this, we can visualize the relationship as 
a positive linear function: 

 
 

VIII.​ Final Recommendation 
As a culmination of our research, subjective factors, objective data collected, and 
considering our original goals, we recommend: 
​ Phazer should distribute the vaccines in line with the recommendation 
from our COST minimization model as shown on the right. (Albany sends 349 
trucks to Boston, Atlanta sends 339 trucks to Oklahoma City, etc.) 
​ First, this satisfies our original goals of utilizing all trucks available, all cities 
receive some amount of vaccines, and it is a distribution deemed fair by us. We 
believe the distribution is fair because the number of vaccines being received by each 
city is fairly even. No city receives a significantly higher number of vaccines than 
another. We believe this is a right mix of being advantageous for the people and 
Phazer at the same time. Phazer benefits because the distribution process costs as 
little as possible for them which supports their bottom line. It also benefits Phazer 
because the vaccine is being distributed from a good mix of all three supplying cities, 
making the distribution less risk averse from an unexpected disaster.  For the people, 
every target city is served, and in an even way as well. 
 


