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ABSTRACT

This study presents a simulation-optimization approach for implementing the first stage of a four-stage
optimization framework used to simulate a hypothetically coordinated vaccine market. The study’s overall
goal is to optimally make procurement decisions that result in more affordable vaccines for the buyers and
profitable for their producers. In the initial stage, groups of market segments are assigned to coordinating
entities that will make optimal procurement decisions under tiered pricing and pool procurement mechanisms.
We explore nine different market-to-entity assignment policies through variants of a min-max optimization
problem that mimics assignment policies with varying levels of cooperation among market segments. Our
results show that market segments with low purchasing power can maximize their savings if they procure
together with market segments with higher purchasing power. Additionally, market assignments that result
in coordinating entities serving similar size populations mitigate the profit reduction of transferring savings
to low-income market segments.

1 INTRODUCTION

This study presents a simulation-optimization process to enhance global pediatric vaccine affordability
via a market-agent design. International organizations recognize vaccines as a cost-effective healthcare
intervention with savings that can be 16 times higher than the costs of treating preventable illnesses (Gavi
2018; Ozawa et al. 2016). However, 19.5 million children worldwide still do not have access to routine
immunizations (World Health Organization 2019). We hypothesize that pediatric vaccine access is partially
affected by the lack of coordination in the global vaccine market among buyers and the asymmetric power
relationship between buyers and large vaccine producers (Proano et al. 2012; Mosquera 2016; Alves-Maciel
and Proano 2021). Currently, countries can procure vaccines on their own or through pooled procurement
mechanisms. Examples of such pooling include the Pan American Health Organization (PAHO) Revolving
Fund, or low-income countries that buy vaccines at UNICEF’s prices with Gavi’s financial support (The
World Bank and the GAVI Alliance 2010a). In this study, pooled procurement agents are referred to as
”coordinating entities” who make procurement decisions to benefit the buyers and the vaccine producers.

This paper complements a preliminary study where we determined that cooperation among coordinating
entities increases both affordability and profits for the global vaccine market (Alves-Maciel and Proano
2021). However, fewer coordinating entities in the global market increase aggregate affordability of target
low-income countries at the expense of profits for vaccine producers. The previous study simulates the global
vaccine market as a system in which multiple coordinating entities sequentially make optimal procurement
decisions for groups of countries without cooperating with other entities. The countries of each entity are
also divided into different market segments based on their GNI per capita. Optimal decisions are determined
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via a three-stage optimization process iteratively applied to each entity. ”Stage 1” maximizes total social
surplus (total welfare) by determining which vaccines each of the defined coordinating entities buys and
in which quantities. ”Stage 2” and ”Stage 3” use the resulting procuring quantities to determine a range
of prices per vaccine that maintains the optimal total social surplus of ”Stage 1” (Proano et al. 2012).
Countries in the vaccine market were organized into market segments for pricing purposes in a tiered
pricing scheme (The World Bank and the GAVI Alliance 2010b). Alves-Maciel and Proano (2021) studied
the effect of procurement cooperation in the vaccine market (i.e., the number of independent coordinating
entities) on savings and profits. For assigning market segments to each coordinating entity, market segments
were ranked based on the average GNI per capita of their countries, then greedily assigned to coordinating
entities so that each entity has the same number of market segments.

In this study, we evaluate the effect on affordability and profits of using nine proposed policies on
assigning market segments to coordinating entities on the same simulated global vaccine market. We use
streams of randomized data as inputs for our optimization-simulation process to determine the optimal
assignment of market segments into coordinating entities and then feed those entities into the same three-
stage approach of Alves-Maciel and Proano (2021) to determine savings and profits at the market segment
level. The proposed strategy is equivalent to adding a preliminary optimization stage, ”Stage 0”, for
assigning market segments to coordinating entities, to the three-stage approached tested in our previous
study. A general max-min optimization approach is used to generate eight different optimization problem
representations for ”Stage 0”, depending on the market assignment policy being simulated. Table 1 describes
the policy selected for comparison. It should be stressed that during the simulation, each coordinating
entity goes through all four stages before the next coordinating entity starts its negotiation. We assume
that coordinating entities representing market segments with higher GNI per capita negotiate first (i.e., the
sum of the GNI per capita of the market segments assigned to each coordinating entity determines the
negotiation order).

Section 2 briefly explores the existing literature of assignment problems for group buying both in
the context of simulation or pure optimization. Section 3 explains the simulation process, including
mathematical modeling used in the distribution of market segments to coordinating entities and the metrics
of interest collected at each iteration of the simulation. Section 4 summarizes experimental results and
their implications. Section 5 offers concluding remarks.

2 LITERATURE REVIEW

The literature on assignment problems is extensive (Lau et al. 2016; DeSarbo and Grisaffe 1998; Milne et al.
2018). However, the literature that links assignment problems with group-buying in a simulated market is
still limited. Bertsimas et al. (2011) explores how fairness in the coordinated allocation of resources among
multiple stakeholders, with their own utility functions, compares to an allocation with an optimal social
surplus. The paper maximizes the minimum utility of resource allocation for each stakeholder while still
guaranteeing a certain level of overall utility. The study proposes that the solution with the highest overall
utility might not be the fairest. For our case, this implies that allocating market segments to coordinating
entities should consider the overall system performance and the impact on the different market segments
and the producers. Salles and Barria (2008) upholds this assertion. However, contrast is offered by Şen
and Çınar (2010), who offers a way to explore a range of performances, rather than considering optimizing
fairness as maximizing the minimum utility among stakeholders. However, Şen and Çınar (2010) also
incorporates allocation criteria into the process by incorporating weights in a prior stage to the max-min
solution, which then determines the actual allocation. This approach shows a single objective function
formulation generating a value that can be used regardless of the chosen criteria, which only affect the
value of parameters.

Specific to simulation, there is a rich coalition-forming literature that can focus both on buyers or sellers.
A common assumption is that there exists a leader forming the coalition, for whom utility is maximized
(Yu et al. 2015; Boongasame et al. 2012; Ray and Vohra 1997; Chen and Sun 2011). This assumption
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Table 1: Simulated sorting criteria for determining which market segments are assigned to each coordinating
entity.

Scenario ID Scenario
Name

Description of the criteria associated with the simulated scenario

O1 Benchmark Markets are ranked by the average GNI of their countries and are greedily
assigned to the entities, so that each entity coordinates an equal number
of markets

O2 Equalize
RP

Markets are assigned to entities so that the potential dollar value per dose
coordinated by each entity is as close as possible to that of each of the
other entities

O3 Equalize
Population

Markets are assigned to entities so that the number of children cared for
by a given entity is as close as possible to the number in any other entity.

O4 Strong
LICs

Markets are assigned to entities so that the potential dollar value per
dose of the markets coordinated by entities with at least one low-income
country (LIC) is as high as possible.

O5 Big LICs Markets are assigned to entities so that the aggregated children population
for entities with at least one LIC is as high as possible.

O6 Isolated
HICs

Markets are assigned to entities so that the dollar value per dose of the
markets coordinated by entities with at least one LIC is as high as possible,
without including any high-income countries (HICs) in that same entity.

O7 Closed
HICs

Markets are assigned to entities so that the children population under
entities with at least one LIC market is as high as possible without
including the population of markets with HICs in that same entity.

O8 Strong
HICs

Markets are assigned to entities so that the potential dollar value of
the markets coordinated by entities with at least one HIC is as high as
possible.

O9 Big HICs Markets are assigned to entities so that children population for entities
with at least one HIC is as high as possible.

does not apply when the leader forming the coalition is an independent organization outside of buyers or
sellers and tries to maximize total social surplus (i.e., a coordinating entity). This gap in the literature
widens when the independent entity explores different criteria in forming such coalitions in a group-buying
procedure. Simulation studies on coalition forming in the global vaccine market are currently non-existent.
This creates both methodological and application opportunities for this study.

3 METHODOLOGY

3.1 Simulation Overview

At the start of the simulation process, we decide on a sorting policy from Table 1 so that ”Stage 0” can
assign market segments to coordinating entities. This means that there are nine scenarios to be simulated.
For each scenario, we generate 50 instances of data randomizing the reservation prices between 90% and
110% of their base values (i.e., the maximum prices each market segment is willing to pay for a dose of
each available vaccine is different for each instance). Thus, the total amount spent in each instance of the
simulated negotiation (i.e., the market value) is different.
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Our fixed experimental setup consists of: (1) 194 countries grouped into 12 market segments based on
their income per capita; (2) 4 non-cooperating coordinating entities procuring vaccines sequentially; (3)
14 vaccine producers offering; and (4) 52 vaccine products. By calculating the average GNI per capita of
the countries in the 12 market segments and applying the classification used by The World Bank (2017),
markets 1 to 3 are considered high-income, 4-6 are considered upper-middle-income, 7-9 are considered
lower-middle-income, and 10-12 are considered low-income. The baseline reservation prices for each
vaccine in a market were estimated based on the procedure proposed by Mosquera (2016). The sequence
in which coordinating entities negotiate depends on the sum of the GNI per capita of its assigned market
segments. The one with the highest sum of GNI per capita negotiates first, whereas the one with the lowest
GNI per capita negotiates last (DeSarbo and Grisaffe 1998; Alves-Maciel and Proano 2021).

The simulation process flows as shown in Algorithm 1. The formulation of ”Stages 1, 2, and 3” are
omitted from this manuscript but can be found in Alves-Maciel and Proano (2021).

The simulation process flows thusly: (1) 50 instances of data are generated; (2) One of the scenarios
shown in Table 1 is chosen for comparison; (3) ”Stage 0” is solved for one of the randomized instances;
(4) the first coordinating entity resulting from solving ”Stage 0” is then used as input to solve ”Stage 1”,
determining which vaccines should be produced, and how much of each should be bought by each market
segment represented by that coordinating entity; (5) We solve ”Stages 2 and 3” for the same coordinating
entity to determine the range of prices that maximize surplus for the procurement quantities resulting from
”Stage 1”; (6) For coordinating entities 2 to 4, repeat steps 4 and 5; (7) Calculate performance metrics for
the data instance being used; (8) For randomized data instances 2 to 49, repeat steps 3 to 7; (9) Repeat
steps 2 to 8 for the remaining scenarios; (10) compare overall results in each scenario. The formulation
of ”Stages 1, 2, and 3” are omitted from this manuscript due to space constraints but can be found in
Alves-Maciel and Proano (2021).

Algorithm 1 Simulation Flow
1: Generate instances of data randomizing Rbm between 90%-110% of base value ∀b ∈ B, m ∈M.
2: for s ∈ Scenario list do
3: for n ∈ Set of instances do
4: Solve ”Stage 0” to define the assignment of market segments to coordinating entities.
5: for e ∈ Coordinated entities, ordered by sum of the market GNIs do
6: Solve Stage 1 for coordinating entity e, defining Xbm and gb ∀b ∈ B, m ∈M.
7: Using Xbm and gb ∀b ∈ B, m ∈M, solve Stage 2 for coordinating entity e.
8: Using Xbm and gb ∀b ∈ B, m ∈M, solve Stage 3 for coordinating entity e.
9: Calculate performance metrics for instance n.

10: Compute descriptive statistics for scenario s.
11: Compare results across all scenarios.

The performance of the simulated instances for each of the problem representations for ”Stage 0” is
summarized via the metrics described in Table 2 using the notation introduced in Section 3.2. These metrics
are expressed relative to the total dollar value of the vaccine market.

3.2 Notation

The formulation for ”Stage 0” is represented as a family of max-min problems whose constraints change
depending on the problem criteria listed in Table 1, except for the benchmark O1. To describe these problem
formulations, we rely on the following notation:

Sets:
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Table 2: Metrics used to compare the proposed scenarios.

Metric Description Expression

Customer Sur-
plus (CS)

Difference between reservation prices for a dose
of vaccine and the lower bound of prices defined
in ”Stage 2”.

(Rbm−Ybm)Xbm

Revenue (P) Upper bound of prices defined in ”Stage 3” times
the number of doses bought.

XbmYbm

Market Value
(MV )

Total monetary value in the vaccine market. Sum
of all customer savings and all profit across all
market segments and coordinating entities, for all
vaccines. Costs of vaccines being produced are
subtracted from the revenue to represent profits.

∑
e∈E

∑
b∈B

∑
m∈M

CS+(P−Cbgb)

Total Social
Surplus (T SS)

An aggregate indicator of the savings obtained
by all countries relative to the prices they were
willing to pay and the profits obtained by all vaccine
producers.

(
∑

m∈M
∑

b∈B
RbmXbm−Cbgb

)

B: set of vaccines
M: set of market segments
E: set of coordinating entities, ordered based on descending average GNI per capita of the represented

market segments

Parameters:

Rbm: Reservation price of vaccine b ∈ B for countries in market segment m ∈M (i.e., maximum price
per dose that market m ∈M is willing to pay for vaccine b ∈ B)

lm: Average birth cohort per year of countries in market m ∈M
Cb: Annualized R&D and production fixed cost necessary to produce vaccine b ∈ B, considering a

desired rate of return
gnim: Average gross national income (GNI) per capita among countries in market m ∈M

GL: Income threshold per capita under which countries in a market segment are considered low-income
countries

GH : Income threshold per per capita above which countries are considered high-income countries
F : Large constant

Variables:

K: lower bound used in the characterization of the max-min criteria described in Table 1. The values
and units taken by this variable are a function of integrating the constraints (5) to (10) to characterize
the different ”Stage 0” assignment problems.

Zem: Binary variable taking a value of 1 if market m ∈M is assigned to entity e ∈ E, or 0 otherwise
Xbm: Number of vaccine doses of vaccine b ∈ B to be purchased by country m ∈M. Decision variable

for ”Stage 1”
gb: Binary variable indicating whether b ∈ B is being produced or not. Decision variable for ”Stage 1”

Ybm: Price paid for vaccine b ∈ B in country m ∈M. Decision variable for ”Stage 2” and ”Stage 3”
se: Auxiliary binary variable indicating whether entity e ∈ E serves at least one low-income market

segment for problems O4, O5, O6 and O7, or high-income for problems O8 and O9.
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3.3 Stage 0

The objective (1) and constraints (2), (3), and (4) are common to all ”Stage 0” problem representations.The
remaining constraints will be added to the model depending on the assignment policy. The objective
function (1) maximizes the lower bound K. Restriction (2) guarantees that at least a country is assigned to
each entity. Restriction (3) enforces that each market segment is assigned to exactly one entity. Restriction
(4) ensures that coordinating entities maintain a negotiation order based on a decreasing GNI per capita.

To represent problem O2, inequality (5) is added to the core model (expressions (1) to (4)). The added
constraint makes K the lower bound on the highest total prices per dose that market segments assigned to
any entity are willing to pay. Similarly, problem O3 is characterized by adding restriction (6) to the core
model ((1) to (4)). The added constraint makes K the lower bond of the population served by any entity.

To represent problem O4, (7), (11) and (12) are added to the core model making K represents the lower
bound on the highest total reservation prices of entities that coordinate at least one low-income market.

To characterize problem O5, (8), (11) and (12) are added to the core model to make K the lower bound
on the population served by the coordinating entities that support at least one market with low-income
countries.

For characterizing problem O6, we integrate constraints (9), (11) and (12) to the core model to make K the
lower bound on the total reservation prices of the entities with at least one market with low-income countries,
excluding entities with high-income markets. Problem O7 is similar but considering the population, and
requires (10), (11) and (12) to be used in conjunction with the core model.

Problems O8 and O9 require, respectively, (7), (13) and (14), and (8), (13) and (14) to be used together
with the core model. They function as O4 and O5, but for high-income countries.

Restrictions (11) and (12) force the binary variable se to be 0 if no low-income countries are assigned
to a coordinating entity e. Restrictions (13) and (14) force the binary variable se to be 0 if no high-income
markets are assigned to the coordinating entity e.
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max
K

K (1)

s.t. ∑
m∈M

Zem ≥ 1 ∀ e ∈ E (2)

∑
e∈E

Zem = 1 ∀ m ∈M (3)

∑
m∈M

∑
b∈B

Zemgnim ≤ ∑
m∈M

∑
b∈B

gnimZ(e−1)m ∀ e ∈ 2..||E|| (4)

K ≤ ∑
m∈M

∑
b∈B

ZemRbm ∀ e ∈ E (5)

K ≤ ∑
m∈M

Zemlm ∀ e ∈ E (6)

K ≤ se

(
∑

m∈M
∑
b∈B

ZemRbm

)
+(1− se)F ∀ e ∈ E (7)

K ≤ se

(
∑

m∈M
Zemlm

)
+(1− se)F ∀ e ∈ E (8)

K ≤ se

(
∑

m∈M:gnim≤GH

∑
b∈B

ZemRbm

)
+(1− se)F∀ e ∈ E (9)

K ≤ se

(
∑

m∈M:gnim≤GH

Zemlm

)
+(1− se)F ∀ e ∈ E (10)

∑
m∈M:gnim≤GL

Zem ≥ 1−||M||(1− se) ∀ e ∈ E (11)

0≥ ∑
m∈M:gnim≤GL

Zem−||M||se ∀ e ∈ E (12)

∑
m∈M:gnim≥GH

Zem ≥ 1−||M||(1− se) ∀ e ∈ E (13)

0≥ ∑
m∈M:gnim≥GH

Zem−||M||se ∀ e ∈ E (14)

4 RESULTS

4.1 Outputs

The simulation generates visible patterns in the resulting assignments for specific criteria, as shown in Figure
1. O3 groups all low-income markets with the high-income markets in Entity 1 (the one that negotiates
first). When high-income markets are excluded in O5 and O6, all market segments except high-income
ones are joined together in a coordinating entity. However, the sum of the prices that those market segments
are willing to pay is still smaller than that of individual high-income market segments, justifying why they
negotiate first. As the same distribution is observed in O5 and O6, the results of O5 have been omitted
from subsequent figures.

Figure 2 shows T SS
MV , TCS

MV and T PF
MV (i.e., ∑

m∈M
∑

b∈B
T P−Cbgb) with an overall view of the system. Figure

3 shows the same for low-income market segments (i.e., markets 10, 11, 12), as the focus of our research
is on this group. Figure 4 shows the aggregate customer surplus and revenue for market segments 4, 5, 6
(those classified as upper-middle-income in the World Bank classification), since the results are the most
relevant for our analysis. Results specific for high-income and lower-middle-income market segments were
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Figure 1: Assignment of market segments (columns) into coordinating entities (colors) depending on the
criteria used (lines).

omitted, but are provided in the repository referenced in Appendix A. The solid lines in Figures 2 to 3
show the performance for benchmark market-to-entity assignment.
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Figure 2: Comparison between T SS
MV , TCS

MV , and T PF
MV across different criteria.



Alves Maciel and Proano

Figure 3: Comparison of customer surplus and revenue across different criteria for low-income market
segments (LIC).

Figure 4: Comparison of customer surplus and revenue across different criteria for upper-middle-income
market segments (UMIC).
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4.2 Discussion

As shown in Figure 2, all proposed criteria perform better than the benchmark scenario in terms of overall
total social surplus but worse in customer surplus. However, Figure 3 shows that the overall savings
specific to low-income countries also improve in all considered scenarios. However, when looking at the
overall customer surplus in Figure 2, we see a decrease in performance instead. The decrease in overall
customer surplus derives mainly from upper-middle-income countries, as seen in Figure 4. The same figures
also show that sales to low-income countries are also responsible for the increase in profitability. As the
improvement in profit for vaccine producers is greater than the decrease in savings, the resulting surplus
is positive, as shown in Figure 2.

5 CONCLUSION

The trends seen in section 4 suggest that low-income countries benefit from negotiating in conjunction
with higher-income countries. Savings for low-income countries are improved, while upper-middle-income
countries worsen. This arrangement is also beneficial to vaccine producers. This means that any of the
proposed criteria can be used to mitigate the diminished profits seen in previous experiments when not
all entities in the vaccine market cooperate. Those results also suggest that coordinating entities such as
Gavi limiting their services to low-income countries might induce further savings to target low-income
markets if some higher-income countries were included in their pool procurement efforts. The increase in
profits might be an incentive for producers to join the coordinated market. The additional access of supply
can result in lower-price per dose for UMIC and HIC than if these markets procure on their own. Even
if high-income countries cannot be convinced to participate, scenarios O6 and O7 show that affordability
and profits can still improve as long as upper-middle-income countries cooperate. To minimize the impact
on upper-middle-income countries, criteria O3 (equalizing the population across different coordinating
entities) can be implemented to offer improvements to low-income countries and vaccine producers.
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A APPENDICES

Additional figures and the generated data can be found in the repository https://github.com/ba8641/
WinterSimulation2021.git. The manuscript for the unpublished Alves-Maciel and Proano (2021) can
be found there as well.
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