




                      Araújo, Samantha Rodrigues de.
A663t                   A tactical optimization framework for equitable allocation and 
                      distribution of routine and emergency vaccines [recurso eletrônico] /  
                      Samantha Rodrigues de Araújo. – 2026.
                            1 recurso online (112 f. : il., color.) : pdf.

 
       Orientador: Lásara Fabrícia Rodrigues.
       Coorientador: João Flávio de Freitas Almeida.
                                    

                             Tese (doutorado) – Universidade Federal de Minas Gerais,
                      Escola de Engenharia.       
         
                             Inclui bibliografia.
                           

       1. Engenharia de produção – Teses. 2. Framework (Programa de 
computador) – Teses. 3. Vacinas – Controle de produção –  Teses.          
4. Modelos epidemiológicos – Teses. 5. Otimização – Teses.                    
I. Rodrigues, Lásara Fabrícia. II. Almeida, João Flávio de Freitas.             
III. Universidade Federal de Minas Gerais. Escola de Engenharia.            
IV. Título.  
                                                                                                      
                                                                                          CDU: 658.5(043) 

       
          Ficha catalográfica elaborada pelo bibliotecário Marcio A. A. Gomes CRB/6 2812

                                            Biblioteca Prof. Mário Werneck, Escola de Engenharia da UFMG    



UNIVERSIDADE FEDERAL DE MINAS GERAIS

Escola de Engenharia

Programa de Pós-Graduação em Engenharia de Produção

FOLHA DE APROVAÇÃO

 

A TACTICAL OPTIMIZATION FRAMEWORK FOR EQUITABLE ALLOCATION AND
DISTRIBUTION OF ROUTINE AND EMERGENCY VACCINES.

 

SAMANTHA RODRIGUES DE ARAÚJO
 

Tese submetida à Banca Examinadora designada pelo Colegiado do Programa de Pós-
Graduação em ENGENHARIA DE PRODUÇÃO, como requisito para obtenção do grau de
Doutor em ENGENHARIA DE PRODUÇÃO, área de concentração PESQUISA OPERACIONAL
E INTERVENÇÃO EM SISTEMAS SOCIOTÉCNICOS, linha de pesquisa Otimização e
Simulação de Sistemas Logíst. e de Grande Porte.

Aprovada em 05 de março de 2026, pela banca constituída pelos membros:

 

Prof(a). Lásara Fabrícia Rodrigues - Orientador

UFMG

 

Prof. João Flávio de Freitas Almeida - Coorientador

UFMG

 

Prof. Reinaldo Morabito Neto

UFSCAR

 

Prof(a). Patrícia Nascimento Pena

UFMG

 

Prof. Edilson Fernandes de Arruda

University of Southampton

 

Prof. Luiz Ricardo Pinto

Folha de Aprovação folha ap SAMANTHA RODRIGUES DE ARAÚJO (5000914)         SEI 23072.212564/2026-92 / pg. 1



UFMG

 

Belo Horizonte, 05 de março de 2026.

 

Documento assinado eletronicamente por Lásara Fabrícia Rodrigues, Professora do
Magistério Superior, em 05/03/2026, às 13:00, conforme horário oficial de Brasília, com
fundamento no art. 5º do Decreto nº 10.543, de 13 de novembro de 2020.

Documento assinado eletronicamente por João Flavio de Freitas Almeida, Professor do
Magistério Superior, em 05/03/2026, às 13:33, conforme horário oficial de Brasília, com
fundamento no art. 5º do Decreto nº 10.543, de 13 de novembro de 2020.

Documento assinado eletronicamente por Patricia Nascimento Pena, Professora do
Magistério Superior, em 06/03/2026, às 05:20, conforme horário oficial de Brasília, com
fundamento no art. 5º do Decreto nº 10.543, de 13 de novembro de 2020.

Documento assinado eletronicamente por Luiz Ricardo Pinto, Professor do Magistério
Superior, em 06/03/2026, às 12:36, conforme horário oficial de Brasília, com fundamento no
art. 5º do Decreto nº 10.543, de 13 de novembro de 2020.

Documento assinado eletronicamente por Edilson Fernandes de Arruda, Usuário Externo,
em 09/03/2026, às 12:57, conforme horário oficial de Brasília, com fundamento no art. 5º do
Decreto nº 10.543, de 13 de novembro de 2020.

Documento assinado eletronicamente por Reinaldoi Morabito Neto, Usuário Externo, em
09/03/2026, às 18:35, conforme horário oficial de Brasília, com fundamento no art. 5º do
Decreto nº 10.543, de 13 de novembro de 2020.

A autenticidade deste documento pode ser conferida no site
https://sei.ufmg.br/sei/controlador_externo.php?
acao=documento_conferir&id_orgao_acesso_externo=0, informando o código verificador
5000914 e o código CRC CF28333A.

Referência: Processo nº 23072.212564/2026-92 SEI nº 5000914

Folha de Aprovação folha ap SAMANTHA RODRIGUES DE ARAÚJO (5000914)         SEI 23072.212564/2026-92 / pg. 2









–







 

 

 

 

 

. 

. 

 









•

•

•

•

•

•













(Enayati; Özaltın, 2020; Hu; Zhang; 



Reference VAP VDP Model SEIR Objective Function Objective Disease Epidemics CS Echelon EquityS M PE SDE VE
Longini, Ackerman and 

Elveback (1978) ✓ NLP ✓ ✓ Min. years of life lost Influenza ✓ Hong Kong   

Patel, Longini and Halloran 
(2005)

✓ SIM, GA  ✓ Min. deaths Influenza ✓ -

Chick, Mamani and Simchi-Levi 
(2008)

NLSD, 
NLP ✓ ✓ Min. total cost Influenza ✓ -

Medlock, Meyers and Galvani 
(2009)

✓ NLSD ✓ ✓
Min. deaths, Min. 
hospitalizations Influenza ✓ USA

Savachkin and Uribe (2012) ✓ SIM, NLP ✓ ✓ Min. total costs Influenza ✓ USA ✓
Matrajt, Halloran and Longini 

(2013) ✓ DM, AG ✓ ✓ Min. people infected Influenza ✓
Southeast 

Asia ✓

Yarmand et al. (2014) ✓ SIM, LP ✓ ✓ Min. total cost Influenza ✓ USA ✓ ✓

Ndeffo Mbah et al. (2014) ✓ DM  ✓
Min. dengue 

hemorrhagic fever cases Dengue ✓
Thailand 

and Brazil

Chen et al. (2014) ✓ LP  ✓
Max. vaccine 

availability at the lower 
levels of the hierarchy

Tuberculosis, 
Tetanus, Measles, 

Polio, Yellow Fever, 
DTC-HepB-HiB, 

Rotavirus and PCV

Nigeria, 
Thailand, 

and Vietnam
✓ ✓

Hovav and Tsadikovich (2015) ✓ ✓ MIP  ✓ Min. total cost Influenza ✓ Israel ✓ ✓ ✓
Hovav and Herbon (2017) ✓ ✓ MIP  ✓ Min. total cost Influenza ✓ Israel ✓ ✓ ✓

Hirsh Bar Gai et al. (2018) ✓ SO  ✓
Min. distance traveled 

between states and 
regional hubs

Tuberculosis, Polio, 
Yellow Fever, Tetanus 
Toxoid, Hepatitis B

Nigeria ✓

Sadjadi, Ziaei and Pishvaee 
(2019)

✓
MILP ✓

Min. total cost, Min. 
unsatisfied demands Influenza ✓ Iran ✓

Enayati and Özaltın (2020) ✓
NLSD, 
MINLP ✓ ✓

Min. number of vaccine 
doses distributed Influenza ✓ - ✓ ✓

Bertsimas et al. (2020) ✓ NLP ✓ ✓ Min. number of deaths Covid-19 ✓ USA ✓ ✓

Abbasi et al. (2020) ✓ ✓ MILP  ✓
Min. vaccine oversupply, 

transshipment time Covid-19 ✓ AUS ✓ ✓

Buhat et al. (2021) ✓ LP  ✓ Min. deaths Covid-19 ✓ Philippines ✓ ✓



Reference VAP VDP Model SEIR Objective Function Objective Disease Epidemics CS Echelon EquityS M PE SDE VE
Sun, Andoh and Yu (2021) ✓ SIM, MIP  ✓ Max. total coverage Covid-19 ✓ Norway ✓ ✓

Roy, Dutta and Ghosh (2021) ✓ ✓
NLSD, 
NLP ✓ ✓ Min. transportation cost Covid-19 ✓ USA ✓ ✓

Rao and Brandeau (2021) ✓ LP ✓ ✓

Min. new infections, 
Min. deaths, Min. life 

years lost, Min.  quality 
adjusted life years

Covid-19 ✓ USA

Rastegar et al. (2021) ✓ ✓ MILP  ✓
Max.  minimum vaccine 
distributed-to demand 

ratio
Covid-19 ✓ Iran ✓ ✓

Munguía-López and Ponce-
Ortega (2021) ✓ LP, NLP ✓

Max. total vaccines 
allocated, Max. smallest 
allocated vaccines, Max. 

social welfare

Covid-19 ✓ Mexico ✓ ✓

Minoza, Bongolan and Rayo 
(2021) ✓ SIM, LP ✓ ✓

Max. vaccine to be 
allocated foreach 

location, Max. priority 
factor

Covid-19 ✓ Philippines ✓ ✓

Jadidi et al. (2021) ✓ NLP ✓ ✓
Max. total immunity 
among populations Covid-19 ✓ -

Fantini (2021) ✓ ✓ MILP ✓

Min. risk of virus 
exposure to the 

vulnerable population, 
Max. set of accessibility 

indicators

Covid-19 ✓ Mexico ✓ ✓ ✓

Tavana et al. (2021) ✓ ✓ MILP  ✓ 
Max. the minimum 

delivery-to-demand ratio Covid-19 ✓ India ✓ ✓  ✓

Georgiadis and Georgiadis 
(2021) ✓ MILP  ✓ Min total cost Covid-19 ✓ Greece ✓ ✓ ✓

Yang et al. (2022) ✓ PSO ✓ ✓
Min. total number of 

confirmed cases Covid-19 ✓ - ✓ ✓

Mak, Dai and Tang (2022) ✓ NLSD ✓ ✓
Max. the number of 
people witch partial 

immunity
Covid-19 ✓ -



Reference VAP VDP Model SEIR Objective Function Objective Disease Epidemics CS Echelon EquityS M PE SDE VE

Mohammadi et al. (2022) ✓ ✓ MINLP, 
RO ✓

Min. deaths, Min. total 
cost Covid-19 ✓ France ✓ ✓

Lopes (2022) ✓ ✓ ML, SO  ✓
Min. operating cost of 

the entire chain BCG Brazil ✓

Jarumaneeroj et al. (2022) ✓
NLSD, 
NLP ✓ ✓

Min. stress on healthcare 
system Covid-19 ✓ Thailand ✓ ✓

Chowdhury et al. (2022) ✓ MIP ✓
Min. operational cost, 

Min. environmental cost, 
Max. job opportunities

Covid-19 ✓ Bangladesh ✓ ✓ ✓

Gilani and Sahebi (2022) ✓ ✓ MILP, RO ✓
Min.  economical cost, 

Min. environmental cost, 
Min. social cost

Covid-19 ✓ Iran ✓ ✓ ✓

Bertsimas et al. (2022) ✓ ✓
NLSD, 
NLP ✓ ✓

Min. deaths, Min. 
exposed, Min. distance Covid-19 ✓ USA ✓ ✓

Thul and Powell (2023) ✓ SP  ✓
Max. expected sum of 
cumulative rewards Covid-19 ✓ USA ✓ ✓

Rey, Hammad and Saberi (2023) ✓ ML ✓ ✓
Min. size of their 

susceptible population Covid-19 ✓ World ✓ ✓

Valizadeh et al. (2023) ✓ ✓ MIP, RO ✓

Min. risk of distribution 
inequality of the vaccine, 

Min. risk of mortality, 
Min. costs

Covid-19 ✓ Iran ✓ ✓ ✓

Hu, Zhang and Zhou (2023) ✓ NLSD ✓ ✓ Min. infected people Covid-19 ✓ World ✓
Holleran, Martonosi and Veatch 

(2023) ✓
 NLSD, 

LP ✓ ✓ Min. deaths Covid-19 ✓ USA ✓ ✓

Kargar et al. (2024) ✓ ✓ SIM, MIP ✓
Min. total costs, Min. 

environmental impacts Covid-19 ✓ USA ✓ ✓ ✓ ✓

Jahed, Molana and Tavakkoli-
Moghaddam (2025) ✓ ✓ 

RSP, 
NSGA-II, 
MOPSO, 
MOGWO

✓ 

Min. purchasing or 
producing vaccines, 

inventory holding, and 
transportation costs.

Max. effectiveness of the 
vaccination process 

Covid-19 ✓ Iran ✓ ✓ ✓  



Reference VAP VDP Model SEIR Objective Function Objective Disease Epidemics CS Echelon EquityS M PE SDE VE

Kheybari et al. (2025)  ✓ MILP, AG ✓ 

Min. total costs, and 
Min. maximum service 

user density of the 
service centers

Covid-19 ✓ Iran  ✓ ✓ ✓ 

Almaraj et al. (2026)  ✓ MILP, RO ✓ 

Min. distance between 
echelons, 

Min. total costs, and 
 Min. environmental 

impact

Covid-19 ✓ 
Saudi 

Arabia ✓ ✓ ✓  

This work ✓ ✓
NLP, SD, 

MIP ✓ ✓
Min. deaths, Min. 

logistics costs 24 vaccines ✓ Brazil ✓ ✓





, Enayati and Ozaltın (2020), Jadidi 





–

, relative to this benchmark, they defined the “price of 

fairness” as the loss in performance that occurs when allocations are made under fairness 

–



(2020), Enayati and Özaltın (2020), Gilani and Sahebi (2022), Minoza, Bongolan and Rayo 



the regional population. Enayati and Özaltın (2020) consider inequality through the Gini 





Reference Terminology Fairness mechanism Equity metric ST/DY

Matrajt, Halloran and Longini 
(2013) Fair strategy, equality SA Attack rate ST

Yarmand et al. (2014) Equitable allocation, fairness constraint C Minimum vaccination coverage in all regions ST
Enayati and Özaltın (2020) Distribution with equity, equity measure C Inequity tolerance ST

Bertsimas et al. (2020) Fairness parameter, equitable 
distribution C Minimum regional allocation fraction ST

Abbasi et al. (2020) Equity, equitable allocation of vaccines OF Weight of vaccination of a person in priority 
group ST

Buhat et al. (2021) Equitable allocation of vaccines, C Minimum coverage for priority groups ST

Sun, Andoh and Yu (2021) Equitable vaccination, fairness of 
vaccine distribution SA Expected Lead Time ST

Roy, Dutta and Ghosh (2021) Allocate vaccines equitably, fairness 
condition C Minimum number of vaccines a region must 

receive ST

Rastegar et al. (2021) Equitable vaccine distribution, fair 
distribution OF Minimum percentage of group i to be covered ST

Munguía-López and Ponce-
Ortega (2021) Fair Allocation, equitable allocation OF Social welfare, Nash, Rawlsian justice, social 

welfare ST

Minoza, Bongolan and Rayo 
(2021) Equitable vaccine distribution SA Priority Factors ST

Fantini (2021) Accessibility for vaccine allocation, 
equitable allocation OF Vulnerability index ST

Tavana et al. (2021) Equitable vaccine distribution OF, C Minimum percentage coverage rate for group DY

Yang et al. (2022) Health-oriented fairness, equal 
allocation SA Confirmed infection cases ST

Mohammadi et al. (2022) Equity of vaccine distribution OF Total number of deaths ST

Jarumaneeroj et al. (2022) Unfair allocation strategy, vaccine-
access equity C Proportional to the population size, vaccination 

capacity ST

Gilani and Sahebi (2022) Equitable access, fair delivery 
vaccination OF Social index ST

Bertsimas et al. (2022) Fair interstate equity, Fair intercenter 
equity OF, C Hyperparameter that controls the trade-off 

between efficiency and fairness DY

Thul and Powell (2023) Fairness in allocation, fairness policies C Percentage of each region's population with 
access to vaccines DY



Reference Terminology Fairness mechanism Equity metric ST/DY

Rey, Hammad and Saberi 
(2023)

Fair and ethical allocation, equitable 
access to vaccines OF, C Weight of infections and vaccination capacity DY

Valizadeh et al. (2023) Risk of inequality in the distribution of 
the vaccine, fair distribution OF, C Risk of inequality, risk of mortality ST

Holleran, Martonosi and Veatch 
(2023)

Vaccine willingness, equitable 
distribution of

Vaccines
C

Trade-off between self-interest and altruism, 
proportion of the population willing to be 

vaccinated
DY

Kargar et al. (2024) Equitable distribution of vaccines, 
fairness considerations C Each region has at least one distribution center, 

vaccine acceptance rate ST

Kheybari et al. (2025) Fairness, equitable access OF, C Full coverage by distance ST

This work Equitable allocation of vaccines C
Proportional to the population size, proportional 

to the population weighted by the Social 
Vulnerability Index (IVS)

DY



while Enayati and Özaltın (2020) use the Gini coefficient to directly 

et al. (2024) and Holleran, Martonosi Veatch (2023) incorporate 

Bertsimas et al. (2020), Enayati and Özaltın 

dividuals’ willingness to be vaccinated. Of the 













𝑡 Time (continuous) (days)∆𝑡 Time interval used in the discretization of the differential equations𝑆𝑙′ Initial number of susceptible in location 𝑙𝐸𝑙′ Initial number of exposed in location 𝑙𝐼𝑙′ Initial number of infected in location 𝑙𝑅𝑙′ Initial number of recovered in location 𝑙𝐹𝑙′ Initial number of deaths in location 𝑙𝑉𝑑 Total vaccines available per day in location 𝑙𝑇𝑙 Vaccine delivery time in location 𝑙𝑀𝑙 Maximum vaccination capacity in location 𝑙𝑉𝑑𝑙𝑠𝑀𝑎𝑥 Maximum vaccines stored capacity in location 𝑙𝑁𝑙𝑇 Total number of individuals in location 𝑙 𝛽0𝑙 Initial transmissibility rate in location l (%)𝜎0𝑙 Initial infection rate in location 𝑙 (%)𝛾0𝑙 Initial recovered rate in location 𝑙 (%)𝜉0𝑙 Initial ressusceptibility rate in location l (%)𝜇𝑑𝑙 Initial mortality rate in location 𝑙 (%)
Variables𝛽𝑑𝑙 Transmissibility rate on day 𝑑 in location 𝑙 (%)𝜎𝑑𝑙 Infection rate on day 𝑑 in location 𝑙 (%)𝛾𝑑𝑙 Recovered rate on day 𝑑 in location 𝑙 (%)𝜉𝑑𝑙 Ressusceptibility rate on day 𝑑 in location 𝑙 (%)𝜇𝑑𝑙 Mortality rate on day 𝑑 in location 𝑙 (%)𝛼𝑑𝑙 Percentage of vaccines that will be destinated to location 𝑙 on day 𝑑 (%)𝑣𝑑𝑙𝑐 Number of vaccines that will be destinated to location 𝑙 on day 𝑑𝑣𝑑𝑙𝑎 Number of vaccines administered in location 𝑙 on day 𝑑𝑣𝑑𝑙𝑠 Number of vaccines stored in location 𝑙 on day 𝑑𝑛𝑑𝑙𝑣𝑐 Number of people vaccinated in location 𝑙 on day 𝑑𝑓𝑑𝑙 Number of deaths in location 𝑙 on day 𝑑𝑠𝑑𝑙 Number of people susceptible in location 𝑙 on day 𝑑𝑒𝑑𝑙 Number of people exposed in location 𝑙 on day 𝑑𝑖𝑑𝑙 Number of people infected in location 𝑙 on day 𝑑



𝑟𝑑𝑙 Number of people recovered in location 𝑙 on day 𝑑
The emergency vaccine allocation is then formulated in Equations )- ).

𝑚𝑖𝑛 ∑ ∑ 𝑓𝑑𝑙𝑙𝑑 (1)

𝜕𝑠𝑑𝑙𝜕𝑡 = − 𝜂𝑑𝑖𝑠𝑡𝛽𝑑𝑙𝑠𝑑𝑙𝑖𝑑𝑙𝑁𝑙𝑇 + 𝜉𝑑𝑙𝑟𝑑𝑙 ∀𝑑, ∀𝑙 (2)

𝜕𝑒𝑑𝑙𝜕𝑡 = 𝜂𝑑𝑖𝑠𝑡𝛽𝑑𝑙𝑠𝑑𝑙𝑖𝑑𝑙𝑁𝑙𝑇 − 𝜎𝑑𝑙𝑒𝑑𝑙 ∀𝑑, ∀𝑙 (3)

𝜕𝑖𝑑𝑙𝜕𝑡 = 𝜎𝑑𝑙𝑒𝑑𝑙 − 𝛾𝑑𝑙𝑖𝑑𝑙 − 𝜇𝑑𝑙𝑖𝑑𝑙 ∀𝑑, ∀𝑙 (4)𝜕𝑟𝑑𝑙𝜕𝑡 = 𝛾𝑑𝑙𝑖𝑑𝑙 − 𝜉𝑑𝑙𝑟𝑑𝑙 ∀𝑑, ∀𝑙 (5)𝜕𝑓𝑑𝑙𝜕𝑡 = 𝜇𝑑𝑙𝑖𝑑𝑙 ∀𝑑, ∀𝑙 (6)𝑁𝑙𝑇 = 𝑠𝑑𝑙 + 𝑒𝑑𝑙 + 𝑖𝑑𝑙 + 𝑟𝑑𝑙 − 𝑓𝑑𝑙 ∀𝑑, ∀𝑙 (7)𝑠0𝑙 = 𝑆𝑙′, 𝑒0𝑙 = 𝐸𝑙′, 𝑖0𝑙 = 𝐼𝑙′, 𝑟0𝑙 = 𝑅𝑙′, 𝑓0𝑙 = 𝐹𝑙′ ∀𝑙 (8)𝑣𝑑𝑙𝑐 =  𝛼(𝑑−𝑇𝑙),𝑙𝑉(𝑑−𝑇𝑙) ∀𝑑, ∀𝑙 (9)

∑ 𝛼𝑑𝑙𝑙 = 1 ∀𝑑, ∀𝑙 (10)

𝑣𝑑𝑙𝑎 ≤ 𝑚𝑖𝑛(𝑣𝑑−1,𝑙𝑠 , 𝑀𝑙) ∀𝑑, ∀𝑙 (11)𝑛𝑑𝑙𝑣𝑐 = 𝑛(𝑑−1),𝑙𝑣𝑐 + 𝑣𝑑𝑙𝑎 ∀𝑑, ∀𝑙 (12)𝑛𝑑𝑙𝑣𝑐 ≤ 𝑁𝑙𝑇 − 𝑓𝑑𝑙 ∀𝑑, ∀𝑙 (13)𝑣𝑑𝑙𝑠 =  𝜑𝑙𝑣(𝑑−1),𝑙𝑠 + 𝑣𝑑𝑙𝑐 − 𝑣𝑑𝑙𝑎 ∀𝑑, ∀𝑙 (14)𝑣𝑑𝑙𝑠 ≤  𝑉𝑑𝑙𝑠𝑀𝑎𝑥 ∀𝑑, ∀𝑙 (15)𝛽𝑑𝑙 =  𝛽0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝛽0𝑙𝜂𝛽𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (16)𝜎𝑑𝑙 =  𝜎0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝜎0𝑙𝜂𝜎𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (17)



𝛾𝑑𝑙 =  𝛾0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝛾0𝑙𝜂𝛾𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (18)𝜇𝑑𝑙 =  𝜇0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝜇0𝑙𝜂𝜇𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (19)𝜉𝑑𝑙 =  𝜉0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝜉0𝑙𝜂𝜉𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (20)𝛽𝑑𝑙, 𝜎𝑑𝑙 , 𝛾𝑑𝑙, 𝜇𝑑𝑙 , 𝜉𝑑𝑙 , 𝛼𝑑𝑙  ∈ ℝ[0,1]  ∀𝑑, ∀𝑙 (21)𝑣𝑑𝑙𝑐 , 𝑣𝑑𝑙𝑎 , 𝑣𝑑𝑙𝑠 , 𝑛𝑑𝑙𝑣𝑐 , 𝑓𝑑𝑙 , 𝑠𝑑𝑙 , 𝑒𝑑𝑙, 𝑖𝑑𝑙,𝑟𝑑𝑙 ∈  ℤ+ ∀𝑑, ∀𝑙 (22)

𝜂𝑑𝑖𝑠𝑡 𝛽𝑑𝑙

𝛽𝑑𝑙 
𝑇𝑙



𝜀





𝑁𝑙𝑇 = 𝑠𝑑𝑙 + 𝑒𝑑𝑙 + 𝑖𝑑𝑙 + 𝑟𝑑𝑙 − 𝑓𝑑𝑙 ∀𝑑, ∀𝑙 (28)𝑠0𝑙 = 𝑆𝑙′, 𝑒0𝑙 = 𝐸𝑙′, 𝑖0𝑙 = 𝐼𝑙′, 𝑟0𝑙 = 𝑅𝑙′, 𝑓0𝑙 = 𝐹𝑙′    ∀𝑙 (29)

The SEIRS model (Simulation Stage) is governed by a system of ordinary differential equations 

(Equations - ) that are 

𝜂𝑑𝑖𝑠𝑡
𝑑_𝑆𝐼𝑀)

𝑑_𝑆𝐼𝑀 =  ∑ ∑ 𝑓𝑑𝑙𝑙𝑑 (30)

(𝑖̂𝑑𝑙)
𝑚𝑖𝑛 ∑ ∑ 𝑓𝑑𝑙𝑙𝑑 (31)𝑓𝑑𝑙 − 𝑓(𝑑−1),𝑙∆𝑡 = 𝜇𝑑𝑙𝑖̂𝑑𝑙 ∀𝑑, ∀𝑙 (32)

𝑓𝑑𝑙 ≤  𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (33)𝑣𝑑𝑙𝑐 =  𝛼(𝑑−𝑇𝑙),𝑙𝑉(𝑑−𝑇𝑙) ∀𝑑, ∀𝑙 (34)

∑ 𝛼𝑑,𝑙𝑙 = 1 ∀𝑑, ∀𝑙 (35)

𝑣𝑑𝑙𝑎 ≤ min(𝑣𝑑−1,𝑙𝑠 , 𝑀𝑙) ∀𝑑, ∀𝑙 (36)𝑛𝑑𝑙𝑣𝑐 = 𝑛(𝑑−1),𝑙𝑣𝑐 + 𝑣𝑑𝑙𝑎 ∀𝑑, ∀𝑙 (37)𝑛𝑑𝑙𝑣𝑐 ≤ 𝑁𝑙𝑇 − 𝑓𝑑𝑙 ∀𝑑, ∀𝑙 (38)



𝑣𝑑𝑙𝑠 =  𝜑𝑣(𝑑−1),𝑙𝑠 + 𝑣𝑑𝑙𝑐 − 𝑣𝑑𝑙𝑎 ∀𝑑, ∀𝑙 (39)𝑣𝑑𝑙𝑠 ≤  𝑉𝑑𝑙𝑠𝑀𝑎𝑥 ∀𝑑, ∀𝑙 (40)𝛽𝑑𝑙 =  𝛽0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝛽0𝑙𝜂𝛽𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (41)𝜎𝑑𝑙 =  𝜎0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝜎0𝑙𝜂𝜎𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (42)𝛾𝑑𝑙 =  𝛾0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝛾0𝑙𝜂𝛾𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (43)𝜇𝑑𝑙 =  𝜇0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝜇0𝑙𝜂𝜇𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (44)𝜉𝑑𝑙 =  𝜉0𝑙(1 − 𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇) + 𝜉0𝑙𝜂𝜉𝑛𝑑𝑙𝑣𝑐/𝑁𝑙𝑇 ∀𝑑, ∀𝑙 (45)𝜇𝑑𝑙𝑖̂𝑑𝑙 ≤ 𝜇𝑤𝑑𝑙𝑖̂𝑤𝑑𝑙 ∀𝑑, ∀𝑙, ∀𝑤 (46)𝑛𝑑𝑙𝑣𝑐 ∈  ℤ+ ∀𝑑, ∀𝑙 (47)𝛽𝑑𝑙, 𝜎𝑑𝑙 , 𝛾𝑑𝑙, 𝜇𝑑𝑙 , 𝜉𝑑𝑙 , 𝛼𝑑𝑙  ∈ ℝ[0,1]  ∀𝑑, ∀𝑙 (48)

𝑑_𝑂𝑃𝑇
𝑑_𝑂𝑃𝑇 =  ∑ ∑ 𝑓𝑑𝑙𝑙𝑑

(49)

𝜀



𝑑_𝑂𝑃𝑇 − 𝑑_𝑆𝐼𝑀𝑑_𝑆𝐼𝑀 ≤ 𝜀
𝑣𝑑𝑙𝑐

(𝑠𝑑𝑙) 𝑒𝑑𝑙 𝑖̂𝑑𝑙  (𝑟𝑑𝑙 𝑖̂𝑑𝑙

𝛽0𝑙𝜎0𝑙 𝛾0𝑙 𝜇0𝑙 𝜉0𝑙





𝛽0𝑙 𝜎0𝑙 𝛾0𝑙 𝜇0𝑙 𝜉0𝑙

SEIRS-based nonlinear model 

and an iterative solution technique. Although the objective of both models (nonlinear and 

iterative solution technique) is to minimize the number of deaths, immunization plans must also 

consider equity policies. 



The incorporation of equity imposes fairness constraints that restrict the feasible solution set, 

which may redirect doses across regions in ways that do not minimize national deaths. This can 

be interpreted as a price of fairness (Bertsimas; Farias; Trichakis, 2011). Conversely, these 

policies prioritize social objectives by mitigating disparities associated with economic 

conditions, regional development, and inequitable access to health services.

As previously presented in Section 2.2.1, equity in VSC can be addressed either in the objective 

function or through constraints. In this work, we propose two distinct equity policies to be 

incorporated as constraints in the emergency vaccine allocation problem, in both the nonlinear 

model and the iterative solution technique.

𝜓

(∑ 𝑉𝑑 ( 𝑁𝑙𝑇∑ 𝑁𝑙𝑇̅𝑙∈̅𝐿 ) 𝑑 − 𝑣𝑑𝑙𝑐 )
∑ 𝑉𝑑 ( 𝑁𝑙𝑇∑ 𝑁𝑙𝑇̅𝑙∈̅𝐿 ) 𝑑 −  (∑ 𝑉𝑑 ( 𝑁𝑙𝑇̀∑ 𝑁𝑙𝑇̅𝑙∈̅𝐿 ) 𝑑 − 𝑣𝑑𝑙`𝑐 )

∑ 𝑉𝑑 ( 𝑁𝑙𝑇̀∑ 𝑁𝑙𝑇̅𝑙∈̅𝐿 ) 𝑑 ≤   𝜓 ∀(𝑙, 𝑙`) ∈ (𝐿 𝑥 𝐿) (51)

(∑ 𝑉𝑑 ( 𝜃𝑙𝑁𝑙𝑇∑ 𝜃𝑙 ̅𝑁𝑙𝑇̅𝑙∈̅𝐿 ) 𝑑 − 𝑣𝑑𝑙𝑐 )
∑ 𝑉𝑑 ( 𝜃𝑙𝑁𝑙𝑇∑ 𝜃𝑙 ̅𝑁𝑙𝑇̅𝑙∈̅𝐿 ) 𝑑 −  (∑ 𝑉𝑑 ( 𝜃𝑙𝑁𝑙𝑇̀∑ 𝜃𝑙 ̅𝑁𝑙𝑇̅𝑙∈̅𝐿 ) 𝑑 − 𝑣𝑑𝑙`𝑐 )

∑ 𝑉𝑑 ( 𝜃𝑙𝑁𝑙𝑇̀∑ 𝜃𝑙 ̅𝑁𝑙𝑇̅𝑙∈̅𝐿 ) 𝑑 ≤   𝜓 ∀(𝑙, 𝑙`) ∈ (𝐿 𝑥 𝐿) (52)

(𝑣𝑟𝑙𝑟 𝑙



Sets𝐿 Set of locations 𝑙𝑉 Set of routine vaccines 𝑟
Parameters𝑃𝑟𝑙 Population of specific age group in state 𝑙 for each vaccine 𝑟𝐺𝑟 Target vaccination coverage for vaccine 𝑟 (%)𝐻 Planning horizon (days)𝑀𝑟 Number of doses of vaccine 𝑟

Variables𝑣𝑟𝑙𝑟 Number of routine vaccines 𝑟 destinated to location 𝑙

𝑣𝑟𝑙𝑟 =  𝐻 ∗ 𝑀𝑟 ∗ 𝐺𝑟 ∗ 𝑃𝑟𝑙365



(Brandão; Mercer, 1998; Cattaruzza; Absi; Feillet, 2018; Fleischmann, 1990; Şen; Bülbül, 2008)

Sets𝐾 Set of vehicles 𝑘𝐿 Set of locations 𝑙 (𝐿 = 𝐿𝑛𝑜𝑈𝐿𝑜 )𝐿𝑛𝑜 Subset of locations 𝑙 that are not origin𝐿𝑜 Subset of locations 𝑙 that are origin𝑉𝑡 Set of vaccines 𝑣 (emergency and routine vaccines)



𝐽 Set of trips 𝑗𝐿𝑥𝐿 Set of 2 by 2 combination of locations (origin-destination combinations)

Parameters  𝑉𝑣𝑙𝐶 Demand for vaccines type 𝑣 at location 𝑙𝑉𝑣𝑙𝐹 Supply of vaccines type 𝑣 available at location 𝑙𝐶𝑘𝑙𝑙′𝑗 Transportation cost for vehicle 𝑘 for a trip 𝑗 between locations 𝑙 and 𝑙′, regardless of 

the quantity of vaccines transported (R$)𝐶𝑘𝑣 Transportation cost per vaccine 𝑣 (R$)𝑇𝑘𝑙𝑙′ Transportation time for vehicle 𝑘 between locations 𝑙 and 𝑙′ (hours)𝑀𝑘𝐾 Total transport capacity of vehicle 𝑘 𝑀𝑘𝑣𝐾𝑉 Capacity transport for vaccine 𝑣 in vehicle 𝑘𝑄𝑘 Quantity of available vehicles of type 𝑘𝐻𝑘𝐾 Number of hours that vehicle 𝑘 is available to work within the planning horizon (hours)𝐻𝑘𝐽 Maximum operating hours for vehicle 𝑘 during trip 𝑗 (hours)𝐿𝑘𝐾 Origin location of vehicle 𝑘
Variables𝑏𝑗𝑘𝑙𝑙′ Binary variable indicating if vehicle 𝑘 travels from 𝑙 to 𝑙′ on trip 𝑗𝑢𝑣𝑗𝑘𝑙𝑙′ Quantity of vaccines 𝑣 transported by vehicle 𝑘 between locations 𝑙 and 𝑙′ on trip 𝑗𝑦𝑣𝑗𝑘𝑙 Total number of vaccines entering (if positive) or leaving (if negative) a location 𝑙

𝑚𝑖𝑛 ∑ ∑ ∑ 𝑏𝑗𝑘𝑙𝑙′𝐶𝑘𝑙𝑙′𝑗(𝑙,𝑙′)∈𝐿𝑥𝐿𝑘∈𝐾𝑗∈𝐽 +  ∑ ∑ ∑ ∑ 𝑢𝑣𝑗𝑘𝑙𝑙′𝐶𝑘𝑣(𝑙,𝑙′)∈𝐿𝑥𝐿𝑘∈𝐾𝑗∈𝐽𝑣∈𝑉𝑡 (54)

∑ ∑ 𝑦𝑣𝑗𝑘𝑙𝑘∈𝐾𝑗∈𝐽 + 𝑉𝑣𝑙𝐹 =  𝑉𝑣𝑙𝐶 ∀𝑣, ∀𝑙 (55)



𝑦𝑣𝑗𝑘𝑙 =  ∑ 𝑢𝑣𝑗𝑘𝑙′𝑙𝑙′∈𝐿 −  ∑ 𝑢𝑣𝑗𝑘𝑙𝑙′𝑙′∈𝐿 ∀𝑗, ∀, ∀𝑘, ∀𝑙 (56)

𝑦𝑣𝑗𝑘𝑙 ≥ 0 ∀𝑣, ∀𝑗, ∀𝑘, ∀𝑙 ∈ 𝐿𝑛𝑜 (57)

∑ ∑ ∑ 𝑢𝑣𝑗𝑘𝑙𝑙′𝑙′∈𝐿𝑘∈𝐾𝑗∈𝐽 ≤  𝑉𝑣𝑙𝐹 + ∑ ∑ ∑ 𝑢𝑣𝑗𝑘𝑙′𝑙𝑙′∈𝐿𝑘∈𝐾𝑗∈𝐽 ∀𝑣, ∀𝑙 (58)

∑ 𝑢𝑣𝑗𝑘𝑙𝑙′𝑣∈𝑉𝑡 ≤  𝑏𝑗𝑘𝑙𝑙′𝑀𝑘𝐾 ∀𝑗, ∀𝑘, ∀(𝑙, 𝑙′) ∈ 𝐿𝑥𝐿 (59)

∑ 𝑏𝑗𝑘𝑙𝑙′𝑙′∈𝐿 ≤ 1 ∀𝑗, ∀𝑘, ∀𝑙 ∈ 𝐿𝑜 (60)

∑ 𝑏𝑗𝑘𝑙𝑙′𝑙′∈𝐿 =  ∑ 𝑏𝑗𝑘𝑙′𝑙𝑙′∈𝐿 ∀𝑗, ∀𝑘, ∀𝑙 (61)

∑ ∑ 𝑏𝑗𝑘𝑙𝑙′𝑇𝑘𝑙𝑙′(𝑙,𝑙′)∈𝐿𝑥𝐿𝑗∈𝐽 ≤ 𝐻𝑘𝐾 ∀𝑘 (62)

∑ 𝑏𝑗𝑘𝑙𝑙′𝑇𝑘𝑙𝑙′(𝑙,𝑙′)∈𝐿𝑥𝐿 ≤ 𝐻𝑘𝐽 ∀𝑗, ∀𝑘 (63)

𝑏𝑗𝑘𝑙𝑙′ ∈ {0,1} ∀𝑗, ∀𝑘, ∀𝑙 (64)

𝑢𝑣𝑗𝑘𝑙𝑙′ ∈ ℤ+ ∀𝑣, ∀𝑗, ∀𝑘, ∀𝑙 (65)

𝑦𝑣𝑗𝑘𝑙 ∈ ℤ+ ∀𝑣, ∀𝑗, ∀𝑘, ∀𝑙 (66)

𝑗 𝑣

𝑙
𝑙 𝑗 𝑘



𝐿𝑛𝑜𝑣 𝑙 𝑙 𝑘𝑗 𝑗𝑘 𝑙
𝑘

which limits the total duration of each vehicle’s time. 𝑘 𝑗







𝑀𝑟𝐺𝑟 𝑃𝑟𝑙



Vaccine* Doses (𝑀𝑟)*
Vaccination coverage 

target (𝐺𝑟)**
Bacille Calmette-Guérin (BCG) Single dose at birth 90%

Bacterial triple pregnant women (dTpa) Single dose 95%
Diphtheria and tetanus (dT - adult bacterial 

duo) One dose from the age of 7 every 10 years 95%

Diphtheria and tetanus pregnant women (dT) Three doses 95%
Diphtheria, tetanus and pertussis (dtp) One dose at 15 months 95%
Diphtheria, tetanus and pertussis (dtp) 

(booster dose) One dose at 4 years of age 95%

Diphtheria, Tetanus, Whooping Cough, 
Haemophilus influenzae B and Hepatitis B 

(Penta)
Three doses: 2, 4 and 6 months 95%

Hepatitis A One dose at 15 months 95%
Hepatitis B Single dose at birth 95%

Hepatitis B pregnant women Three doses 95%
Measles, mumps, rubella (MMR) One dose at 12 months 95%

Measles, Mumps, Rubella and Chickenpox 
(Viral Tetra) One dose at 15 months 95%

Meningococcal C Two doses: 3 and 5 months 95%
Meningococcal C (booster dose) One dose at 12 months 95%

Papillomavirus Two doses for boys and girls between 9 and 
14 years 95%

Pneumococcal Two doses: 2 and 4 months 95%
Pneumococcal (booster dose) One dose at 12 months 95%

Polio Three doses: 2, 4 and 6 months 95%
Rotavirus Three doses: 1, 2 and 4 months 95%
Varicella One dose at 4 years of age 95%

Yellow fever Single dose at 9 months 95%
Yellow fever (booster dose) One dose at 4 years of age 95%

𝑘 𝑄𝑘𝑘 𝑀𝑘𝐾 𝑘 𝑗 𝑙 𝑙′𝐶𝑘𝑙𝑙′𝑗 𝑘(𝐻𝑘𝐾) 𝑘 𝑗 𝐻𝑘𝐽 𝐻𝑘𝐾 



𝑀𝑘𝐾

CW → RW   RW → LW
Airplane Truck Truck

Quantity of available vehicles of type 𝑘 (𝑄𝑘) 26 10 2
Total transport capacity of vehicle 𝑘 (𝑀𝑘𝐾) 500,000 1,500,000 800,000

Transportation cost (𝐶𝑘𝑙𝑙′𝑗 ) US$1,33 /km US$ 0.95/km US$ 0.95/km
Number of hours that vehicle k is available (hours) (𝐻𝑘𝐾) - 360 360

Maximum travel time (hours) (𝐻𝑘𝐽) - 60 72



𝑃𝑡  𝑡 𝑍𝑡 𝑡 𝑇

𝑀𝐴𝑃𝐸 =  1𝑇 ∑ |(𝑃𝑡 − 𝑍𝑡𝑍𝑡 |𝑇
𝑡=1



Brazil’s Southeast region (Minas Gerais, São 



•

•



•

•



 𝐻𝑘𝐽
𝑀𝑘𝐾 . 

SP → RJ → ES → SP
SP → PR → RS → SC → SP

SP → MG → DF → GO → SP









Belo Horizonte → Manhuaçu → Ponte Nova → Ubá → 
Leopoldina → Juiz de Fora → Barbacena → São João Del Rei → 

Varginha → Pouso Alegre → Alfenas → Divinópolis → Belo 

Belo Horizonte → Divinópolis → Passos → Uberaba → Ituiutaba 
→ Uberlândia → Patos de Minas → Unaí → Pirapora → Sete 

Lagoas → Belo Horizonte
Belo Horizonte → Itabira → Coronel Fabriciano → Governador 
Valadares → Teófilo Otoni → Pedra Azul → Januária → Montes 

Claros → Diamantina → Sete Lagoas → Belo Horizonte

𝑀𝑘𝐾
𝐻𝑘𝐽



𝜓



–





𝐻𝑘𝐽



SP → → RS → → SP
SP → MG → SP

SP → SC → RS → PR → SP
SP → RJ → SP
SP → GO → SP
SP → PR → SP
SP → RJ → SP

SP → MG → SP
SP → → →SP

SP → → DF → → SP







Belo Horizonte → Divinópolis → Uberaba → Ituiutaba → 
Uberlândia → Patos de Minas → Unaí → Januária → 

Pirapora → Sete Lagoas → Belo Horizonte
Belo Horizonte → Itabira → Coronel Fabriciano → 

Manhuaçu → Ponte Nova→ Ubá → Leopoldina → Juiz de 
Fora → Barbacena→ São João Del Rei → Belo Horizonte
Belo Horizonte → Varginha → Pouso Alegre → Alfenas 

→ Passos → Divinópolis → Belo Horizonte
Belo Horizonte → Sete Lagoas → Diamantina → Montes 

Claros → Pedra Azul →Teófilo Otoni → Governador 
Valadares → Coronel Fabriciano → Itabira → Belo 



(𝜓





100.00% of truck capacity, and 9 of the 13 trips operate at high loading levels (≥90% of capacity). 

(𝑀𝑘𝐾)



SP → MG → SP
SP → GO → SP
SP → PR → SP
SP → RJ → SP

SP → GO → DF → MG → SP
SP → PR → RS →SC →SP

SP → MG → SP
SP → RJ → SP

SP → MG → SP
SP → RJ → SP
SP → SC → SP

SP → PR → RS →SC →SP
SP → ES →SP







Belo Horizonte → Manhuaçu → Coronel Fabriciano → 
Governador Valadares→ Teófilo Otoni → Pedra Azul→ Montes 

Claros → Diamantina → Sete Lagoas → Belo Horizonte
Belo Horizonte → Itabira → Diamantina → Montes Claros → 

Januária → Unaí → Pirapora → Sete Lagoas → Belo Horizonte
Belo Horizonte → Sete Lagoas → Patos de Minas → Uberlândia 

→ Ituiutaba → Uberaba → Passos→ Divinópolis → Belo 

Belo Horizonte → Divinópolis → Alfenas → Pouso Alegre → 
Varginha→ São João el Rei → Belo Horizonte

Belo Horizonte → Barbacena → Juiz de Fora → Leopoldina → 
Ubá→ Ponte Nova → Belo Horizonte







SP → SC → RS →PR →SP
SP → MG → SP
SP → RJ → SP

SP → GO → DF → MG → SP
SP → GO → SP

SP → PR → RS →SC →SP
SP → RJ → SP
SP → PR → SP
SP → RJ → SP
SP → SC → SP
SP → PR → SP
SP → MG → SP

SP → MG → DF → GO → SP
SP → MG → SP

SP → ES → MG → SP
SP → RJ → SP

oreover, 14 of the 16 trips operate at high loading levels (≥90% of capacity), including 







Belo Horizonte → Ubá → Leopoldina → Juiz De 
Fora→ Barbacena → São João el Rei→ Belo 

Belo Horizonte → Itabira → Diamantina → Montes 
Claros → Januária → Unaí → Pirapora → Sete 

Lagoas → Belo Horizonte
Belo Horizonte → Divinópolis → Uberaba → 

Ituiutaba → Uberlândia → Patos De Minas → Sete 
Lagoas → Belo Horizonte

Belo Horizonte → Sete Lagoas → Diamantina → 
Montes Claros → Pedra Azul→ Teófilo Otoni → 
Governador Valadares → Coronel Fabriciano → 

Itabira → Belo Horizonte
Belo Horizonte → Varginha → Pouso Alegre → 

Alfenas → Passos → Divinópolis → Belo Horizonte
Belo Horizonte → Itabira → Coronel Fabriciano → 

Manhuaçu → Ponte Nova → Belo Horizonte

𝑀𝑘𝐾
𝐻𝑘𝐽
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