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Abstract

Annual influenza outbreaks incur great expenses in both human and monetary terms, and
billions of dollars are being allocated for influenza pandemic preparedness in an attempt
to avert even greater potential losses. Vaccination is a primary weapon for fighting in-
fluenza outbreaks. The influenza vaccine supply chain has characteristics that resemble the
Newsvendor problem, but possesses several characteristics that distinguish it from many
other supply chains. Differences include a nonlinear value of sales (caused by the nonlinear
health benefits of vaccination that are due to infection dynamics) and vaccine production
yield issues. In this thesis we present two models in the interface of operations and supply
chain management and public health policy.

In the first model, we focus on a supply chain with a government and a manufacturer.
We show that production risks, taken currently by the vaccine manufacturer, lead to an
insufficient supply of vaccine. Several supply contracts that coordinate buyer (governmental
public health service) and supplier (vaccine manufacturer) incentives in many other industrial
supply chains can not fully coordinate the influenza vaccine supply chain. We design a variant
of the cost sharing contract and show that it provides incentives to both parties so that the
supply chain achieves global optimization and hence improves the supply of vaccines.

In the second mode, we consider the influenza vaccine supply chain with multiple coun-
tries. Each government purchases and administers vaccines in order to achieve an efficient
cost-benefit tradeoff. Typically different countries have different economics sensitivities to
public outcomes of infection and vaccination. It turns out that the initiating country, while
having a significant role in the spread of the disease, does not receive enough vaccine stock-
piles. Our model indicates that lack of coordination results in vaccine shortfalls in the most
needed countries and vaccine excess in the regions where are not as effective, if the govern-
ments in the model act rationally. We show the role of contracts to modify monetary flows
that purchase vaccination programs, and therefore modify infectious disease flows.

Thesis Supervisor: David Simchi-Levi
Title: Professor
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Chapter 1

Introduction

1.1 Influenza: Overview, Control and Operational Chal-

lenges

Influenza is an acute respiratory illness that spreads rapidly in seasonal epidemics. Annually
influenza outbreaks result in 250,000 to 500,000 deaths around the globe. The World Health
Organization (WHO, 2005) reports that the costs of health care, lost days of work and edu-
cation, and social disruption are between $1 million and $6 million per 100,000 inhabitants
yearly in industrialized countries. A moderate, new influenza pandemic could increase those
losses by an order of magnitude. The World Bank (Brahmbhatt, 2005) reports that the
present value of the economic losses associated a global pandemic can be up to $200 billion
for the US and $550 billion dollars for all high income counties (in 2004 dollars). This es-
timate excludes the outcomes for developing countries where health systems are much less
developed and mortality could be much higher.

This thesis provides background about influenza and vaccination, a key tool for con-
trolling influenza outbreaks, then highlights some operational challenges for delivering those
vaccines. Specifically we look at two different challenges which happen throughout this value
chain.

One challenge is the design of contracts to coordinate the incentives of actors in a supply

chain that crosses the boundary between the public sector (health care service systems) and
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private sector (vaccine manufacturers).

Some experts suggest the U.S. government should promise to purchase a fixed
amount of flu vaccine—despite the cost and the likelihood that some of the money
“would end up being wasted. Canada, for instance, has contracts with vaccine
makers to cover most of its population. ... That takes much of the risk out of the
company’s business, but still lets it manufacture additional doses for the private

market... (Wysocki and Lueck, 2006)

I recently met with leaders of the vaccine industry. They assured me that they
will work with the federal government to expand the vaccine industry, so that our
country is better prepared for any pandemic. ... I'm requesting a total of $7.1

billion in emergency funding from the United States Congress... (Bush, 2005)

We then present a model of a government’s decision of purchase quantities of vaccines, which
balances the public health benefits of vaccination and the cost of procuring and administering
those vaccines, and a manufacturer’s choice of production volume. We characterize the
optimal decisions of each in both selfish and system-oriented play, then assess whether several
contracts can align their incentives. Due to special features of the influenza value chain,
wholesale price and pay back contracts are shown to be unable to fully coordinate decisions.
We conclude by demonstrating a variation of a cost sharing contract that can coordinate
incentives, improve public health cost-benefit outcomes, increase manufacturer revenues,
and increase vaccine production volumes. The Appendices in an Online Companion provide
mathematical proofs for the analytical results that are given below.

Another challenge is the design of contracts to coordinate the incentives of multiple gov-
ernments in the influenza vaccine value chain. One of the main reasons for such misaligned
incentives is that different countries have different economic sensitivities to influenza in-
fection which result in different objectives and hence in different decisions made by their
governments. For instance, most of the vaccine stockpiles are allocated to wealthier and
developed countries, such as the US or western European countries, due to high economic

costs of infection. On the other hand, the influenza epidemic typically starts from regions
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in Southeast Asia which have a significant impact on the spread of the disease. However,
countries in this region are typically developing nations which are less able to afford vaccine
stockpiles to prevent an outbreak. We show that such an allocation of vaccines to different
countries is suboptimal from a central planner point of view. We then propose international
agreements that can achieve optimal vaccine allocation to different countries and hence can
greatly reduce the spread of the disease or even contain the epidemic right at the onset of
first infections.

Although the current influenza vaccine allocation might seem to benefit the richer coun-
tries, it can create international concerns such as the global spread of the disease. Since
2007, Indonesia stopped its voluntary sharing of the strains for human cases of the Avian
Flu to the World Health Organization (WHO), since they would not receive the benefit of
the vaccines produced from their samples and they couldn’t afford to buy the vaccines on

their budget. They said:

What’s in it for us? We share virus samples, and pharmaceutical companies make
vaccines from them that primarily benefit rich countries. Without better access

to vaccine, why should we share virus samples? (Garrett and Fidler, 2007)

Some more developed countries also agree on this perspective. Australia’s Health Minister
Tony Abbott said:

Obviously it is easier for countries like Australia and Britain and America to
purchase vaccines than it is for poorer countries, such as Indonesia. I think it is
important that we work out fair international arrangements for ensuring that we
don’t have a situation where some countries get the disease and others get the

vaccines. (Asian Economic News, 2007)

To address this concern, some countries have set forth initiatives to ensure that regions
that are the source of infection receive guaranteed vaccine stockpiles. Garrett and Fidler
(2007) offer a novel proposal to overcome the virus sharing impasse. They propose that
updated supplies of about 500 million doses of vaccine together with antiviral medicines,

protective masks, etc. be stockpiled in Hong Kong every year. They have selected Hong
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Kong since it has shown ‘absolute transparency regarding disease emergences going back
several decades’. Also Hong Kong is a dynamic center of virus research and it sits in the
middle of the region that has been the source of the bulk of all flu strains known to have
emerged over the last three decades.

We present a model of multiple governments’ decisions of purchasing quantities of vac-
cines, whose optimal solution balances the public health benefits of vaccination and the cost
of procuring and administering those vaccines. We characterize the optimal decisions of each
of the countries with a game theory model in both selfish and system-oriented play. In the
selfish model, countries store vaccine stockpiles considering only their own benefit. In the
system-oriented setting, we assume a central planner, such as the WHO, allocates vaccine
stockpiles to the countries minimizing the overall financial and health-related costs of the
disease. It turns out that, not surprisingly, there are discrepancies between order quantities
under those two settings. The central planner requires more vaccines for the initiating coun-
tries, which have significant impact on the spread of the disease, and less for others. Such
a vaccine allocation increases the probability of containing the epidemic right at the onset.
We then assess whether there is a contract that can align incentives of all the governments
in order to ensure enough volume of vaccines at the right locations and respond affirmatively

in certain conditions.

1.1.1 Influenza and Influenza Transmission

Influenza is characterized by fever, chills, cough, sore throat, headache, muscle aches and
loss of appetite. It is most often a mild viral infection transmitted by respiratory secre-
tions through sneezing or coughing. Complications of influenza include pneumonia due to
secondary bacterial infection, which is more common in children and the elderly (e.g., see
http://www.cdc.gov/flu or Janeway et al. 2001). Martone (2000) puts pneumonia and
influenza together as the sixth most common cause of death in the US.

The various strains of influenza experience slight mutations in their genome through
time (antigenic drift). This allows for annual outbreaks, as previously acquired adaptive

immunity may not cover emerging strains. Every few decades, a highly virulent strain may
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emerge that causes a global pandemic with high mortality. This may be caused by a larger
genomic mutation (antigenic shift), if the novel reassorted viral strain has a high case fatality
coupled with high human-to-human transmissibility.

The three pandemics that occurred in the twentieth century came from strains of avian
flu. The “Spanish flu” (HIN1) of 1918 killed 20-40 million people worldwide (WHO, 2005),
far more than died in World War I. Milder pandemics occurred in 1957 (H2N2) and 1968
(H3N2). The first killed around 70,000 Americans; the second around 35,000. The H5N1
virus is the most likely potential culprit for a future pandemic (http://www.who.int/csr/

disease/influenza/).

1.1.2 Vaccination as a Control Tool

Vaccines can reduce the risk of infection to exposed individuals that are susceptible to
infection (vaccine effect on susceptibility), and can reduce the probability of transmission
from a vaccinated individual that is infected with influenza (vaccine effect on infection)
(Longini et al., 1978, 2000; Smith et al., 1984). In a single homogenous population, vaccines
act on the basic reproduction number, Ry, the mean number of new infections from a single
infected in an otherwise susceptible population (Dietz, 1993). Colloquially, if Ry can be
reduced below 1, then the dynamics of a large outbreak can be averted. Let f’ be the so-
called critical vaccination fraction, the minimum fraction of the population to vaccinate to
reduce the reproduction number to 1 when a single infected is introduced to an otherwise
susceptible population. Appendix A of the Online Companion provides precise definitions
for these terms. In a model with multiple populations similar concepts govern. We define
R;; to be the expected number of secondary infections in unvaccinated people in population
i resulting from a single randomly selected unvaccinated infectious person in population j.
The potential for an outbreak is determined by the dominant eigenvalue of the matrix of R;;
values (Hill and Longini, 2003).

Vaccination is seen as a principal means of preventing influenza. Although vaccination
policies may vary from country to country, particular attention is typically paid to those

aged 65 or more, health care workers, and those with certain risk factors (WHO, 2005).
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Vaccination can be complemented with antiviral therapy.

Germann et al. (2006) argue that even if flu vaccine is poorly matched to the circulat-
ing strains, it can still drastically slow the spread of the disease or even contain a global
pandemic. Not only effective, vaccination is also cost effective. Nichol et al. (1994) found
that immunization in the elderly saved $117/person in medical costs. Weycker et al. (2005)
argue for the systematic vaccination of children, not only the elderly, as a means to obtain

a significant population-wide benefit for vaccination.

1.1.3 Operational Challenges in the Influenza Vaccine Supply Chain

Gerdil (2003) overviews the highly challenging and time-constrained vaccine production and
delivery process. We focus on the predominant method, inactivated virus vaccine production.
For the northern hemisphere, the WHO analyzes global surveillance data and in February
announces the selection of three virus strains for the fall vaccination program. Samples
of the strains are provided to manufacturers. High-volume production of vaccine for each
of the three strains then proceeds separately. Production takes place in eleven day old
embryonated eggs, so the number of eggs needed must be anticipated well in advance of the
production cycle. Blending and clinical trials begin in May-June. Filling and packaging occur
in July and August. Governmental certification may be required at various steps for different
countries. Shipping occurs in September for vaccination in October-November. Immunity
is conferred two weeks after vaccination. The southern hemisphere uses a separate 6-month
cycle. Within two 6-month production cycles, almost 250 million doses are delivered to over
100 countries per year. Saluzzo and Lacroix-Gerdil (2006) provide additional information,
particularly with respect to avian flu preparedness. Figure 1-1 provides a graphic summary.
There are several key operational challenges that are presented by the influenza vaccine value
chain.

A challenge at the start of the value chain is antigenic drift, which requires that influenza
vaccines be reformulated each year. Influenza vaccines are one-time Newsvendor products,
as opposed to all other vaccines, which closely resemble (perishable) EOQ-type products.

Not only are production volumes hard to predict, but the selection of the target strains is a
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Figure 1-1: Influenza vaccine time line.

challenge. Wu et al. (2005) develop an optimization model of antigenic changes. Their results
suggest that the current selection policy is reasonably effective. They also identify heuristic
policies that may improve the selection process. Kornish and Keeney (2006) consider the
strain selection’s timing issue by considering the uncertainty in the vaccine production. They
look at the dynamic strain selection problem with alternatives that commit to one of the
several flu strains now and an alternative to defer the decision in order to gather more
information. They describe the optimal strategies for such a commit-or-defer decision.
Another challenge occurs toward the end of the value chain, after vaccines are produced.
That involves the allocation of vaccines to various subpopulations, and the logistics of tran-
shipment to insure appropriate delivery. Brandeau et al. (2003) argue that the traditional
cost-effectiveness analysis is not an effective tool when considering epidemic control problems
due to highly nonlinear cost functions. They combine epidemic modeling with optimization
methods to determine the optimal allocation of a limited resource for epidemic control. They
show that either of the objectives of minimizing total number of newly infected individuals
or maximizing quality-adjusted life years (QALY), are neither convex nor concave in general.
Under some conditions of the epidemic model parameters where these functions become ei-
ther convex or concave, they characterize the optimal decisions. For all other cases, some

general properties of the optimal policies are derived. Hill and Longini (2003) describe a

19



mathematical model to optimally allocate vaccines to several subpopulations with poten-
tially heterogeneously mixing individuals. Weycker et al. (2005) use a different, stochastic
simulation model to illustrate the benefits of vaccinating certain subpopulations (children).
Those articles do not discuss the logistics of delivery. Yadav and Williams (2005) propose
an information clearinghouse for vaccine supply and demand to provide a market overview
and to help to eliminate the gaming of orders and price gouging. They also propose the use
of demand forecasting tools, and regional vaccine redistribution pools to shift supplies from
areas with surpluses to areas experiencing shortages. Alternative production technologies,
such as attenuated live-virus vaccines, may be one way to improve reactivity and reduce the
dependence upon forecasts.

This thesis is concerned with two challenges in the middle of the value chain: (1) the
design of contracts that align manufacturer choices for production volume and the need for
profitability, and governmental choices that balance the costs and public health benefits
of vaccination programs, and (2) the design of contracts that align different governmental
choices that balance the costs and public health benefits with different priorities. Special
characteristics of the influenza vaccine supply chain that differentiate it from many other
supply chains include a nonlinear value of a sale (the value of averting an infection by vacci-
nation depends upon nonlinear infection dynamics), and a dependence of production yields
on the virus strains that are selected for the vaccine. In a different stream of work, Sun et al.
(2007) look at a model to allocate a fixed volume of drugs to multiple countries, which is
similar to the second point above. They consider the resulting game between countries and
compare it to the optimal solution of a central planner. Our model differs from Sun et al.
(2007) work in several ways. First and foremost, we focus on contractual agreements between
governments to achieve the global optimum solution. There is also a fundamental difference
in the epidemic models. Sun et al. (2007) use a multivariate Reed-Frost model to represent
the infection dynamics by looking at the first two stages of the disease development. This
two-period approach, under some conditions, allows for a supermodular game with some
convexity-like properties of the objective functions. In this thesis, however, we use the stan-
dard SIR compartmental model (Longini et al., 1978) combined with the next generation
matrix method (Hill and Longini, 2003) to model the spread of the epidemic. This way we
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are able to model the entire epidemic season and compute the final outcome of the disease.
With such an infection model, the cost functions turn out to be neither convex nor concave.
The game between countries are also neither submodular nor supermodular.

Current production technology for inactivated virus vaccines, market forces, and business
practices also combine to limit the ability to stockpile vaccines, limit production capacity, and
slow the ability to respond to outbreaks. Governmental and industry partnerships may help
to improve responsiveness (U.S. GAO, 2001; Pien, 2004; Bush, 2005; Wysocki and Lueck,
2006; Asian Economic News, 2007; Garrett and Fidler, 2007). The ideal way to structure
those partnerships is an open question. This thesis addresses one dimension of that multi-

faceted question.

1.1.4 Relation to Operations Management Literature and an Overview

This work relates to the operations management literature in three ways. First, this thesis
considers the random production yield of influenza vaccine production, a Newsvendor setting.
Silver (1976) considers random production yields in an EOQ setting, and shows that the
optimal lot size is a slight modification of usual EOQ. Yano and Lee (1995) review approaches
to lot sizing in the presence of five different types of yield randomness. We assume perfect
correlation, which is what they call stochastically proportional yield, and which has been
studied by Shih (1980) and Henig and Gerchak (1990).

Second, this thesis relates to the supply contract literature (Lariviere, 1999; Cachon,
2003). One stream in that literature focuses on optimizing the terms of a contract so as to
improve supply chain coordination. Examples of these contracts include buy-back contracts
(Pasternack, 1985), revenue sharing contracts (Cachon and Lariviere, 2005) and option con-
tracts (Barnes-Schuster et al., 2002). The objective is to characterize contracts that allow
each party to optimize its own profit but lead to a globally optimized supply chain.

The first model that we propose in this thesis is similar to the Newsvendor situation with
an exchange of demand uncertainty by production uncertainty. Since the buy-back contract
coordinates the supply chain for the Newsvendor (Pasternack, 1985), one could expect that

the corresponding contract with uncertain yield (i.e., a payback contract) should be able
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to achieve the same. We will show that this is not the case for our model. On the other
hand, we show that a cost sharing contract that accounts for a manufacturer’s effort can
coordinate such a supply chain. That is, while contracts like payback, which only depend
on the production output, do not align the manufacturer’s incentive, contracts that take into
account the production effort are able to do so by shifting enough risk due to uncertain
production yields from the supplier to the buyer.

The pricing strategy proposed below to coordinate incentives in our general setting is
nonlinear. This is, of course, not the first work to use nonlinear pricing as a coordination
mechanism. For example, Bernstein and Federgruen (2005) show that in a single supplier,
multiple retailer environment, coordination is possible when retailers face additive (or mul-
tiplicative) price-dependent demand. They show that a linear price-discount sharing (PDS)
scheme along with a buy-back scheme may be used to coordinate the supply chain for multiple
non-competing retailers. In the case of competing retailers, there exists a Nash Equilibrium
for the retailers where coordination may again be achieved via a nonlinear PDS scheme cou-
pled with a buy-back scheme. Our model differs from Bernstein and Federgruen (2005) in
that we consider yield variability and risk for the manufacturer, rather than random demand
for a buyer, and the nonlinearity in our contract is directly induced by the nonlinearity in
the value of a sale due to epidemic dynamics.

The cost functions in the second model of this thesis are nonlinear in general. In fact
those cost functions are neither convex nor concave. They also are not sub- or super-modular
functions with respect to their parameters which make the analysis a bit more involved. We
show that a cost sharing contract that accounts for the contribution of each country in the
global cost function can still coordinate such a system.

The third way in which our work relates to the operations management literature is
via the intersection of operations management modeling and disease modeling. In addi-
tion to articles that are cited below, Kaplan et al. (2002) assesses operational decisions for
vaccination policy, with capacity constraints, to respond to smallpox bioterrorism attacks.
Su and Zenios (2004) examine the role of queueing and patient choice in kidney allocation.
Giines et al. (2004) examine service capacity and quality in the context of breast cancer

screening. Zaric et al. (2008) merge an inventory model with an anthrax outbreak model to
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assess inventory management decisions for bio-terror preparedness. See also Brandeau et al.
(2004) and references therein. To the best of our knowledge, the current thesis appears to
be the first to link supply contract design with epidemic modeling in order to provide a
system-wide cost benefit analysis.

Chapter 2 and Chapter 3 focus on a model with one manufacturer and one government.
Section 2.1 presents a model to assess contractual mechanisms that align manufacturer risks
and incentives with governmental health care policy objectives for influenza vaccination.
Section 2.2 and Chapter 3 analyze the first model. Chapter 4, then considers a model with

multiple governments.
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Chapter 2

A Government/Manufacturer Supply
Chain - Case of Piecewise Linear

Attack Rate

In this chapter and next we analyze a supply chain consisting of one manufacturer and one
government. We first develop the general model for this supply chain in Section 2.1 and
consider two different cases, (1) when the initial exposure to infection is extremely small,
and (2) when the initial exposure to infection is somewhat large. The first case leads to
a piecewise linear form for the total number of infected individuals as a function of the
vaccination level in the population. The second model, however, leads to a strictly convex
number of infected population as a function of the vaccination level. Section 2.2 analyze the

first model and Chapter 3 considers the second model.

2.1 Joint Epidemic and Supply Chain Model

This section links two distinct streams of literature. The epidemic literature provides epi-
demic models and cost benefit analysis for interventions such as vaccination (Murray, 1993;
Hill and Longini, 2003), but does not address logistical and manufacturing concerns. The

supply chain literature addresses logistical and manufacturing concerns in general, but does
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not address the special characteristics of the influenza vaccine supply chain that are high-

lighted above.

We use simplified epidemic and supply chain models to focus on contractual issues be-
tween a single government and a single manufacturer. The single government is intended to
represent centralized aggregate planning decisions for vaccination policy. The government
initially selects a fraction f of a population of N individuals to vaccinate. Given the demand
by the government, the manufacturer then decides how much to produce. Production vol-
ume decisions are indexed by the number of eggs, ng, a critical factor in influenza vaccine
production. Production costs are c per egg. The actual amount produced, ngU, is a random
variable that is indexed by a yield, U. The U.S. GAO (2001) reports that the strain can
strongly influence the production yield. In this model, we assume that the yield U has a
continuous probability density function gy(u) with mean u and variance ¢2, independent of
ng. This assumption means that the yield is affected by the specific strain of the virus, and
may vary from year to year, more so than from one statistically independent batch to the
next within a given production campaign. We discuss the potential of a small probability of

losing all production, due to quality problems for example, at the end of Section 2.2.1.

The manufacturer then sells whatever vaccine is produced, up to the amount initially
requested by the government (a maximum of N fd doses, where N is the population size,
and d is the number of doses per individual). Unmet demand is lost, and excess vaccines
are initially assumed not generate any revenues (due to drift and shift of strains). Later,
Section 2.2.2 allows excess vaccines to be purchased at a lower price, along the lines of the

analysis of the ‘usual’ Newsvendor model when secondary markets are present.

When acting separately, the government seeks to minimize the variable cost of procuring,
pr, and administering, p,, each dose, plus the total social cost due to infection, bT'( f), where
T(f) is the total expected number of infected individuals by the end of the influenza season,
and b is the average direct and indirect cost of an influenza infection (Weycker et al., 2005,
provide estimates of such costs). Define f to be the maximum fraction of the population for

which the net benefit of administering more vaccine is positive, and define f= similarly with
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respect to both vaccine procurement and administration costs,

f=sup{f:bT'(f) + p.Nd < 0, for f such that T'(f) exists} (2.1)
F=sup{f : bT'(f) + (pa + p»)Nd < 0, for f such that T"(f) exists}. (2.2)

The epidemic model determines the number of individuals, T'(f), that are infected by the
end of the influenza season. While vaccine effects and health outcomes may vary by subpop-
ulation, and vaccination programs can take advantage of that fact (Weycker et al., 2005),
we simplify the model in order to focus on contract issues for production volume, rather
than including details about optimal allocation of a given volume. We use a deterministic
compartmental model of N homogeneous and randomly mixing individuals that start out
Susceptible to infection, but may also be infected and Infectious, or Removed upon recovery
from infection, a standard SIR compartmental model that is a reasonable model for the nat-
ural history of infection of influenza (Murray, 1993). The fraction of susceptible, infectious
and removed individuals (S(¢), I(t), and R(t), respectively) in the population varies as a
function of time ¢ according to a deterministic differential equation (see Appendix A of the

Online Companion).

We assume that a fraction f of the population is vaccinated, and that a fraction ¢ of
those vaccinated are immune to infection (so R(t) = fv for ¢t < 0). At the start of the
influenza season, at time ¢ = 0, a fraction x of the remaining susceptible population that
becomes infected due to exposure from exogenous sources, so that S(0) = (1 — fo)(1 — x)
and I(0) = (1 — fv)x. The total number that become infected during the influenza season
is T(f) = Np, where the so-called attack rate p (see the Online Companion or Longini et al.
1978) satisfies

1(0)

p=500+3g e~ flory, (2.3)

The critical vaccination fraction is f' = (Ry — 1)/(Rot) when Ry > 1 (Hill and Longini,
2003).

Rather than deriving results via such an implicit solution from the epidemic model, we

derive results for a nonincreasing T(f) > 0 with specific general characteristics. When the

27



values of all of the epidemic and vaccine parameters are known, Appendix B describes why
it is reasonable to consider two functional forms: a piecewise linear T'(f) when x is close
to 0, or a strictly convex T'(f) when x is sufficiently large. This removes the details of an
implicit solution for an epidemic model from the supply chain analysis. Section 2.2 handles

the piecewise linear case. Chapter 3 handles the convex case.

2.1.1 Generic T(f) and Parameter Uncertainty

In practice, the basic reproduction nurﬁber Ry, the initial fraction of susceptibles that become
infected due to exogenous exposure ¥, and the vaccine efficacy 1 are unknown at the time that
the order quantities are chosen. It may be hard to precisely predict these parameters, due to
the evolutive nature of the strains. Even for annual influenza strains, such as H3N2, a new
“cluster” of drift variants tends to appear every 3-5 years (Plotkin et al., 2002; Smith et al.,
2004).

The above generic approach to modeling the number infected, T'(f), is important because
it also allows for an analysis when the values of epidemic and vaccine parameters are un-
known. A probability distribution can be used to describe these types of uncertainty about
the epidemic and vaccine parameters parameters, based upon past experience with strains
that are similar to those that are selected for the current year’s formulation. A Bayesian
would do this with a prior distribution. Let T'(f; Ro, X, ) make the parameter values for
(2.3) explicit. When parameters are uncertain, then T(f) = E[T(f; Ro, x,%)] describes the
number of infected individuals, in expectation, based upon information that is available at
the time a vaccination fraction is selected. This is compatible with the expected-value mod-
els in the remainder of the thesis that assume risk-neutral decision makers, but requires an
assumption that there is no stochastic recourse to change the vaccine order quantity between
the time the order is originally placed and the time that the influenza season begins, due
to additional data about the strain. This last assumption is presently reasonable. More
advanced influenza surveillance systems and modified production seasons may make the as-
sumption less reasonable in the future, at which case an explicit stochastic recourse model

may become more appropriate.
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Table 2.1: Summary of Notation for the Manufacturer-Government Supply Chain.

Supply Chain
ng  Number of eggs input into vaccine production by the manufacturer
U  Random variable for the yield per egg, with pdf of gy(u), mean p, and variance o
d  Doses of vaccine needed per person
c Unit cost of production for manufacturer, per egg input
pr  Revenue to the manufacturer from government, per dose of vaccine
Pa Cost per dose for government to administer vaccine
b Average total social cost per infected individual
Z  Number of doses sold from manufacturer to government
W Number of doses administered by government to susceptible population
Infection Transmission
N  Total number of people in the population
Ry, Basic reproduction number, or expected number of secondary infections caused by
one infected in an otherwise susceptible, unvaccinated population
f  fraction of the population to vaccinate announced by government to manufacturer
T(f) Total expected number infected during the infection season, a function of the fraction
vaccinated
X  The fraction of susceptibles that are initially infected due to exogenous exposure
I(0) The initial fraction of infected people introduced to the population
S(0) The initial fraction of susceptible people in the population
¥ Vaccine effects on transmission, including susceptibility and infectiousness effects
v  Linear approximation to number of direct and indirect infections averted by a
vaccination
A DbTotal number of infected individuals if nobody is vaccinated
f' The critical vaccination fraction (fraction of population to vaccinate to halt
outbreak)
f  The maximum fraction for which (free) vaccine can be cost-effectively administered
f The maximum fraction for which vaccine can be cost-effectively procured and
administered
k Relates vaccination fractions and vaccine production inputs, k = fNd/ng
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For example, when x is close to 0, T'(f; Ro, X, %) will be shown to approximate a (con-
vex) piecewise linear function. An expectation of convex functions is convex, so T(f) =
E[T(f; Ro, X, %)] is convex, for an uncertain Ry, and a small x. When the parameters have
a continuous distribution, this may result in a strictly convex attack rate. If the distribution
implies a convex, but not strictly convex, attack rate, the sensitivity analysis in Appendix B
suggests that our proposed coordinating contract may still be effective if there are small
errors that are introduced by approximating the convex attack rate with a strictly convex
attack rate. Results for a strictly convex T'(f), then, may also be useful when parameters
are uncertain.

For some values of and distributions for Ry, x, %, we will show (in Section 3.3 and Ap-
pendix B) that the value of T(f; Ro,x,%) and T'(f) may initially be concave decreasing,
then convex decreasing. Section 3.3 demonstrates how to coordinate contracts when T'(f) is
an initially concave then convex, decreasing function.

Before deriving the results described above, we first complete the statement of the supply

chain optimization problems.

2.1.2 Game setting

The epidemic and supply chain models above define a sequential game. The government an-
nounces a fraction f of the population for which it will purchase vaccines. The manufacturer
then decides on a production quantity, indexed by ng, in order to maximize expected profits
(minimize expected costs), subject to potential yield losses and market capacity constraints.

The manufacturer problem is:

min MF = E[eng — p,Z] (net manufacturer costs)
nE

s.t. Z =min{ngU, fNd} (doses sold < yield and demand) (2.4)
ng >0 (nonnegative production volume).
So that the optimal production level is not zero, ny > 0, we assume:

Assumption 1 The ezpected revenue exceeds the cost per egg, priu > ¢, so vaccines can be

profitable.
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Given that assumption, we characterize the optimal production quantity. The optimal pro-
duction level is characterized by an equation that resembles the optimality newsvendor equa-

tion, except that a conditional expectation replaces a conditional probability.

Proposition 1 For any random egg yield, U, with pdf gu(u), and given the government’s

vaccine order quantity fNd, the optimal production level n%, for the manufacturer is deter-

mined by e
/ ? ugy(u)du = <. (2.5)
0 Pr

Proof: The expected cost function for the manufacturer is

MF(ng) = cng— p,E[min{ngU, fNd}]

Nd
= cng — prnpE[min{U, -f——}]
ma B o

nE fNd
= cng— PrnE(/o ugy (u)du + /ﬂ! —nE—QU(U)dU)
o7 T e
ng
= cng — anE/(; ugy(u)du — p,de/M gu(u)du
nEg

So to get the minimum of M F' we need to see the behavior of its derivative:

OMF o fNd
e = c—p,./o ugy(u)du — p,ng [( — )gu(

de) - #Nd ]

ng n,

—prde[—gv(M)(—f—Az@)]

ng nE
fNd
nE
e [
0

Note that %/[EFF = pr[(%ﬁ)gu(%)] > 0 so the first order optimality condition is suf-
ficient. Hence the optimum production quantity n}, is solution of the following equation:

&Xg
JF ugp(wdu= £. O

pr’
A useful corollary follows directly.

Corollary 1 If ¢, p,, gy(u), N and d are held constant, then the relationship between the
fraction of people to be vaccinated, f, and optimum production level, n}, is linear. That is,

there is a fized constant, kC, such that k®n} = fNd.
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The government problem is to select a fraction f that indexes demand, knowing that
the manufacturer will behave optimally, as in (2.5), and may deliver less, in expectation,
than what is ordered due to yield losses. The government may order some excess (even
f > f), in order to account for potential yield losses. In this base model, we assume that
the government purchases up to the amount it announced, but will administer only those

doses that have a nonnegative cost-health benefit.

mfin GF =E [ bT(5) + p.W +p.Z | (net government costs)

s.t. Z =min{ngU, fNd} (doses bought < yield and demand)
W =dmin{nEU, fNd, fNd} (doses given < doses bought, cost effective level)
N
@ ugy (u)du = —;— (manufacturer acts optimally)
OOS f<1 ' (fraction of population)
ng >0 (nonnegative production volume)

(2.6)

Such a two-actor game has a Nash equilibrium (Nash, 1951), which we will identify below.

2.1.3 System setting

The system setting assesses whether the manufacturer and government can collaborate via
procurement contracts to reduce the sum of their expected financial and health costs, to a
level that is below the sum of those costs if each player acts individually as in Section 2.1.2.
System costs do not include monetary transfers from government to manufacturer. Formally,
the system problem is

min SF=E [bT(NEd) +psW +ceng| (total system costs)

f ME

s.t. W =min{ngU, fNd, fNd} (doses given < yield, demand, cost effective level)
0<f<1 (fraction of population)

ng >0 (nonnegative production volume).
(2.7)

This formulation does not explicitly link f and ng together, since we seek system-optimal

behavior rather than local profit-maximizing behavior.
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Figure 2-1: The fraction of the population infected during the outbreak (or attack rate, p)
as a function of the fraction vaccinated (f), for different values of the fraction of susceptibles
that are initially infected () and the basic reproduction number (Rp).

2.2 Piecewise Linear Number of Infected

Figure 2-1 plots the attack rate, p, which is directly proportional to the total number in-
fected, T'(f), as a function of the initial fraction of susceptibles that become infected due to
exogenous exposure, X, and reasonable values of Ry for influenza transmission (Gani et al.,
2005; Rvachev and Longini, 1985; Longini, 1986). If there are few that are initially infected
due to exogenous exposure (small x, or small 7(0)/5(0)) and the parameters are accurately
known, then Appendix B in the justifies the following piecewise linear approximation for

T(f),

A-Nvf, 0L<f<f
T(f) = vh0sisd (28)

0, <<y,
where v is interpreted here as the marginal number of infections averted per additional
vaccination, and A is the number of infected individuals if nobody is vaccinated.
We seek structural results to compare the values of the game equilibrium and system
optimum. With this approximation for T(f), the maximum cost-effective number of individ-

uals to vaccinate equals the critical vaccination fraction, f = f’. The government’s objective
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function from Problem (2.6) is
4
GF =E [bma.x{A — VE, 0} +paW +p7.Z} . (29)

The manufacturer problem is the same.

The system’s objective function from Problem (2.7) is
W
SF = E[b max{A — v 0} + pW + an] . (2.10)

2.2.1 Optimal solutions for game and system settings

This section describes the equilibria of the game setting and the optimal system solution for
the manufacturer and government. It assumes that the parameters of the model in Section 2.1
are given. A series of assumptions and results are developed to show that the optimal system
solution requires a higher vaccine production level than in the game setting. Section 2.2.2
uses those results to design contracts that create a new game, to get the individual actors
to behave in a system optimal way.

The following two assumptions will be useful in the this chapter and next. If Assumption 2
were not valid, then even free vaccines would not be cost effective. Assumption 3 is a

somewhat more restrictive.

Assumption 2 The expected health benefit of vaccination exceeds the administration cost,

vb — ped > 0.

Assumption 3 The expected health benefit of vaccination exceeds the cost of administering

and procuring the doses, vb — (p, + pr)d > 0.

Proposition 2 Let f5,n3, be optimal for the system setting with objective function in (2.10).
If Assumptions 1 and 8 hold, then (1) all values of f° that are between f' and 1 are optimal;

and (2) n3 satisfies
f'Nd c

ne
/ F ugy(u)du = — . (2.11)
0 4 " Da
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Proof: To show these results, we analyze SF in two different regions, f < f' and f > f'.
Let SFi(f,ng) denotes the value of SF when f < f’, and likewise SF3(f,ng) is the value
of SF where f > f'. Note that if f < f’ then W = Z = min{ngU, fNd}, and the value of
SF is

I"L; Neu o
SFy(f,ng) =b /0 (A~ ") gy u)ibu + B(A — Nof) /M_ o (u)du

fNd 00

+ pan /0 "% gy (u)du + pa(FNd) /fM wwdu+omg  (F< ).

(2.12)

For f > f, given that A — Nvf = A — Nvf' =0, the value of SF is

L'Nd f/Nd
SFa(fns) =b [ ™ (4= v E ) gu(u)du+ pons | ™ ug(udu
0 0

0 (2.13)
+ pa(f'Nd) /ﬂN_d gu(w)du + cng (f = 1.

The limits of integration in the right hand side of (2.13) use f’, not f. In order to get the

overall optimal values for f5,n%, we solve the following two subproblems.

SFl= min SF; SF2= min SF,
st. 0<f<[f st. f/f<f<1
ng >0 ng >0

Optimality conditions for subproblem SF1: The KKT conditions, if f < f’, are,

—Nvb /L@ gu(u)du + p,Nd /M gu(uw)du+E&—6,=0
ng ng

vh (55 3
~-7 £ ugy (u)du +pa/ N ugy(u)du+c—p =0
0 0

Ef-f)=0f=pne=0 ; &6h,¢p>0,
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where the first equation is obtained by taking the derivative with respect to f and the
second equation is obtained by taking the derivative with respect to the ng. Moreover
€, 6y, o are KKT multipliers of constraints f < f’, f >0, ng > 0, respectively. Recall that
Assumption 3 implies that Assumption 2 is valid. Note that if Assumption 2 were not valid,
then the second equation of KKT conditions would require ¢ > 0, and the third equation
would imply that nf = 0.

We are interested in the case where ng > 0, f > 0 which is a conclusion of Assumption 2.
This implies that 8y = ¢ = 0, and the KKT conditions simplify:

o0

[— Nvb+ p,Nd] /Mg gu(u)du+&=0

"E

5 [Nd

v n

[——E+pa]/ £ ugy(u)du+c=0
0

§f-f)=0; £20

In the first equation above, Assumption 2 suggests that £ > 0. If £ > 0, the last of the
KKT conditions would give rise to f* = f'. So SF; will always get its minimum at the
extreme f'. The optimal ng in this case can be obtained from the second equation of the

KKT conditions and using the fact that f* = f’, and

'Nd
‘/L"E_ ugy(u)du = — c . (2.14)
0 r
The left hand side of this equation can take any value from 0 to u = E[U] by varying n},.
Assumption 1 together with Assumption 3 implies that the right hand side is strictly between

0 and u. These assumptions therefore guarantee a solution to (2.14).

Optimality conditions for the problem SF2: If f > f’, then SF; does not depend
on f (the vaccination fraction declared by the government does not change the value of
objective function). It follows that all values f' < f <1 are optimum and so the first part

of the claim is proved.
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Now SF; is a function of ng only and the derivative of GF' with respect to ng is

IINd
9SF, . b -
= (-5 +p) /0 ugu (u)du + c.

Note that —5252 (2 — pa)(f N d)(%)gu(%g), which is nonnegative by Assumption 2,
hence SFy(n E) is a convex function on ng and the first order optimality condition is sufficient.
By getting the root of the derivative of SF; above, we can see that the optimum ng for SFy
is the same as the solution of (2.14). So the optimum value for n$, satisfies the same equation

in both cases. [

Observe that if Assumption 3 does not hold, then vaccines at market costs are not cost

effective. To see this, set f = min{f, f'}. Then forall 0 < f <1,

F(f,ng) > b/ —V——)gU( Ydu + b(A — Nuf)/ gu(u)du
%
(pe + P / ugy(u)du + (ps + pr)(FN) /L gu(u)du
v E

1 o
= bA+ np ((pa + pr)d — z/b) / £ ugy (u)du
0

+FN ((pa + pr)d — vb) /; gu(u)du.

nE
If vb — (po + pr)d < 0, then GF(f,ng) > bM for all f,ng > 0, and f€ = n§ = 0 would be
optimal.

Given Assumption 3 and Proposition 2, we can compare the values of (2.5) and (2.11) to

obtain Corollary 2.

Corollary 2 Let f5,n3 be optimal values of the system problem and define k% = ‘L—g— Let

f€,ng denote optimal values of the game setting and define kG = %—d . If Assumption 3
E
holds, then kS < kC.

The concept k& = %d that relates vaccination fractions to vaccine production volumes is

useful below.

37



Proposition 2 characterized the optimal vaccination fraction and production level for the
system setting. We now assess optimal behavior in the game setting. (2.5) indicates that it
suffices to characterize the optimal vaccination fraction, which then determines the optimal
production level in the game setting. Notice that the optimal vaccination fraction depends

upon problem data in the game setting, unlike the system setting.

Proposition 3 Let f¢, n§ be optimal solutions for the game setting, and set k¢ = f—?cv—d-.

E
If Assumption 3 holds, then f€ > f'. Furthermore, f¢ = f' if and only if

b kG 00
(-5 +pa+p) [ uguldutpk [ gu(uddu o0 (215)
0 kG

Proof: We break this into two subproblems, as with SF'1 and SF2 above. Define GF; to be
the objective function for subproblem GF'1, which handles the case where f < f’. Then

00

kG
GR(f,ne)= b [ (A= )gp(udu+ (A~ Nof) [ av(wd

G

kG

+(pe +pr) |PE f
0

vb

ugy (u)du + (fNd) /l: gU(u)du}
T kG 0o
= bM — EnEA ugy(u)du — Nvbf /,;G gu(u)du

kG o0 0o
+(pa + pr) Ln;;/() ugU(u)du+de/kG gU(u)du} (/0 gu(u)du =1)

kG G poo
k
= oM=L, / ugy(u)du — vbE / gu(u)du
d 0 d kG

kG 00
+(pe +pr) nE/O ugU(u)du+nEkG/k gU(u)du} (de:nEkG)

G

vb kG 00
= bM + nE(—E + po + 1) [/ ugy (u)du + k¢ /G gU(u)du] :
0 k
By Assumption 3, the coefficient of ng in the last equality is negative, so the optimum
value for ng in GF; lies on the upper boundary, where f = f’. This proves the first part of
the claim.
For the second part, similarly define GF; to be the government objective function for

the case f > f'. Use the fact that T(f) = 0 for all f > f’, and the optimal manufacturing

38



— ngk®
Nd

ngu o ke
ng "E
GEy(fmi) =b [ ™ (4=v"E )y )+ pune [ ™ ugpu)du-+pne [ un(u)d
o0
+ Pl f'N) ] gulw)du+p.(fNd) [ gy(u)du
k
I'Nd
=b / —V— )9u(w)du + pang / ® ugy(u)du
0

00 kG 00
+ po(f'Nd) /M gu(u)du + png [/0 ugy (u)du + k€ /kG gU(u)du}

"E

OGF, , vh & K >
e =7 +0) [ uatdup [ wgwtdu+p® [ o)
0
PGF, b f’Nd f'Nd
7 =(5 ~Pa)—gu(——)
ons, ng

for f > f'. Note that %d < k. By Assumption 2, % > 0, so GF; is a convex
function of ng. To find the minimum it suffices to look at the sign of its first derivative. If
Condition (2.15) holds, then Assumption 2 implies that %@ > 0on f > f, so that the
minimum of GF; for f € [f’,1] is obtained at f’. The optimum for both GF; and GF; lead
to the claimed optimum, namely f¢ = f.

If Condition (2.15) does not hold (i.e. (—2+p,+p, fo ugy(u)du+p,kC [Z gu(u)du <
0); then because of the convexity of function GF; on ng (non-decreasing derivative), there
are two cases:
Case 1: dng ; %%%2 = 0. In this case clearly the optimum values for the f,ng are the
following: n§ = fig, f¢ = k°n§/Nd.
Case 2: If ng(1) denotes the maximum ng corresponding to f =1 (i.e. ng(1) = ) and
still % < 0 then f¢ =1, n§ = ng(1).

Combined, the two cases complete the proof. [

Although it may seem, at first glance, that the condition in (2.15) depends on f¢ through
k©, this is not true. Given the problem data, the value of k€ is determined by (2.5),
independently of the values of f¢ and ng. The condition in this claim is therefore verifiable

by having the initial data of the problem.
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Intuitively, the inequality in Condition (2.15) shows that if b is sufficiently higher than
the other costs, then the game pushes the government to order a higher amount of vaccine
than the amount specified by the critical vaccination fraction, f’. It is possible to have both
equality and strict inequality, based upon numerical examples (not shown).

Theorem 1 uses our results on the optimal production level in the system setting, Propo-
sition 2, and the game setting, Proposition 3, to prove the main result of this section: optimal
production volumes are higher in the system setting than in the game setting. The intuition
behind Theorem 1 is that the manufacturer bears all the risk of uncertain production yields

in the game setting and hence is not willing to produce enough.
Theorem 1 Given Assumption 3 and the setup above, n3 > n$.

Proof: Proposition 2 shows that f¢ > f’. We consider the two cases f¢ = f’ and f¢ > f'
separately, and prove that both cases lead to the relation n3 > n$.

Case 1: f¢ = f'. Using the inequality in Corollary 2 (ie. k% < k) and using the
definitions of k¢, kS it immediately follows that n§, > ng, as desired.

Case 2: f¢ > f'. (Proof by contradiction.) Assume to the contrary that n3 < n$.

First of all we obtain the sign of [%%2] e As in the proof of Proposition 3, there are two
ng

cases for ng. If the condition in case 1 of Proposition 3 holds, then [%%22] o = 0. If case 2
n

holds, then [%%] 0. In either case, the following relation is true:
g

[OGFQ]

< .
o 0 (2.16)

ng
E
On the other hand,

OGE: vb s k¢
2 "E
=(——+p, d + Dr
[anE ]ng ( d b )/o ugu(w)du +p /o
b ;Nd jXel
Z(——d +pa)/0 ¥ ugy(u)du —}-prf0

b o0
=(—% +pa)(ub—c—) +c+prkG/ gu(u)du
4 " Pa kG

ugy(u)du + pk° /k . gu(u)du

ugy(u)du + p,k® /k _ gu(u)du

=prkG/ gu(u)du > 0
kG
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The inequality in the second line comes from the assumption n3 < n§, and with Assump-
tion 2. The third line is valid by (2.5) and Proposition 2. But the last inequality contradicts
(2.16), so n§ > n3 is false. O

Before closing this section, we examine the potential that the entire vaccine production is
lost with some probability ¢ > 0. Such a significant loss of production was experienced by a
manufacturer in 2004 after contamination concerns were raised (FDA, 2005). In particular,
suppose that the cumulative distribution function for the vaccine yield is Gy(u) = ¢ + (1 —

fo gu(s)ds for some density gy(u) that represents the conditional density of the yield,
given that catastrophic production loss does not occur. The following proposition notes that
the optimal production quantities for both the game and system problems decrease as the
probability of catastrophic production loss increases, as might be expected given the revenue

implications of such an event.

Proposition 4 Suppose that the production yield is a mized distribution with Gy(u) =
Pr(U <u)=¢+(1-) [ gu(s)ds for some density gy(u). Then both n§ and ng decrease

as ¢ increases.

Proof: We first show the claim for n$. Suppose that the yield is changed from having a
density function gy(u) to the more general CDF Gy (u), which is essentially a shift from
¢ = 0to ¢ > 0. The effect of that change on the system’s objective function is equivalent
to multiplying the function SF' in Problem (2.7) by (1 — ¢) and adding ¢b7°(0). A shift in
SF by the constant (bT'(0) does not change the optimal decisions. We can therefore find
the optimal system decisions by using the ideas of the proof of Proposition 2, except that

all integrals in (2.12) and (2.13) are multiplied by (1 — ().

Using the same logic as in the proof of Proposition 2, we can show that f° can be any
number in the period [f’,1]. To determine the production quantity, the straightforward

generalization of (2.11) for Gy(u) with ¢ € (0,1) indicates that the optimal ng satisfies
'Nd

’f?{ 1 c
/0 ugy (u)du = T—¢ (%b—pa>'
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The right hand side of this last equation increases with . Because ugy(u) > 0, this implies
that the integrand in the left hand side does not decrease with (. With other parameters

fixed, an increase in ¢ therefore decreases (or, does not increase) n3.

To show that n§ also decreases in (, we first show that k¢ increases with ¢. Notice

that the manufacturer problem is the same as in Proposition 1 except that all integrals are

multiplied by (1 — ¢), so that
kG
1 c
ugy(u)du = —— | — |,
/0 gu(v) 1-¢ (pr>

as claimed. Now we show that n§ decreases in . As in system problem, we can show that
the government’s objective function, GF', is multiplied by (1 — ¢) and increased by ¢bT(0).
All of the optimality conditions in the proof of Proposition 3 are still valid then, except that
integral terms in the definition of GF; and GF; would be multiplied by (1 — ¢). Again we
come to the two cases discussed at the end of Proposition 3.

Case 1: In this case since all terms of GF' are multiplied by (1 — ¢), we can simply divide
both sides by the same term and get:

fINd

OGF. b 0 kS o0
2 = (—V— + pa) / £ ugy (u)du +pr/ ugy(u)du + prk:G/ gu(u)du =0
8nE d 0 0 kG

Observe that the term p, fo ugy (u)du + pkC ka gu(u)du is an increasing function of kC.
As we dlscussed before k€ is also an increasing function of ¢, which implies that the term
(—— + Pa) fo ugU(u )du should be decreasing in ¢. Thus n$ is decreasing with ¢ and the
claim is proved in this case.

Case 2: In this case we know that n§ = %‘1. Since k€ is increasing in ¢, the result easily

follows. 0O

It is also easy to show that for a given governmental order fraction f, a higher probability

¢ of no production yield results in a lower optimal manufacturer production volume.

We now assume ¢ = 0 for the balance of the thesis to simplify the analysis.
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2.2.2 Coordinating Contracts

The objective of this section is to design contracts that will align governmental and manu-
facturer incentives. There are a variety of contracts in use, include wholesale pricing (CDC,
2005). Recent support by the U.S. Dept. of Health and Human Services (2004) to a major
manufacturer for the development of a stable egg supply resembles a payment that is pro-
portional to effort, a characteristic that is shared with the cost sharing contract below. We
show that wholesale or pay back contracts can not coordinate this supply chain. We then

demonstrate a cost sharing contract that is able to do so.

Wholesale price contracts

In wholesale price contract, the supplier and government negotiate a price p,. Unfortunately,

the system optimum can not be fully achieved just by adjusting the value of p,.

Proposition 5 There does not exist a wholesale price contract which satisfies the condition

in Assumption 8 and coordinates the supply chain.

Proof: The proof of Theorem 1 shows that there does not exist a wholesale contract which
coordinate this supply chain. That proof proceeded in two cases. The first case requires
n3 > ng. For full coordination, we require ng = n$ for some p,. In case 2, n3 = ng for
some p, implies that %]ng > 0, which would not be true for the optimizer of GF. O

Pay back contracts

In a pay back contract, the government agrees to buy any excess production, beyond the
desired volume, for a discounted price p, (with 0 < p, < p,) from the manufacturer. This
shifts some risk of excess production from the manufacturer to the government, and would
typically increase production. Since the buy-back contract coordinates the supply chain for
the Newsvendor (Pasternack, 1985), one could expect that the corresponding contract with
uncertain yield (i.e., a payback contract) should be able to achieve the same.

We show that the pay back contract does not provide sufficient incentive to coordinate
the influenza supply chain, unlike typical supply chains, for any reasonable value of p.. Full

coordination will be shown to be prevented by the combination of yield uncertainty and a
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maximal purchase quantity (a government is unwilling to buy vaccine beyond the amount
ordered). Assumption 4 defines a reasonable p. as one that precludes the manufacturer from

producing an infinite volume for an infinite profit.

Assumption 4 The average revenue per egg at the discounted price is less than its cost,

Pt < C.

The pay back contract increases the manufacturer’s profit by adding the revenue associated
with ngU — min{ngU, fNd} doses of excess production. This changes the manufacturer

problem from Problem (2.4) to

min MF = E[an —prZ — pe(ngU — Z)]
ng
s.t. Z = min{ngU, fNd}

By adapting the argument of Proposition 1, the optimal production level n} can be shown

to satisty

e ]
]  ugy(u)du = CT Pk (2.17)
0 Pr — Dc

The effect of this contract on the government problem in Problem (2.6) is to change the

objective to
w
GF =E [bmax{A = v=—,0} +p.W +p,Z +pe(nsU - 2)],

and to change the “manufacturer acts optimally” constraint, which determines the optimal
production input quantity ng as a function of f, from (2.5) to (2.17).
Denote the optimal values of this pay back contract problem by f¥,n¥. Set kN = L%Vi.

Proposition 6 If Assumptions 1, 2 and 4 hold, then there does not exist a pay back contract
which could coordinate this supply chain. In fact, under any pay back contract, the resulting
production level is less than the optimal system production level, ny < n3.

Proof: Note that fOkN ugy(u)du = P, By rewriting the GF in terms of values of f,ng

44



and by replacing f = klj\,'ff we have:

L4 L4 o
GF(ng) = b / ® (A = ™% gy (u)du + pans / " ugu(w)du+ pa(f'Nd) / g (u)du
0 d . 0 Lhd

kN 00
Hor—pns [ ugulduct (o= p)(¥n) [ ao(u)du-+ s
0

By Assumption 2, %’2& = (2 - p,) L5 f'Nd (f'];fd) > 0, so GF is a convex function on ng.
E

The optimal value of GF' can therefore be found by setting its derivative to zero:

JINd
BGF I/b ng
BnE =(— ] + D) /0 ugy(u)du + pep
kN 00
+ (pr — pe) [ / ugy(u)du + kN /k gU(u)du]
0 N

_("_"‘pa)/ ugy (u)du + ¢ + (p p,:)k / gu(u

The last inequality comes from (2.17). The last term indicates implicitly that n{ < n3. To
see this, plug n§, into the last terms, use Proposition 2 and using the fact that p, > p,, to
obtain gffF = (pr — pe)k" [in gu(u)du > 0. That implies that nf} <ng. O
Proposmon 6 suggests that compensating the manufacturer for having excess inventory is
not enough to achieve global optimization. Indeed, a pay back contract does not compensate
the manufacturer when the production volume (ng) is high while the yield (ngU) is low.

The cost sharing agreement described below is designed to address this issue.

Cost sharing contracts

In a cost sharing contract, the government pays proportional to the production volume ng
at a rate of p. per each egg. Such an agreement decreases the manufacturer’s risk of excess
production, and provides an incentive to increase production. Here, we describe a contract
that increases production to the system optimum, f',n3.

With the cost sharing contract, the manufacturer problem is:

min MF = E[(c — pe)ng — p,Z]
nE
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s.t. Z = min{ngU, fNd}

The optimality condition for ng given f follows immediately, as for the original problem,

ng

/nE ugy(u)du = P (2.18)
0

r

Cost sharing increases the government’s costs, changing its objective function to
W
GF =E [b max{A - v, 0} +pW +p,Z + penE]. (2.19)

The cost sharing contract therefore results in the following optimization problem for the

government.

m}n GF =E [b max{A — V—V;i, 0} + poW +p,.Z + penE]

s.t. Z = min{ngU, fNd}
W = min{ngU, fNd, f'Nd}

fNd
£ ugy(u)du = €~ De
0 Pr
0<f<1

Denote the optimal solutions of this problem by f¢, n%, and set k®* = %.

For any given p,, choose p. > 0 so that c—;? = %,,f—pa. Such a p, exists since p, < %’ — Dag-
If p, is chosen this way, then k¢ = kS. Further, if p, satisfies Assumption 3, such a p, not
only moves k¢ to kS, but it aligns the vaccination fractions and production volumes, as in
Theorem 2. Intuitively, this occurs because 9%;& is the manufacturer’s effective cost per egg
divided by its benefit per vaccine, and it equals %bi_pa’ the system’s effective total cost per

egg divided by the system’s total benefit per vaccine.
Theorem 2 If Assumption 3 holds and p. is chosen so that c—;& = n,c—p, then the optimal
r F P
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values (f¢,n%) for Problem (2.19) equal (f',n3,), so this cost sharing contract will coordinate

the supply chain.

Proof: First we show that f¢ > f’ by showing that optimum value for GF; for f € [0, f'] is
always obtained at f’. By replacing f = & V2 we get GF; to be only a function of ng:

ke k,e 00
GFi(ng) = b / (A~ "2 gy (u)du+ (A ~ Nv"ES) / gv(w)du
0 ke

ke
+(pa + Pr)nE / ugy(u)du + (pg + pr)(k°ng) | gu(u)du + peng
0

ke

Now by taking the derivative of GF; with respect to ng we obtain that:

OGF, _ vb 77/
s - d ugu(u)du Ek g gu(u)du

k€ o)
T (patpr) / ugy(w)du + (P + pr)k° /k gu(u)du + pe
0 €

" S e

= (——d— -!—pa)/0 ugy(u)du +pr/o ugy(u)du (2.20)
+ (—%b + Pa + pr)K° /k oo gu(u)du + pe

=—c+le=p) + (-5 +pa+pIk [ aulwdutp. (2.21)

-G +mt o)t [ 222

in which (2.20) is obtained because k° = k°, and (2.21) is obtained using Proposition 2 and
(2.18). On the other hand (2.22) is negative by Assumption 3, so that GF} is decreasing for
all eligible ng. Hence f’ and the corresponding ng (i.e. ng = M = %@) are optimal in
this case. So f¢ > f’. Because k® = k%, it immediately follows that n% > n3.

Now we show that the optimum of GF;, for f € [f’,1], also occurs at f’, completing the
proof. Note that f > f’ and k¢ = k5 imply that ng > n$. Consider GF5.

e £Ne -
ng n
GFy(ng) =b / (4 —V——)gu( u)du + pang / * ugy(u)du + pof'Nd / gu(u)du
0 0 £

ke 00
+pnE / ugy(uw)du + p,(k°ng) / gu(uw)du + peng
0 ke
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The derivative is nonnegative,

0GF, , vb /%
0

e o)

ke
ugu(u)du + pr / ugy(w)du + prk° / gu(uw)du + pe
0

e

/
["Nd 00

b 0
(-5 +20) [ ™ vaswidu+c+ e [ guwdu (2:29)
0 €
vb %‘Ié *
>(—— +pd) / ® ugy(u)du+c+pk® [ gy(u)du (2.24)
0 ke
=p,k* f gu(u)du > 0 (2.25)
ke

(2.23) comes from (2.18). As before, (2.24) comes from Assumption 2 and the fact that
ng > ny. Finally, (2.25) is true by Proposition 2. The last inequality shows that the
optimum value for GF, occurs at f’ hence f¢ = f’ and because of the fact that k¢ = k°, we
obtain ng =ng. O

The cost sharing contract can coordinate incentives, unlike the pay back contract, because
the manufacturer’s risk of both excess and insufficient yield can be handled by the contract’s

balance between paying for outputs (via p,) and for effort (via p.).
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Chapter 3

A Government/Manufacturer Supply
Chain - Case of Strictly Convex
Attack Rate

Based on the supply chain model developed in Section 2.1, this chapter initially presumes
that T'(f) is strictly convex. While T'(f) may not be convex for all choices of the parameters
of the infection model, it is strictly convex for sufficiently large x (a large initial exposure from

exogenous sources) and values of Ry that are representative of influenza (see Appendix B).

We first explore the game equilibrium and the optimal system solution. We then show
that a variation of the cost sharing contract can coordinate the supply chain. Finally, we
demonstrate that this proposed cost sharing contract can be modified to coordinate a broader
class of attack rates, such as when T'(f) is first concave decreasing and after a point becomes
convex decreasing. Such curves are observed for some realistic values of the parameters.
Convex curves, and curves that are first concave then convex, are also realistic when T'(f)

results from averaging over uncertain parameters (as described prior to Section 2.1.2).
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3.1 Optimal solutions for game and system settings

The solution to the manufacturer problem in Problem (2.4) with convex T'(f) remains the
same as above, as the manufacturer’s objective function does not depend upon 7T'(f). The
analysis of the government problem in Problem (2.6) and the system problem in Prob-
lem (2.7) is somewhat more complicated when T'(f) is strictly convex, but the general ideas
are similar to those in the linear model.

For the system setting, the following analog of Proposition 2 holds.

Proposition 7 If T(f) is strictly convez, f is the solution of (2.1), and the optimum values
of the system problem in Problem (2.7) are denoted by f5 n3, then (a) f5 can be picked

to be any value between f and 1; and (b) n is the solution of the following equation:
Nd

/0% []\?d ( )+Pa]ugu( )du+c=0.

Proof: The proof resembles the proof of Proposition 2, except for the change in role of f’ to
f, and the definitions of SF1,SF; and SF2,SF,. We first show that the optimum value of
SF, always occurs at the border, i.e. f* = f, by examining the KKT condition for SF;:

(1) [, avtwdu+ pud [ guw)du+g =0
e P "E iNg

b "E oy MEU ng 3
-W/o (3 )ugU(u)du+pa/0 ugy(u)du +c =0

&f-f)=0 ; ¢€=0

If f < f, then by the convexity of T(f) and the definition in (2.1), we conclude that
bT'(f) + paNd < 0. So the first equation forces £ > 0, then by the third equation we
obtain f* = f. So the optimum value for SF; occurs at the border which is f. Since
SF does not change as f varies in [f,1], we have shown the first part of the claim. The
optimum value for n}; in this case can be obtained using the second equation of the KKT

conditions and the fact that f* = f. Namely, the optimum n solves the following equation:
fNd

a
/ E [__b_T/( nEu
s LNd

It is now enough to show that in the second case where f > f, the same relation holds

]ugu(u)du + ¢ =0, as claimed.

for the optimum production level. To show this, note that first of all, SF; is a function of
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ng only, hence to get the optimum it suffices to find the root of its derivative:

INd
8SF2 _ ng b , LEU
o /0 [NdT Nd —) +pa] ugy(u)du + ¢

By setting this equation to zero we will end up by the same type of relation for n} which
Nd

we obtained before from SFj, hence always [, % [—T’(m) + pa] ugy(u)du+c=0. 0O
The following analog of Proposition 3 for convex T'(f) characterizes the set of the game

equilibria.

Proposition 8 Let f¢ n$ denote the game solution, let k¢ = %L“ and set dg = f_TNGQ. If
E

T(f) is strictly convex, then (a) / ugy(u)du = p— - and (b) f¢ < f if and only if

kG 00
b .., Mgy G
—_ > 0. .
/0 [T Nd)+pa]ugu<u>du+c+prk /k gu(w)du > 0 (3.1)

Proof: The first part of this claim is just the optimality condition for the manufacturer. As
above, this does not depend on the shape of T(f) so this relation remains the same. The
fraction k€ is therefore determined by the values of ¢, p, and the egg yield variability, and
are assumed to be known.

To prove the second part if / —T'( nEY

G o0
Nd)"’Pa]UgU( Jdu+c+prk /ka gu(u)du <0,

then by replacing f = we can rewrite GF; just as a function of ng as follows:

Nd’

ngk®, [

i) [ oW

kG oo
s | vt . T [ avtuyaa

GF(ng) = b T( )gu(u)d +0T(—

GFi(ng) is a convex function of ng so the first derivative shows the behavior of this function

completely:

BGFI _ kG b , nE e

k ! 0 G 0
+m[bT( Nd )+paNd] /kc gu(u)du + p,k /kc gu(u)du
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kG
_ b ., neu
—/0 []—VET( )+pa]ugU( )du + ¢ + p, k€ / gu(u)du
k ’ nEk o0
+ =[5 + pud] /k  gu{u)du (3.2)

However, note that the function GF; is a convex function so clearly for every f < f or

equivalently ng < fip we have: 9GH [OGFI ] . On the other hand if we plug 7ig
anE anE ng=ng
into (3.2) we have:
6GF1 _ k b " U o oo
[ ong ]nEzﬁE —/0 [WT (== Nd ) +pa]ugU(U)du+ c+ pok /kG gu(u)du
k¢ ’ nEk o
k
— b ! npu c 00
_/o [l (o) * pe]wavta)du+ e+ ok ' Iu(wdu

in which the last equality comes from the fact that 7g = %, and recalling (2.1). Note that
the last expression is less than zero by assumption, so the optimum of GF; occurs at its

border, f* = f. Because the inequality is strict, optimum of GF; also is greater than f, so

¢ > f.

To show the reverse direction, we first show that the function

Hne) = [ [t 1w

is a nondecreasing function on ng.
6H /
/0

The second equation follows from the definition of f, and the last inequality is due to the

de de de
ng gu( ng ) x (= n%

i Nd)zT"(”E“)]ngU(u)du+[—T’(f) Pa]
fNd
"E Ngu

[(Nbd) T"(wNa )]“29U(“)du >0

convexity of T(f) in f. Hence we have H(ng) > H(fg) for all np > fng. By replacing

52



H(ng) with its definition,
iNd
ng [ b,
L7 [

b

kG
If we assume / [——T’
0

Nd

PEL) 4 pu ugu )duZ/

S
mE

ngu

Nd ;Vng > g

(3.3)

[ s

(nEu) +pa] ugy(u)du+c +prkG/ gu(u)du > 0 we will show

kG

that f¢ < f, which is the reverse direction of part 2 of the clalm.

Because this is the game setting, f can be replaced by 2£%- N d , and

FNd
GFy(ng) =b / T3 g (w)du + BT
0

nEkG

Nd

00 kG
) /fﬂ gu(u)du + pyng /0 ugy (v)du
ng

00 L;’ﬁ _ 00
+pe(nek®) | gu(wdu+pang | ugu(u)du +pu(FNd) | gy(u)du
N4 c
OGF; I b ,, MEU T * G/oo
— /0 [WT( )t Pe|ugu(w)du+ p; /O ugu(u)du+prk” | - gulu)du
—/Lﬂ% [LT'(nEu +p lu (v)du + ¢ + pk® /oo (u)du (3.4)
- 0 Nd Nd gU p"’ e gU .
>/% [J’-T’(nEu)+ lugy(w)du + ¢ + kG/w (u)du > 0
=), |Nd" “Na uguitjdu Tt |, Juieet =

The second equality for %fi: 2 comes from (2.5). If f > f then ng > fig, so the inequality
in the third line is justified by (3.3). Finally the last inequality comes by assumption, and
implies that for every f > f the function GF; is nondecreasing under the stated assumptions,
so the optimum f* for GF, can be obtained at f* = f. Hence f¢ < f, completing the proof.
O

The inequality in Condition (3.1) shows that if b is not sufficiently higher than the other
costs, such that the marginal health benefit obtained by vaccination do not cover the vaccine
costs, then the game pushes the government to order less vaccine than is required to vaccinate
a fraction f of the population.

Theorem 3, the main result of this section, shows that, as in the linear case, the system

optimal production level exceeds that of the game equilibrium.

Theorem 3 Let n3 andn$ denote the production level under the system optimum and game
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equilibrium, respectively. For all nonincreasing strictly convez T(f), we have ng, > ng.
The proof of Theorem 3 requires the following three lemmas.
Lemma 1 Ifn§ > n3, then f¢ < f.

Proof: To proof this lemma we show that the function GF; obtains its minimum at its border
(f). We use the function H(ng) that was defined in the proof of Proposition 8, which was

shown to be nondecreasing, and ng > n% to conclude that

N fNd
& nu

/(;w; [%TI(T;\%d ) +pa] ugy (u)du > [} "E [ﬁb&T’( Nd ) +pa] ugy (u)du.

By plugging n§ into the derivative function of GF; in (3.4), and using the above relation,

OGF, b, nSu o [
[ anE ]nE—nE _/(; [NdT ( Nd ) +pa] UQU(U)du +c +prk AG gu(’u,)du
fNd

o nsu 0
> nE . ! E G
> /0 [NdT (——Nd ) +pa] ugy(u)du + ¢ + p.k / gu(u)du

kG
=pr’€G/ gu(u)du >0
kG

The equality in the third line comes from (7). The last inequality shows that the derivative
of the function GF; at the optimum point n§ is strictly positive, which is not possible unless

n§ is at its lower extreme, n§ = fig, where fig introduced earlier. [

Lemma 2 Let f be the solution of bT"(f) + (pa + p,)Nd = 0. Then f€ > f.

Proof: By the definitions of f and f, and strict convexity of T(f), we have f < f. Let
ng = i,ivgé. Because f < f, we examine the government subproblem GF1 with objective

function GF; to analyze the pair ( f ,NE).

O0GF, L) , MEY
= T a T du
o Yses = [, [ i) +poct o (0
k ’ nEk *
Nd[bT( Nd )+paNd+prNd] /kc gu(u)dus
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b

kG

nEu

=/ [WT’( E )+pa+pr]ugy(u)du<0
0

The second equality is true because the second term in the derivative is zero, by the definition
of f,7iz. The last inequality comes from the strict convexity of T(f), so T'(f) < T'( F ); for
all f < f= . The derivative of GF] is negative at f . By the convexity of T(f), it follows that
the optimum of GF; is attained for a point bigger than 7 (since F< f), and so f¢ > ;.o

Lemma 3 Let k5 = I¥¢. Then for all k > 0,
E

kS S k
b, ., ngu b ., nyu
/0 [NdT Nd)+pa]ugu(u)dUS/0 [NdT( )+pa]qu( )du.

b
Nd
its minimum at k* = kS The derivative of (k) is & = [&T"(52; k) + pa| kgu (k). Note that

knE_

k
Proof: To prove the lemma, we show that I(k) = / [ T'( Na ) + pa] ugy(u)du attains
0

for k < kS, we have =2z = 2 f, and so by the definition of f, the derivative of I(k) is

negative. So I(k) is decreasing for k < k5. If k > k°, then —ﬁ > fs0 % >0, and I(k) is

<

increasing. Therefore I(k) attains its minimum at k5. O

Theorem 3. Proof: Equipped with the three lemmas, we turn to a proof of Theorem 3 by
contradiction. Let us assume that n§ > n3,. First of all by Lemma 1, we have fG < f. We

consider two cases:

Case 1: f¢ < f,n§ >nj. In this case, the optimum solution (f¢,n$) would occur in

the middle of the region for GFy, so that [BGFI] = 0. By plugging ng into (3.2), we
Ong lng=ng
have
kG
_ b ., ngu
0 —/(; [NdT(Nd)+pa]ugU(u)du+c
+ k_[bT’( EkG) +puNd+p Nd] /wg (u)du
Nd d a T kG U

kG
_ b ! nEu
= /0. [—NdT (= ) + pa] ugy (u)du + ¢
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o0

Jka [bT’(fG) + paNd + prNd] / gu(u)du ; (because Of nng — fGNd)
kG

kC G
b ., npu . :
> /0 [N—dT (== N ) +pa] ugy(u)du+c ;(Lemma 2 and convexity of T'(f))  (3.5)

On the other hand note that the function J(ng) = [ [{T"(28%) + p,|ugy(u)du is an

increasing function of ng. This is because fo [ NP T"( P-i’f)]u gu(u)du > 0, as T(f)
is a convex function. So n§ > n3, means that J(n§) > J(n3). By the definition of J(ng),
and for k = k€,

kG b . kG b . nsu
/ [~ T(%E%) 4 p,Jugy (wdu > | TG +plustide (36)

s
b .., npu

kG S kS
ZU
! > ! . .
If/ NdT ( Nd =) +pa] ugy(u)du /0 [NdT( Nd ) +pa]ugU(u)du, then (3.6) implies

kG kS
b ., ngu b ,nEu
—_ >
/0 [NdT(Nd)+pa]ugU(u)du+c_/0 [NdT 57 ) + Pa]ugu(u)du + ¢

=0; (by Proposition 7),

which contradicts (3.5). So we should have:

kG b . S &S b , S
| TG +pwswtuin< [ [T ED + palugu(wd,

but this inequality also contradicts Lemma 3. So case 1 results in a contradiction.

Case 2: €= f,n§ >nj. In this case, the production level would be n§ = ng = L&

As (f,7g) is the optimum pair for GF}, we should have: [%C;—I;l]ﬁs < 0 or equivalently:

0> /kc [—b—T’(nEu) +p ]ugU(u)du + ¢+ pkC /oo gu(u)du
- 0 Nd Nd ¢ T kG

k ’ nEk %
42 [BT("E) + paN /kc gu(w)du

K p ngu .
—_ o E c
_/0 [NdT Nd )+ pa.] ugy(u)du + ¢ + pyk /kc gu(u)du
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kG
b 1, VEU
>‘/0 [—NET(Nd)+pa]ugU(u)du+c

On the other hand, the last expression can be written as:

A7)

/O"E [;dT(T;\?;)+pa]ugU( )du+c <0 (3.7)

Note however that g = n > n3. By the monotonicity of the function H(ng) from

Proposition 8,

ne me

e [ b gy ng , Mo
> — N d =0,
/0 [T ) + pa] ugo () + ¢ > /0 (777 (GED) + pa] ugu(wdu+c

which contradicts (3.7). Since both cases lead to a contradiction, the claim is proven. O
Hence, there is an opportunity for an effective contract to align incentives and to improve

vaccination coverage.

3.2 Coordinating Contracts

This section constructs a contract which can coordinate this supply chain. Unfortunately,
the cost sharing contract of Section 2.2.2, defined by the pair p,, p., does not coordinate the
supply chain. Observe that in the piecewise linear case, the government orders enough, i.e.,
f€ > f', even without a coordinating contract. This may not be true for the convex case,
where without the contract, f¢ maybe smaller than f < f5, as shown by Proposition 7 and
Proposition 8.

Thus, a coordinating contract should provide an incentive for the government to vaccinate
a higher fraction of the population, and provide a manufacturer with an incentive to produce
enough. Section 3.2.1 shows that this goal can be achieved using a whole-unit discount for the
vaccine purchased by the government. In return, the government will pay the manufacturer
a portion of the production cost. The relation between the whole-unit discount and the cost
sharing portion is such that the more people the government plans to vaccinate, the greater

the discount they get and the higher its participation in the production cost.
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3.2.1 Whole-unit discount/cost sharing contract

Consider a contract where the vaccine price depends on the fraction of the population the
government plans to vaccinate, that is, the government pays the manufacturer p,(f) per dose.
The cost sharing component of the contract is such that the government pays proportional
to the production level, ng. The per unit price paid by the government, p.(f) depends on
f.

This section first constructs a specific class of pricing policies. It then shows how the
original game is modified by the pricing policy, and that the given pricing policies indeed
align incentives.

The following two assumptions constrain the set of pricing policies of interest.
Assumption 5 The price p.(f) > 0 has the following characteristics:

1. There is a whole-unit discount, i.e., p.(f) < 0.
2. The total vaccine cost (p.(f)fNd) is nondecreasing in f,

(a) (p:(f)fNA) = p(f)fNd+p.(f)Nd > 0 for all0 < f < f.
(b) p,(f)fNd +p,(f)Nd = 0.

8. The total cost to the government, excluding the cost sharing component, is convez in

£

(a) 6T"(f) + p(f) fNd+ 2p,(f)Nd > 0 for all 0 < f < f.

4. There are no further volume discounts beyond a certain threshold, p.(f) = p.(f) for
al f<fLL

If the derivative p..(f) does not exist at f = f, then use the left derivative in Assumption 5.

The first two characteristics in Assumption 5 allow for many pricing policies. The third
characteristic restricts pricing policies to ones for which the total cost of vaccine procurement
and social costs are convex!. Below we introduce a set of such policies that satisfies all of

these properties.

1Tn reality, the total cost is likely to be convex as required. There is a heterogeneous population in reality,
and priority for vaccination may be given to “easy” cases first, such as children, the elderly and health care
workers, which give greater marginal benefits for prevention and stopping transmission.
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Assumption 6 Given p.(f), let p(f) > 0 satzsfy o f()f) = / ugy (u)du for all f €
Pr 0
[0,1].

In Assumption 6, k% = Lg— is the same as before, where f,n% are the solutions for the
system setting.

Before proceeding, we show first that the set of the conditions in Assumptions 5 and 6
results in a feasible set. We give an example that satisfies the conditions in Assumption 5,
then modify it to obtain functions that satisfy all of the conditions in both assumptions.

Consider the following pricing strategy,

() = n}%;i[—T(fHT'(f“)HT(O)], <f<f
f

p:(f), f<

(3.8)

I/\

The following result shows that pricing strategies exist that satisfy these assumptions. A

range of choices of k for (3.8) is feasible for both assumptions.

Claim 1 If 0 < k < 1, then the pricing strategy introduced in (3.8) gives a nonnegative

price for any f and satisfies all the conditions in Assumption 5.

Proof: First we show that p,(f) > 0. Note that the function —T(f) + T"(f)f + T(0) is an
increasing function of f on [0, f], as its derivative —T"(f) + T"(f) exceeds O for all f < f
because T'(f) is strictly convex. Further, its value is zero at f = 0, so —T(f)+T"(f)f +T(0)
is a nonnegative function over [0, f]. Therefore p,(f) > 0 for f € [0, f]. For f € (f < f], it
is clear that p,(f) = p.(f) > 0.

We show that this p.(f) satisfies all the conditions in assumption in the reverse or-
der. Multiplying p,(f) by fNd and taking the second derivative implies (p,(f)fN d)" =
—kbT"(f). So ¥T"(f) + (pr(f)fNd)" = (1 — K)6T"(f). But bT"(f) + (p-(f)fNd)" is the
left hand side of the third condition in Assumption 5. By the strict convexity of T'(f),

T() + BTN+ 2 (INd = 5T'(£) 2 0 YOS f<

N
~
S~

For all f < f <1 we have bT"(f) + p!(f)fNd + 20.(f) = bT"(f) > 0.
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To prove validity of the second part of assumption, by taking the derivative of (p,(f)fNd)
we have: (p,(f)fNd)' = kb[ — T'(f) + T'(f)] which is nonnegative for 0 < f < f (by
convexity of T'(f)) and is zero for f = f. For f < f < 1; (p.(f)fNd)' = p.(f)Nd > 0.

Finally to show the first part we take the derivative of p,(f) for 0 < f < f:

op, T(f)f ~ T(f) + T(0)
a5 = 72 |

The numerator in the bracket is positive due to convexity of T'(f) indicating the desired

result for 0 < f < f. Finally, for f < f <1wehave p.(f)=0. O

Claim 2 If 0 < k& < min{l, [T'(—f‘)—c"T_'(W}’ then the pricing strategy in (3.8) satisfies As-
sumptions 5 & 6.

Proof: Claim 1 states that (3.8) satisfies Assumption 5 for the range of & in question.

We now show that for some k, (3.8) satisfies Assumption 6. If we set p.(f) = ¢ —
pr(f) foks ugy(u)du, then it suffices to show that p.(f) > 0 for all f. Since p,(f) is nonin-
creasing in f, we only need to show that p,(0) foks ugy(u)du < c. For any p,(f) that satisfies
(3.8),

pe0) = lmp(f) = lim—to [~ T(f)+ T'(7)f +T(0)]

b Jva T(f) - T(0
T iy (=10,

- ni[ ) -T0)
Observe that foks ugy(u)du < p. We therefore satisfy Assumption 6 if k+% [ T'(f)—T"(0)] u <

c. 0O

All the ingredients are in place to build a coordinating contract. The key idea is to keep
the relationship between the optimal production level and order quantity linear. Assump-
tion 6 accomplishes this. To see this, observe that this contract changes the manufacturer

objective, for a given f, to:

1ng oo
MF(ng) = (¢ — pe(f))ne — p.(f)ne /0 ugy(w)du — p.(f)fNd fm gu(u)du
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By taking derivatives, we have:

fNd

%—E—) =(c = pe(f)) — pr(f) ‘/0 " ugy (u)du
BQMF(RE)_ de de de
—E’PE_—_ =p.(f) n% g )gu( g )>0.

Nd

Therefore, this MF is convex in ng, and the optimal ng satisfies [,"% ugy(u)du = c;f—ff({).
Nd

Together with Assumption 6, this implies that [, ® ugy(u)du = foks ugy(u)du. So for any

given f, the optimal production level for the manufacturer is linear in f, with

. Nd
Therefore this contract changes the government objective to
min GF=E [ bT(3) + oW +p:(F)Z + pe(f)ne |, (3.10)

and changes the manufacturing constraint to fn%i = k5. This restatement of the game setting
for the whole-unit discount/cost sharing contract permits the statement of the main result

of this section.

Theorem 4 For any p.(f),p-(f) that satisfy Assumptions 5 and 6, the optimal values of
Problem (3.10), denoted by (f¢,n%), are equal to (f,n3). That is, this cost sharing contract

coordinates the supply chain.

Proof: In order to analyze Problem (3.10), we again split it into two separate subproblems.

Case 1 (0 < f < f): In this case the optimization problem would be

£Nd o0 INd
. _ ng Ngu ng
min GF, = [ b A T(_Nd Ygu(u)du + bT'(f) /fM gu(u)du +panE/0 ugy (u)du
ng

. s
4pafNd [ go(udu+ s+ pe(Pins [ ™ ugu(u)du

ng vl

= cng(by Agsumption 6)

42 (PN [ golu)du ],

"E
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subject to the constraints fNd = kSng; 0 < f < f; and ng > 0. Substituting the constraint

ng = IEI%Q into the objective function gives

kS oo
mfinGF1= [b A T(kfs )gU(u)du+bT(f)/k gu( u)du+pa /

N
+pfNa [ avtdu S (nna [ gﬁu)du}
s.t. 0<f<f

We show that in this case the optimum value is at f. For this purpose, it is enough to

analyze the first derivative of GFi:

OGF, b (¥ _, f L Nd [*°
af —[F A T(Egu)ugv(u)du+bT (f)/ks 9U(U)du+pa7€§—/(; ugy (u)du

+paNd/ gu(U)dquc-]g +pr(f)Nd/ks gu(U)du+p£(f)de/k:°gu(U)du]

=74 / (o' () + palugs (u)du + ) (3.11)

+[B70) + oNd+ p AN+ 5 07NA] [ golulin

We show that each of the two components in (3.11) is negative, making the derivative of GF}

negative for all 0 < f < f. To see this, first note that the function J(f) = foks[ﬁb&T’ (k-fgu) +

DaJugy (u)du is an increasing function of f, as J'(f) = |, :S [ﬁgT"(_zsu Ju? gU(u) > 0. Hence
J(f) < J(f), Vf < f. However, using fNd = ngks, we get J(f) = [F [quT,(gﬁg)

pa|ugy(u) = —c (by Proposition 7). As a result J(f) +c¢ <0, so

kS b f
—T " d <0, VO<Sf<f.
|| TG + pduau du-+ <7

This shows that the first term in parenthesis in (3.11) is negative. To show that the second
term of the derivative of GF is also negative, we consider the term bT"( f)+p,Nd+p,(f)Nd+
p.(f)fNd. The derivative of this expression is bT"(f) + p(f)fNd + 2p,(f)Nd, which is
positive using the third part of Assumption 5. This means that bT"(f) + paNd + p,(f)Nd +
PL(f)fNd < bT'(f) + paNd + p-(F)Nd + pi.(f) fNd for all 0 < f < f. Note that bT"(f) +
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poNd = 0 by the definition of f, and that p,(f)Nd + p.(f)fNd = 0 by the second part of
Assumption 5. This suggests

bT'(f) + paNd + pr(f)Nd+ p(f)fNd <0, VOLF<S,

which shows that the second term of the derivative of GF} is also negative. By the strict
convexity of T(f), equality occurs only at f. Hence (3.11) implies that GFi(f) < 0 for
all 0 < f < f, meaning that the minimum of GF; is attained at f. The corresponding
production value to f is n§ (using 3.9). So in this case, the only candidate for optimality is

the system optimal solution.

Case 2 (f < f < 1): In this case, using the definition of p.(f), p.(f) = p-(f), and
hence pe(f) = pe(f) for all f > f. As a result, the government objective becomes:

FNd INd
6Fy=[ [ T(GEgu(wdu+ 4T / au(wdu+ pans | ™ ugy(u)d
0

LNEl
t pafNd / su(wids +pe(n +pr( / ugy(w)du

S

cng(by Assumptlon 5)
+pr(F)fNd /fﬂ gy (u)du ]
ng

subject to the constraints fNd = kSng; f < f < I; and ng > 0. Substituting the constraint

fNd = kSng to remove f from the objective gives:

. fNd
—_ nE
GF, = / T Nd Y9u(w)du + bT(f) /_Nd gu(u)du +panE/0 ugy(u)du

B
3 r3 S
+pafNd [ gu(u)du+cng +pr(f)ngk /k , gu(u)du ]
nE

with the constraint f < f replaced by the constraint ng > n3.

We now show that the derivative of the objective function in this case is positive, and
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hence GF; is minimized when that constraint is tight, ng = n§. Consider:

f'_

o / [T (CES) + palugo (w)du +  + i (F)k [Cowtwm. (312

The first term above is exactly the function H(ng) introduced in the proof of Proposition 8.

By using its nondecreasing propert;;,dwe get H(ng) > H(n3) for all ng > n3. Recall that
Proposition 7 suggests H(ny) = f,"® [T (" 2) + paJugy(u)du = —c. This implies that
/%[LT’(nEu) + poJugy(u)du+c>0; VY ng>ni.

0 Nd *Nd ¢ = ="E

By using this result with (3.12), we obtain the desired result,

OGF, &b, s
e = | T D + vt e+ D [ gutu)du

> pr(f)k /ks v(uw)du > 0.

In both case 1 and case 2, the optimum values for the game setting are f, ny. O

3.3 Numerical Results

This section uses the idea behind Theorem 4, together with estimates of parameters from
the influenza literature, in order to develop a contract that can coordinate the supply chain
empirically, even though the actual T'(f) may slightly deviate from strict convexity.
Longini et al. (2004) estimate Ry = 1.68 and Weycker et al. (2005) argue that ¢ = 0.90
is a reasonable value for vaccine effects, so we chose 9 to vary between [0.85,0.95] and Ry
between [1.5,2]. Weycker et al. (2005) estimate the direct costs (not indirect) of each infected
individual with b = $95 on average over the different groups. In our experiments, b takes
values between 70 and 120. The vaccine price is set to p, = $12 (CDC, 2005). For vaccine
administration costs, we tested each of p, = $20, approximately the value in Pisano (2006)
for Medicare reimbursement; p, = $40, the value that Weniger et al. (1998) estimated for

pediatric vaccines, based on the cost of a doctor visit; and p, = $60, which accounts for
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inflation and provides a sensitivity analysis. We used d = 1 dose of vaccine, the usual value,
per adult vaccinated. We are not aware of published estimates of the variance of vaccine
production yields, although it is clear that variable vaccine yields are significant enough to
cause noticeable fluctuations in the quantity of vaccine delivered (U.S. GAO, 2001). We
assumed that U has a gamma distribution with mean y = 1 (Palese, 2006) and tested
different values for the variance, 0% = 0.025,0.05,0.06,0.1,0.2. We assumed a population of
N = 3 x 108 individuals and a production cost of ¢ = $6 (not necessarily the actual value).

We implemented the whole-unit discount/cost sharing contract in Section 3.2.1 for cases
of T(f) that are based upon the above parameters and using ¥ = 0.01. For example,
Figure 3-1 depicts the contract prices, government costs, and manufacturer profit when
b= $95, p, = $60, 0% = 0.2 and « = 0.128. While T(f) in this case is not precisely convex,
a strict application of the prices implied by (3.8) and Assumption 6 leads to a whole-unit
discount price, p,(f) and cost sharing price p.(f) that coordinates incentives. Figure 3-1(a)
shows that the wholesale price obtained by (3.8) is not monotone in this case.

We can show that a modification of the wholesale price in which the increasing part
of the price is replaced by a constant value equal to the maximum wholesale price, as in
Figure 3-1(b), is still coordinating. The intuition for why such a change can coordinate
incentives is as follows. The convex payment, under the contract p.(f), for the government
offsets the convexity of the cost function and pushes the government to order enough vaccines
(f5). In the case of concave-convex attack rates, one need not push the government to order
higher amounts while f is in the concave region, assuming that the first dose is cost effective,
bT5(0) + poNd < 0, and that the social optimal f is in the convex region. With those two
assumptions, the government order as much as possible in the concave region even without
the contract incentive. Thus there is no need for a non-linear payment in the concave
region. As f is raised into the convex region, the contract regains its nominal shape and
gives an incentive for government to order more. This variation for our proposed contract can
therefore potentially coordinate incentives even for a larger class of attack rates in which T'(f)
is first concave and after a point becomes convex, assuming bT"(0) + p,Nd < 0. Appendix B
notes that T'(f) is convex, or first concave then convex, for almost all of parameters that are

valid for influenza transmission and vaccination (or when there is parameter uncertainty),
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and that in each case the associated contract is coordinating.

In this example, the manufacturer’s effort is increased from 195M eggs to 233M eggs
(~ 19.5% increase), and its profit increases from $8.82 x 10® to $9.56 x 10°® (by $74M, or
8.4%). The government’s order changes from 0.73 to 0.48, and its vaccine and social costs
increase from $1.001 x 10'° to $1.060 x 10 (~ 5.9% increase) and $3.103 x 10° to $2.510 x 10°
(~ 19.1% decrease), respectively. The total governmental outlay decreases from $1.312x 10°
to $1.311 x 10'° (by $10M, or ~ 0.1%).

Table 3.1 provides a sensitivity analysis with respect to the model’s parameters. The
particular choice of & in the fourth column of Table 3.1 insures that both government and
manufacturer are better off under the contract. The following three columns show the in-
crease in the manufacturer cost and decrease in the government social (cost of the infected
population) and vaccine costs (procurement, administration, and cost sharing costs), respec-
tively, when the contract is implemented. Notice that the government vaccine cost denotes
all the vaccine procurement, administration and cost sharing costs (i.e. terms related to
Pr, Pa, Pe) and the government social costs represents only the social costs of the disease
(i.e. the term related to b). Although the government is better off after the contract in each
row of the table, this benefit is primarily through a reduction in social costs due to increased

vaccination expenditures. In our tests, we observed:

e There are always choices for x so that with the contract, (a) the manufacturer’s profit
increases, (b) the government’s social cost decreases, (c) the government’s vaccination

cost Increases.

e Higher variability in yield leads to greater manufacturer profit and higher government
vaccine costs, but also to lower government social costs (more yield volatility pushes the
government to order more vaccine, and the manufacturer to produce more, resulting

in greater coverage on average).

e For a given set of parameters, a larger « increases the manufacturer’s profit and gov-

ernmental vaccine costs, but the governmental social costs do not fluctuate as much.

The parameter  can be set by the government in order to provide incentives to manufacturers
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Figure 3-1: Cost sharing/whole-unit discount contract.
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Table 3.1: Sensitivity analysis for contract outcomes, with Ry = 1.68 and 9 = 0.9.

b |, o2 K manufacturer | gov. vaccine | gov. social | before contract | after contract
profit increase | cost increase | cost decrease | f ng f ng

95 (20§ 0.2 {0.092 7.90% 7.67% 23.69% [0.88(234M [0.562.75 M
95 |60| 0.2 |0.128 8.4% 5.9% 19.1% 0.73|195M |0.48| 233 M
120120 0.2 | 0.073 6.97% 7.13% 23.02% 095|253 M [0.58 | 296 M
70 140 0.2 | 0.159 9.39% 7.68% 22.41% 0.69| 183 M |0.49| 221 M
95 (20| 0.1 |0.109 27.84% 9.99% 36.61% [0.72]205M |0.50 | 235 M
120 |1 60 } 0.06 | 0.082 3.90% 3.21% 11.62% 051|148 M [0.42| 163 M
95 {40 0.06 | 0.099 4.77% 4.11% 14.23% [0.51| 147 M | 0.44 | 163 M

to produce, while keeping social costs at a desired level.

Sections 3.3.1 and 3.3.2 provide additional sensitivity analysis that evaluates the effect of
inaccurately estimating T'(f) on the decision parameters and the economic result of taking
an under-informed decision. In particular, for the numerical experiments reported there, the
benefit of a coordinating contract, relative to the game setting, tends to be more significant
than the potential penalty of some level of error in estimating T'(f). The benefit is still
gained, but the benefit is less significant, when the linear approximation is used and y is
not close to 0, or when x is estimated much too high. If the value of x is uncertain, it is
therefore better to estimate x on the low side than on the high side, and to use the concave-
then-convex contract that is illustrated here, as opposed to using the linear approximation.
The coordinating contract did very well in an example where there was uncertainty in R,.

We performed two sets of sensitivity analysis experiments. The results are directly com-
parable with those from the this section.

The first set addresses a sensitivity analysis with respect to the parameters of the model.
The second set addresses a sensitivity analysis with respect to uncertainty about the param-

eters and/or the functional form of the epidemic model. We discuss each in turn.

3.3.1 Sensitivity Analysis for Model Parameters

Table 3.1 provides a sensitivity analysis with respect to the model’s parameters, as those
parameters are changed from their values in Section 3.3. The particular choice of  in the

fourth column of Table 3.1 insures that both government and manufacturer are better off
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under the contract. The following three columns show the increase in the manufacturer cost
and decrease in the government social (cost of the infected population) and vaccine costs
(procurement, administration, and cost sharing costs), respectively, when the contract is
implemented. Notice that the government vaccine cost denotes all the vaccine procurement,
administration and cost sharing costs (i.e. terms related to p,, ps, pe) and the government
social costs represents only the social costs of the disease (i.e. the term related to b). Al-
though the government is better off after the contract in each row of the table, this benefit
is primarily through a reduction in social costs due to increased vaccination expenditures.

In our tests, we observed:

e There are always choices for  so that with the contract, (a) the manufacturer’s profit
increases, (b) the government’s social cost decreases, (c) the government’s vaccination

cost increases.

o Higher variability in yield leads to greater manufacturer profit and higher government
vaccine costs, but also to lower government social costs (more yield volatility pushes the
government to order more vaccine, and the manufacturer to produce more, resulting

in greater coverage on average).

e For a given set of parameters, a larger x increases the manufacturer’s profit and gov-

ernmental vaccine costs, but the governmental social costs do not fluctuate as much.

The parameter  can be set by the government in order to provide incentives to manufacturers

to produce, while keeping social costs at a desired level.

3.3.2 Sensitivity Analysis for Model Uncertainty

We performed a set of numerical experiments in order to test the sensitivity of the coor-
dinating contract to changes in the attack rate function that are due to uncertainty about
epidemic parameters, or to uncertainty about the functional form of the attack rate. They
allow for an assessment of the penalty for assuming a piecewise linear attack rate (which

has a simpler coordinating contract) when the actual attack rate is nonlinear (and the co-
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ordinating contract is more complex). They also assess potential penalties for incorrectly
estimating epidemic parameters.

In summary, the benefit of a coordinating contract, relative to the game setting, tends
to be more significant than the potential penalty of some level of error in estimating 7°(f).

The experimental settings are:

e Base linear case: the manufacturer and government both believe that the attack rate
is a piecewise linear function, and the believed attack rate is the same as the actual

attack rate.

e The first experiment illustrates the differences between the decision variables and the
cost functions when the attack rate is assumed to be a piecewise linear function by the
manufacturer and the government, but the true attack rate is not precisely piecewise

linear (x — 0).

e The second experiment illustrates the differences between the decision variables and
the cost functions when the attack rate is assumed to be a piecewise linear function
by the manufacturer and the government, but the true attack rate is associated with

a higher initial exposure to infection (x = 0.01).

e Base nonlinear case: the manufacturer and government both believe that the attack
rate is a concave-then-convex function, with x = 0.01, and the believed attack rate is

the same as the actual attack rate.

e The third experiment illustrates the differences between the decision variables and the
cost functions when the attack rate is assumed to be a concave-then-convex function
with x = 0.01 by the manufacturer and the government, but the actual attack rate has
x = 0.02.

e The fourth experiment illustrates the differences between the decision variables and the
cost functions when the attack rate is assumed to be a concave-then-convex function
with x = 0.01 by the manufacturer and the government, but the actual attack rate has

x — 0.
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e The fifth experiment illustrates the differences between the decision variables and the
cost functions when the attack rate is assumed to be a concave-then-convex function
with x = 0.01 and Ry = 1.68 by the manufacturer and the government, but the actual
R, actual attack rate is random with continuous uniform distribution on [1.58, 1.78] (to
evaluate the effectiveness when a point estimate is used in the presence of unpredictable

disease transmission parameters).

In order to provide results that are comparable with Section 3.3 we chose Ry = 1.68,1) =
0.9, b6 =95,p, =60,p, =12,c=6,d =1, N =3 x 10®,U ~ gamma[5, 1/5], unless otherwise
specified. Each experiment leads to a row in Tables 3.2-3.3.

Table 3.2 indicates that decisions may differ from their optimal values, if the epidemic
model is incorrectly specified, and by how much. The first column corresponds to f¢ if
the government knew the true value of x. Similarly the second column is f¢ under the
“believed” value of yx, i.e. in reality this value will be ordered. Finally the third column
is the gap between the first and second column. The next nine columns are the analogous
values for ng, f5, and n$, respectively.

Table 3.3 compares the governmental costs and manufacturer profits for those same
experiments, when the true model is not known precisely. The first column is the actual
government cost under the game setting if he knew the parameter correctly. Likewise the
second column is the government cost if he orders based on his belief. Hence the difference
between these two columns gives us the governmental loss in total cost. The next four
columns are analogous numbers for the system wide cost and manufacturer’s profit.

One key observation from these experiments is that the economic benefit that is associated
with the coordinating contract exceeds the penalty that is associated with a somewhat incor-
rect estimate of the epidemic model. Consider the values for experiment 1 in Table 3.3. The
total cost to the system when the government and the manufacturer optimize individually
equals the government total costs minus the manufacturer profits (which can be considered
a transfer from the government to the manufacturer), or $11.51B — $992.5M = $10.52B. The
benefit of the contract for the total system costs is therefore $10.52B — $10.44B, or $80 M.
The penalty for not having the correct model for T(f) is $10.46B — $10.44B ~ $20 M. In
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Table 3.2: Gap in the decision variables when parameter estimates are incorrect

Experi- actual | believed | gap in | actual | believed | gap in | actual | believed | gap in | actual | believed | gap in
ment # 16 f¢ f€ n§ n§ ng 1S 7S fs n3 ny ns
Base lin. | 0.757 | 0.757 0% [200.4M|2004M]| 0% | 0.449 | 0.449 0% [2352M][235.2M]| 0%
1 0.831 | 0.757 | 8.9% |219.9 M |200.4 M| 8.9% | 0.456 | 0.449 | 1.5% |257.5M |235.2 M| 8.6%
2 0.739 | 0.757 | 2.4% [195.6 M |200.4 M | 2.4% | 0.484 | 0.449 | 7.2% |233.6 M |235.2 M | 0.68%
Base nonlin. | 0.739 | 0.739 0% [1956 M |195.6 M| 0% | 0.484 | 0.484 0% [233.6 M[233.6 M| 0%
3 0.706 | 0.739 | 4.7% |186.8 M |195.6 M| 4.7% | 0.498 | 0.484 | 2.8% |234.6 M |233.6 M | 0.42%
4 0.831 | 0.739 | 11% |2199M|195.6 M| 11% | 0.456 | 0.484 6% |257.5M |233.6 M| 9.2%
5 0.796 | 0.739 | 7.1% |210.7 M |195.6 M| 7.1% | 0.485 | 0.484 | 0.2% |245.3 M |233.6 M| 4.7%
Table 3.3: Gap in the cost functions when parameter estimates are incorrect
gov cost gov cost Sys cost Sys cost man profit | man profit
Experi- w/ true | w/ believed | w/ true | w/ believed | w/true | w/ believed
ment # parameters | parameters | parameters | parameters | parameters | parameters
Base lin. 10.92 B 10.92 B 9.948 B 9.948 B 904.6 M 904.6 M
1 1151 B 11.55 B 10.44 B 10.46 B 992.5 M 904.6 M
2 13.12B 13.12 B 12.15 B 12.21 B 8829 M 904.6 M
Base nonlin. 13.12B 13.12 B 12.15 B 12.15 B 882.9 M 882.9 M
3 13.84 B 13.85 B 1291 B 12.93 B 842.9 M 882.9 M
4 1151 B 11.57B 10.44 B 10.47 B 9925 M 882.9 M
5 13.27 B 13.30 B 12.25 B 12.26 B 950.9 M 882.9 M

this and each of the other cases, the benefit of coordinating the contract is more significant
than having a precise estimate of the epidemic curve. The effect is particularly noticable in
experiment 5, where the principal uncertainty is in the value of Ry, and the benefit of the
contract is about $70 M, and the penalty for not knowing the exactly correct Ry is less than

$1 million.

While the benefit of the coordinating contract in experiments 2 and 4 still outweighs
the penalty for not having a precise estimate of T'( f), the margin is less significant in those
experiments. The worst case is in experiment 2, where the benefit of the contract is only
$87 million, and the penalty for not estimating T'(f) accurately is $60 M. Both of those
experiments are examples where x is either overestimated significantly, or a piecewise linear
approximation is used with an incorrect estimate of x. The suggestion is therefore to not
overestimate %, and to avoid the linear approximation in applications where it is not truly
a good approximation.

Another important observation from these experiments is that the percentage error for
the decision variables is smaller in the system setting, than for the game setting (except for
experiment 2, which is a scenario that is to be avoided in practice on economic grounds as

described above). For example, in experiment 5, the percent difference between the true
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and believed optimal fraction of the population to vaccinate is 7.1%. With the coordinating
contract, the difference between the true and believed optimal fraction to vaccinate is 0.2%. A
similar comparison holds for the number of eggs to use for manufacturing. The coordinating
contract, therefore, tended to narrow the gap between the true optimal and believed optimal
values in these experiments, as measured by percentage error. The only exception to that
observation is when the value of x is believed to be rather larger than its true value. This
reinforces the importance of not overestimating x. The sensitivity for the unknown R, in

this case is encouraging for the use of the proposed contract.

73



74



Chapter 4

Supply Chain with Multiple Countries

In this chapter we consider the global influenza vaccine supply chain and model the interac-
tion between different countries. The model with multiple governments can not be simply
replaced by several copies of the single government case from the previous two chapters
due to the disease transmission effect across the different countries. Figure 4-1 shows the
countries which have shown a number of human cases of Avian Flu. The size of each pin
is proportional to the size of the epidemic in that country. It is clear that as time passes,
the epidemic transmits to the neighborhoods of the originating countries. In other words,
epidemic outcomes in each country is affected by the actions taken by other governments as
well. The epidemic model in this chapter is different than the previous model since various
countries can potentially have different characteristics for the disease and its transmission.
As a result we use an epidemic model with heterogenous population in this chapter, as op-
posed to a homogeneous population from previous chapters. Notice that in this setting we do
not model the manufacturer explicitly in the supply chain so that we can focus on logistical

issues across different governments.

4.1 Joint Epidemic and Supply Chain model

We assume that there are M + 1 countries in our model. One country will be denoted

as the index country in which the epidemic initiates (country 0). Following the notation
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(a) Jan-Jun 2005 (b) Jul-Dec 2005

(c) Jul-Dec 2006 (d) Jan-Jul 2007

Figure 4-1: Spread of human cases of Avian Flu to different countries

from previous chapters, each government i € {0,1,---, M } initially selects a fraction f; of
a population of N; individuals to vaccinate. Given the demand by the governments, the
manufacturer then decides how much to produce. However, due to production uncertainty, -
the manufacturer might be able to fulfill the whole or part of initial orders by governments
as discussed in previous chapters. In this chapter, however, we model the production uncer-
tainty differently. Suppose that the final vaccine dose that government 7 receives is o f;N;d in
which 0 < @ < 1 is a random variable that models the yield uncertainty. We use a different
notion for production uncertainty since there is no manufacturer in this setting, however
we can relate the two notations (U and «). Suppose that there is only one government in
the model, then we have o = min{’}—fv%, 1}. Notice that such an allocation of vaccines to
governments means that in the case of insufficient production of vaccine, the manufacturer

allocates the total supply of vaccine proportional to the initial orders of governments. Such

an allocation might not necessarily be an optimal assignment of the scarce vaccine to dif-
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ferent governments. However, in this chapter we do not examine manufacturer incentives to
work with one country over another. Moreover the manufacturer is not a part of our opti-
mization model, so public benefits of various vaccine allocations to countries is not modeled

as a primary concern for the manufacturer.

When acting separately, like the single government case, each government i seeks to
minimize its cost of procuring and administering vaccines (v; per dose), plus the total social
cost due to infection, b;T;(fo, f1,- - , fu), where T;(-) is the total expected number of infected
individuals by the end of the influenza season (a generalization of T'( f) from Section 2.1) and
b; is the average direct and indirect cost of an influenza infection. Like before, we simplify
the model in each country to a homogeneous model in order to focus on contract issues
for vaccine sharing across different countries, rather than including details about optimal
allocation of a given volume in a specific country. Notice, however, that the overall epidemic

model in this chapter is a heterogenous model.

The epidemic model drives the analysis for supply chain behavior through the functions
Ti(fo,* -, fm), which model the expected number of infected individuals in country ¢ by the
end of the influenza season, as a function of vaccinated population fractions. Longini et al.
(1978) gives a characterization of these functions in a heterogenous population as a system
of deterministic differential equations. Let 6 be the vaccine effect on susceptibility, i.e.,
probability of becoming infected decreases by 1 — 8, given the exposure. Denote the vaccine
effect on infectiousness by ¢, i.e., probability of transmitting the disease decreases by 1 — @,
given an exposure. Moreover let f; be the fraction of population i that gets vaccinated, and
generalized basic reproduction number, R,;, be the number of secondary infections in country
i from one randomly selected infectious individual in country j for every 7,5 € {0,1,--- , M}.
Finally let S;(0) be the fraction of susceptible population and I;(0) be the fraction of infected
and infectious population at the start of the epidemic. The attack rate, p;, for country i,
or fraction of the infected population throughout the epidemic season in country i, is then

(Longini et al., 1978)

pi = Si(0) (1 + é((g)) - e{-Z?ioRﬁw}) (4.1)
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Such a characterization, though general, is mathematically intractable from the supply
chain analysis point of view. As a result we use a two-folded epidemic model in order to
mimic the dynamics of the spread of the disease both within and across different countries
while simplifying the mathematics. Section 4.4.1 shows that such an approximation has a
small error, typically in the order of 3% on average, for computing the final attack rates of
influenza in each population. At the start of the epidemic, we use the next generation matrix
method (e.g., Hill and Longini, 2003). This approach enables us to model the interaction
across the different countries. After a few generations of evolving the disease and once the
epidemic is going in each country, the disease outcomes are somewhat insensitive to the
exposure from the other regions. Hence the purpose of the second stage of our epidemic
model is to use the feedback from the first stage, and model the dynamic of the spread
of the disease within each individual country. For each country i, we use a deterministic
compartmental model of IV; homogeneous and randomly mixing individuals that start out
Susceptible to infection, but may also be infected and Infectious, or Removed upon recovery
from infection, a standard SIR compartmental model that is a reasonable model for the
natural history of infection of influenza. Table 4.1 summarizes the notation used throughout

this chapter.

The next two sections explain these models and some of their properties with further

details.

4.1.1 Epidemic Model - Start of the Epidemic

The next generation matrix method approximates the spread of the disease at the start of
an epidemic. Based on the notation above, we can model the beginning of the epidemic
process as the following system of equations in which yo;(g) and y1;(g) are the expected
number of secondary infections in population 4, unvaccinated and vaccinated, respectively,

at generation g (Hill and Longini, 2003):

Yoi(g+1) = Z;-VI:O [Rij(1 = £)yoi(9) + Rizd f3915(9)]
(g +1) = EJM:O [Rij9(1 — fi)yoi(g9) + Rijd)aijlj(g)]
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Table 4.1: Summary of Notation for Multiple Governments Supply Chain.
Infection Transmission

M +1 Total number of countries
N; Total number of people in country i, i =0,1,--- , M
R;;  The number of secondary infections in country ¢ from one randomly
selected infectious individual in country j

fi fraction of the population in country ¢ to vaccinate announced by its
government to the manufacturer
Vaccine effect on susceptibility

¢ Vaccine effect on infectiousness

Xi The initial fraction of susceptibles in country ¢ that are infected due to
exogenous exposure to infection (from the index country)

I;(0) The fraction of infected and infectious population in country i at the
start of the second phase of the epidemic

Si(0) The fraction of susceptible population in country i at the start of the
second phase of the epidemic

fl The critical vaccination fraction in country ¢ (fraction of population to
vaccinate to halt outbreak), assuming that country i were considered
alone

D; The true attack rate, or the fraction of infected population throughout
the epidemic season, in country ¢

Di " The true attack rate approximation based on the two-tier epidemic
model presented in this chapter

Ti(-)  Total expected number of infected during the infection season in country
i based on the two-tier epidemic model, i.e. T;(-) = N;p; (a function of
the fraction vaccinated in potentially all countries)

Supply Chain

Q Random variable for the yield per egg.

V; Vaccination program costs for government i, including vaccine purchas-
ing and administration costs. i.e., using notation used in Chapter 2 and
Chapter 3, v = p, + p, for each country

b; Average total social cost per infected individual in country i

fi Maximum fraction of the population in country i that can be vaccinated

based on the budget constraint.
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So if we define the 2(M + 1)-vector of vaccinated and unvaccinated infected population as

¥(9) = [300(9), ¥10(9), - - » vomr(9), y1e(9)]”

then the above system of equations can be written as:

y(g+1) =Ry(g)

or equivalently

y(g+1) =Ry(0) (4.2)
where Ra(ar+1)x2(Mm+1), is the next generation matrix for vaccine allocation (fo,- -, fu):
Roo(1 - fo)  Roodfo -+ Rom(1—fu) Roméfu

Roo0(1 — fo) Roobofo -+ Rom0(1 — fu) Rombdfu
: : . : : (4.3)

Ryo(1—-fo) Rmodfo -+ Rum(l—fu) Ruméiu

| Buof(1 - fo) Rmobofo -+ RumO(l— fu) RumOdfm |

Notice that each component of R? is a nonlinear function of potentially all of the f;’s. This
nonlinearity complicates the analysis significantly. Given the following two assumptions it
can be shown that the complex network of interactions between countries (see Figure 4-2-a)
can be approximated by a much simpler network in which only relations from the index

country (country 0) to others (countries 1,--- , M) are important (see Figure 4-2-b).

Assumption 7 The epidemic starts only at one of the countries, denoted by country 0.
Assumption 8 For everyi # j, and k # j, we have R;; R, = 0.

The second assumption simply indicates that the value for R;; can not be big. Notice that a
stronger version of this assumption is usually made in the literature (Brandeau et al., 2003;
Sun et al., 2007) in which R;; =~ 0. Our assumption relaxes the previous ones by allowing

R;; > 0, however restricts its second order effect. Intuitively, this assumption states that
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the probability of one person in China infecting a person in France and the same person
in France infecting an individual in the US is very small. This assumption is therefore is
less restrictive than in Brandeau et al. (2003); Sun et al. (2007). To illustrate this point, we
show later in Section 4.4 that [0.01,0.05] is a reasonable range for R;;’s when i # j. As a
result, while R;; = 0.02 might not be approximated by zero, Rfj = (0.0004 is more easily
approximated by zero. The following two lemmas explain the significant role of the index

country in the spread of the disease under Assumption 7 and Assumption 8.

Lemma 4 Given assumption 7, for any generation g, the number of infected individuals,

Yoi+1(9) + Y2i+2(9), in population i (i =1, ---, M) can be written as

Y2i+1(9) + Yaiva(9) = Rio Ty(fi, fo) + A X Gy(fo,- -, fu) (4.4)

where J,(-) is a function of only f; and fo parameters, G, is some general function of

potentially all vaccination fractions, and A = rgaéc {RijR;x}. Moreover,
177

1 — (2Ry;(Ry; g
ilinm gg(fo, . ,fM)‘ < (27(19) T _(21;';(5%“:];0;))) (45)

where m; is the expected number of infected individuals in population i after g generations in

the absence of any vaccination.

Proof: Notice that using Assumption 7, y(0) = [1, 0, 0, 0,---, 0, 0]7. Hence by (4.2), it is
enough to show that all entries in the first column of the matrix R¢ depend on f, and the

corresponding f; or formally matrix R9 gets the following form:

Ramiixam+1? =
[ Roo Ty(fo) + 4 x Gg(-) Roo Jg(fo) +Ax Gg() -+ Rom Tg(fo, fm) + A% Gg()  Rom Tylfor fa) + A x Gg(+) ]
Roo Jg(fo) + A x Gg(+) Roo Jg(fo) + A x Gg(-) v+ Rom Jg(fo, fm) + A x Gg(:)  Rom Tg(fo, fm) + A X Gg(-)
Rio Jg(fo: f1) + A x Gg(-) Ri0 Jg(fo, f1) + Ax Gg(-) -+ Rip Tg(F1. fM) + B X Gg(-)  Ripg Tg(f1.fam) + A X Gg(+)
Rio Jg(fos f1) + A x Gg(-) Rio Jg(fo, f1) + A X Gg(:) -+« Ram Tg(f1.fM) +A X Gg(-) Rim Tg{f1, fm) + A x Gg(-) 14.6)
Buo Tg(for fu) + A X Gg(-)  Ramo Tg(fo, fm) + B X Gg(-) -+ Rym Jg(fm) + A x Gg(+) Rpyae Tg(Fm) + A X Gg()
| Rmo Jg(fo,fM) +A X Gg()  Rmo Jg(fo, fm) + A X Gg(-) - BRym Tg(Fm) +A X Gg() Bym Tog(Fm) + A X Gg(t) |
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In the above expression we use notation J(.) to show a general function of some param-
eters. So the first component of this matrix represents a product of Ryy times some function
of fo. Likewise the bottom element in the first row shows Ry times a function of fy, and
fu. Notice that the notation above can be misleading. For instance, in the first row the two
J,4(fo)’s in columns 1 and 2 are mathematically different. The reason we used this notation
is that at the time being the nature of these functions does not make any difference and only
their parameter dependencies are important. So to prove the statement of the lemma, we
only need to prove that the above equation hold for R9. The proof is by induction:
Induction base: For g = 1 we have the matrix in (4.3) which is clearly in the desired form.
Induction step: Let’s suppose that RY is the form of (4.6), then R9*! = RY R. Hence the
(2k 41,21+ 1) (k,1 =0,--- , M) element of this matrix becomes:

2k + 1,20+ l)f’h (element)

Roi (1~ f1)
Ry 6(1— fi)
=[Rko Tg(fo, i)y Rio Tg(Sos fids Rix To(f1, Fidy Bra To(f1s fu) -+ Rinr Tg(Fis far)s Bins To(Fer Fa)] :
Rpn(1 = fi)
Rar8(1 — fr)
Ry (1 = fi)
Roi0(1 — f1)
+ [Rro & x Gg (), Rko & X Gg()y Rit A X Gg(), Riex & % Gg(), -+ Ricns & X Gg (), Riear & x G ()] :
Ragi(1 = f1)
Rpi6(1 = f1)
M M
=3 [Riy TolUsr SR = ) + Raey Tg(F5 )R8 = £)] + 8 3 [Riy Go) Byt = f1) + Ry Gg () Ryu01 = )]
3=0 =0
= [Riw Tg(f)Re1 (X = £1) + Rk Tg(Fi) Rt 01 = f1) + Ry Tg(fi, fr) Ru (L = fi1) + Ry Tg(f1, fi)Ru6(L — £1)) (4.7)
+ Y RigRu[Te(fy (L= ) + Tg(f5 )01 = £1) + BG4 () (L= fi) + AGg () 01 = £1)] (a.8)
FEL N
+ Al - fl){Rkkgg(')Rkl + 0RkkGy( )Ryt + RuGg()Ru + 9sz§g(')3u] (4.9)

=Ry [Rik Tg(Fe)(Q = fi) + Rer Tg(£)0(1 = f1) + Tg(f1, fr) Ru(l = f1) + Tg(fis F) RO = f1)] + A X Ggi1 ()
=Ry Tg41(frs f1) + BGgr1()

Likewise the (2k + 1,20 +2)* (k,1 =0, -, M) element of matrix RY"" becomes:

(2k + 1,20 + 1)*" (element)

Rordfr
Ra16¢f1

=[Reo To(for Fi)s Bro Talfo Si)s Rit To(Fis fo)s Rix To(fs fa)s =+ Rint Tois f30)s Bt TalSies Fan)]

Ranidfi
Rpy106f1
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Roiéfi

Ry 601,
+ [Rko & X Gg(), Rio A X Gg(), Rkt A X Gg(), Ris A X Gg(), +++ + Ren A X Gg(), Riar A X Gg()] :
Rpiéfi
Rpi6of;
M M
=3 [Rrs TalFjs )Ry d 1 + Rag To(£3. fx)R510051] + A Y [Rig Go() Riudfi + Rij Gg () ;16641
i=0 j=0
= [Rik Tg(fe)Rridf1 + Rek To(fx)Ri186f1 + Riy To(f1, fr)Rudsfi + Rt To(f1s fr) Ru6o i) (4.10)
+ Y RijRj [Jg(fjs Fr)efi + Tg(£5, fr)00f1 + AGg () ofi + AGg() 0¢fl] (411)
J#Ek,L
+ Adf; [Rkkgg(')Rkl + 0RkkGg(")Rrt + R Gg (") Ry + 0sz§g(~)Ru] (4.12)

=Ryt [Rex Tg(Fe)df1 + Rex Tg(Fx)0051 + Tg(f1s fr) Rudfi + Tg(fi: F) Rubofi] + A X Ggy1(-)
=Ry Tg41(fier f1) + AGg 11 ()

Similarly we can show that similar relations hold for the (2k +2, 2]+ 1) element and (2k +
2,20 +2)™ element as desired. Using Assumption 7, y2i11(g) + y2ir2(9) = R 11 + Riin1
so the first part of the lemma is proven. By bounding G(-) terms, we use induction to show
the second statement of this lemma for the (2k + 1,2l + 1)** component of matrix R9*1.

Replacing Ry;R;; by A within (4.8), equations (4.7)-(4.9) lead to,

Gon() < Y [Taldis F)L = )+ Tolfs. F)OC1 = £)

J#k,1
+ AG,() (1= fi) + AG,( 6(1 ~ )]
+ (1= £) | Ry () Bas + ORisGy () Ria + RuaGy() Ru + ORiG(-) B
< X [m0- £)+ (1 £) + AG,() (1 - ) + AG,() (1 - £)]

J#k,1

+(1-fi) [Rkkgg(')Rkl + ORkGo () Ri + RiuGy(-) Ru + 0Rktgg(-)Ru]
—

lim Gy () < Y [ﬂ?(l — fi) + mi6(1 - fl)]

J#k,1

+ (1 - fi)Ru kin»o [Rkkgg(') + 0RukGy(-) + Go(-)Ru + 9%(')311]

in which the second inequality is obtained based on the fact that for any generation g, the

attack rate in each population is maximum when no vaccine is administered. Likewise by
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replacing Ry;R;; with A in (4.11) and using (4.10)-(4.12) we get

lim Gpn() < Y |8 + 8601

J#k,1

+ 9fila im | RGy(-) + RuGy(-) + Gy(-)Ru + 0G,(-)Ru-

In order to find the A coefficient in y2;11(g) + y2i+2(g), we just need to add these two terms
when k£ = ¢ and [ = 0. Using inequalities 6, ¢ < 1 we get

lim Goua(1) < 2( 30 79) + 2Ri lim [RiuGy(:) + Gy() Roo|.

J#0,

, for the induction step, then clearly

. 1 — (2Roi(Rii + Roo))’
As a result if G,(+) < 2 7
g (EJ: J) 1 — 2Roi(Rii + Ruo)

1- (2Ru(Ri + Roo))*™ .. . |
Gor1(+) < Q(Z ﬂ]g+1) 1(_ 2;;Oi(;:3ii - ;(;03) which finishes the proof. [

j
Now notice that based on (4.5), the coefficient of A in (4.4) is a constant number when

A — 0. Hence using (4.4) and Assumption 8, this lemma states that for each country
i=1,---, M, the expected infected population at country i would be a function of its own
vaccination level and the vaccination level in the index country. Moreover the expected
infected population at the index country is a function of its own vaccination level only. The

following lemma, illustrate some properties of this function.

Lemma 5 Given assumption 7, for any generation g and population i, the function Jy(fi, fo)

of Lemma 4, is a convex and decreasing function with respect to fi, fo.

Proof: We can no longer work with the previous general forms for functions J(.) in 4.6. The

only important elements in the matrix R9 are the first column elements. So:

RY =
[ Roo Tgs(fo) Roo J(fo) Roi J(fo, 1) Roi J(fo, f1) Rom J(fo. fm)  Rom T (fo, fum) ]
Roo JfH(fo) Rgo J(fo) Ro1 J(fo, f1) Ro1 J(fo, f1) Rom J(fo.fm) Rom JT(fo.fm)
Ry0 J§(fo, f1) Riyo J(fo, f1) Ry11 J(f1) Ry J(f1) Rim J(f1. fm) Rim I (f1,fm)
Ri19 J%(fo, f1) R10 J(fos f1) R11 J(f1) R11 J(f1) Rim J(f1, fm)  Rim J(fr, fm)
Rpro Tgng,o(fo, Fm) Rpyo J(fo, fmM)  Rm1 J(f1,fm)  Rana T(f1, fm) Rmm J(fum) Rym J(Fm)
| RMo Tiprp1,0(f0s fM)  Rmo T(fo, fm)  Bmi I(f1. fm)  Bmi T(f1. fm) Rym T(fm) Rym J(Fm) |
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Here subscripts show the elements for which the function belongs and superscript g is used to
show the generation number. Notice that functions in other columns are left in their general
form since they will not be used in the analysis. This matrix can be further simplified in
the following manner. A second look at matrix in (4.3) reveals that all the even rows are ¢

times their preceding row. Thus the g-generation matrix can be written as follows.

RY =
[ Roo J& (fo) Roo J(fo) Ro1 J(fo, f1) Ro1 J(fo, f1) -+~ Rom J(fo,fM) Rom T(fo,fm) ]
Ro08 & (fo) Roo J(fo) Ro1 J(fo, f1) Ro1 I (fo, f1) <«-  Rom J(fo.fm) Rom T(fo,fm)
Rio T (fo, f1) Ri0 J(fo, f1) Ri1 J(f1) Ry1 J(f1) co Rim IJ(f1.fM) BRam I(f1,fm)
R106 Jfy(fo, F1) R0 J(fo, f1) Ry1 J(f1) Ry1 J(f1) -+ Ripg T(f1.fM) Baim J(f1, fum)
Rumo Ty o{fos fm)  Rato T(fo, fM)  Rmy J(f1, fm)  Rma T(f1.fm) -+ Rym T(Fm) Rmm J(fm)
| Bmob T5; o(fo. fM)  Rmo J(fo,fM)  Rmi J(f1, M) R J(f1.0M) - Rmm J(fm) Rymm I(fm)

We know that R9t! = R RY, hence similar to the previous section we can obtain the elements
of the first column of R9*! as follows. Like equation 4.7 we can obtain the (2k+1, 0)* element

of R9t1 to be

g+1(fo) 0 J5o(fo)(1 — fo) + Roofobd Tip(fo)
g+1(fo, fi) = Roo Tg(fo)(1 = fo) + Roo fob9 Tip(fo)
+ Rie(1 — fi) T (fos fx) + Rerbofr Tio(fo, fr)

Here we prove the claim by induction for country 0. Other cases can be shown with similar
arguments. To show the decreasing property of J&%™(fo), we take the derivative of this

function with respect fj:

Li TE(fy) = [(=1+00) T&(fo)] + [(1— fo+ 66f0) 2

— o )|

The first term in the right hand side is negative due to the fact that ¢ < 1. The second
term is also negative due based on the assumption that Jg(fo) is decreasing. Thus J& (fo)

is also decreasing. Now to show the convexity, the second derivative gives us:

1 9

o ) = 2|(-1+08) T + |- o+ 0050) T T
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The first term is positive since #¢ < 1 and function J5(fo) is decreasing and second term is
positive since Jg(fo) is convex.

This completes the induction step for the proof and the induction base is clearly held
true. O

Hence based on Lemmas 4 and 5 and Assumption 8, the expected number of infected
population in each country %, y9;11(9) + ¥2i12(9), is a decreasing convex function of each of
its parameters.

The next generation matrix provides a good approximation to the total number of infected
individuals only at the start of the epidemic. As a result the convexity properties in Lemma 5
are not valid for the overall number of infected individuals throughout the epidemic season.
Notice that we use the total number of infected individuals obtained above (output of the

first model presented in this section) as the initial infected population for the next section

(input for the second model).

4.1.2 Epidemic Model - Middle of the Season

The previous section gives a suitable model of the infection dynamics at the start of the
epidemic, however it might provide a rather poor approximation after the few initial steps
of the disease transmission.

As a result, we formulate the rest of the epidemic by the same SIR model which used in
Chapter 2, using the output of the previous model to model the initial infected population
for each country. Such a model will allow us to look at independent countries, except for
the way that the initial infected population in each country is influenced by the interaction
between countries modeled in the first stage.

Like the homogenous model, we group the population in country ¢ into three distinct
subgroups at any given time t: the fraction of Susceptible, Infectious and Removed indi-
viduals (S;(t), [i(t), and R;(t), respectively). These fractions in the population vary as a
function of time t according to a deterministic differential equation. Like Chapter 2 we
denote ¢ = 1 — ¢ to be the combined vaccine effect on susceptibility and infectiousness.

We assume that a fraction f; of population i is vaccinated so R;(t) = fip for ¢ < 0. At
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the start of the influenza season, at time ¢t = 0, a fraction x; of the remaining susceptible
population becomes infected due to exposure from exogenous sources, that is interacting
with the index country and hence x; = x;(fo). As a result S;(0) = (1 — fip)(1 — x;) and
I;(0) = (1 — fitY)x;. The total number that become infected during the influenza season is
Ti(fi, fo) = Nips;, where the attack rate p; (Longini et al. 1978) satisfies

pi = S;(O) (1 -+ w - e—Riz‘ﬁz‘)

or alternatively

pi=1-9fi— (1= x)(1 — ¢ fi)e P (4.13)

Notice that we use p; to distinguish the attack rate of this approximation from the true
attack rate, from (4.1). Rather than deriving results via such an implicit solution from
the epidemic model, we derive results for a nonincreasing T;(-) > 0 with specific general
characteristics. This removes the details of an implicit solution for an epidemic model from
the supply chain analysis.

We showed in the previous section that for every i, x; = x;(fo) is a decreasing convex
function of its parameter (Lemma 5). Similar to the homogeneous population, it can be

shown that the critical vaccination fraction can be obtained as

,_ Ry -1
5= R

The following proposition is the main result of this section:

Proposition 9 Let p; be the attack rate of country i that satisfies (4.13), then for i =
0,1,---, M

1. p; is decreasing in f;
2. p; 18 decreasing in fo

3. pi s a submodular function of (fi, fo) for fi < fl, and a supermodular function for
fi > fi, where f is the critical vaccination level for country i if country i is considered

alone.
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4. P; 18 first concave then convex in f;

Proof: For the first part, in equation 4.13 we take p; to the righthand side and take the

derivative with respect to f;. Using chain rule we have:

op; 5, 0D Rupi
=57 T Ball =)= wR)e PG~ (1= e P =0
(4.14)
op; _ — (1 - e

Y
6_fi B —1 - Rn(l — X)(l — ¢fi)€‘Riiﬁi

The numerator is clearly positive since (1 — x)e %P < 1 for all §; > 0 and 0 < x < 1.
So it is enough to show that the denominator is positive. To show this consider the term in

the denominator and replace 1 — ¢ f; from equation 4.13:

iiPi

1—Ri(1—x)(1—vfi)e P = 1 - Ry(1—-x) <Tf(1—;‘)é)he:§‘*) e~ Ml

1 - 4P = —_— Py
T 1-(- x e~ Fipi (1= (1= x)e P — Ryfi(1 — x)e~Fi)

l -~
= —(1—-(1- 5 \p—Riibi
]_ —_ (]_ — X)e_R”pi ( ( X)(l + Rllpl)e )

> 0

the reason for the last inequality is that the function (1 4 z)e® obtains its maximum value
at zero. Hence this part is shown v'.

To show the second part of the claim, we follow the same approach as above except that

now we should take the derivative with respect to fq:

_ o5
9o

Ry; zapl @C_ _ No—Riibi
+Rii(1— )(1—¢fz)€ P 6f + f (1 Q/sz)e Pi=0

- Q_ﬁ—z _ 3f0(1_7//fz>e Ruabi
8fo 1= Ra(l —x)(1 — ¢ fi)efub
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We have shown before that the denominator is positive. On the other hand numerator
is negative based on Lemma 5. It indicates that the initial number of infected population in

country ¢ is a decreasing function of fy. Thus the second part of the claim is also shown v".

To show the third statement, we take the derivative of p; with respect to both variables

which leads to the following expression.

B 025, 2 o~ Rt OPi 0p; Opi R 52@,
Op; BX o 8X - Op;
— R.. —_ Rupz A Riipi i 1 — i R/szv, — O

By rearranging the terms and using the fact that 1 — Ry;(1 — x)(1 — ¢ f;)e R > 0, it turns

out that the sign of =52t a f £ 7 s the same as the sign of

op; ]

(Rt =050 + g5 ][+ Ralt - w2 2

oh " 3

On the other hand, both g% < 0 and gfio < 0. Thus the left terms is negative and

0°pi
0fodfi

SIGN[ ] ~ SIGN [w +Ru(1— fl)apl]

of;

In order to find the sign of the right hand side, we use the expression from the first part to

Op;

replace 35 It

Op;
af;

p — (1 _ X)flpe_Riiﬁi
= Rii(1 = x)(1 — b f;)e~Riibi

[1- Ru(1-v )]

l/)‘f'Rii( wfz) = w Rm( d)fz)l

= Y
= \1 - Rm(l - X)(l — wfi)e—Riiﬁil

>0

So for 1~ R;;(1 -1 f;) > 0, the sign of the right hand side term, and hence the sign of -2-2i- 5 f e,

is positive. This is equivalent to f; > f; where f; is the critical vaccination fraction v .

To show the final part, we use a different approach in computing the second derivative.
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In 4.13 rearrange the terms so that the f; is a function of p;. i.e.,

fi_l[l—1—( : ]

o E 1 — X)e“‘Riiﬁi
Since p; is a decreasing function of f;, then %& and %—2} have the same signs. So from this

point on, we investigate the sign of %—?}.

o, 1
o W

Ris(1 = x)e BiP [Ryp; — 2+ (Rusi + 2)(1 — x)e~Fui]
1-(1- X)e—Riz‘ﬁi]3

The sign of the statement above is the same as the sign of the following term
— Rifis + 2 — (Risi + 2)(1 — x)e ™ HiP (4.15)

We show that the typical sign of the above equation is first negative then positive which
corresponds to first concave then convex function. To show this we simply show that the
above term is an increasing function of f; or equivalently a decreasing function of p;, since p;
and f; have inverse relations (based on part 1). So by taking the derivative the above term

with respect to p; we get
—Rii + Ris(1 = X)(1 + Rup;)e” % < 0

again the reason for this inequality is due to decreasing property of function (1 + z)e ™. So
we have been able to show that (4.15) is increasing in f; (decreasing in p;). This means
that the typical behavior is that it is negative then becomes positive, and thus attack rate
is concave then convex. Notice that each of these sections can be empty, namely attack rate
can be a concave or convex function for some parameters of the epidemic. For instance this
function is always concave under the condition that R;;(1 —1) > 2, in other words the basic

reproduction number is large and at the same time the vaccine is not potent enough. [

We will derive all of the results of the supply chain model based on these general char-

acteristics of functions p;. Next sections define the supply chain model with further detail.
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(a) The general Network (b) The network under Assumptions 7 and 8

Figure 4-2: Network of interaction between countries

4.1.3 The Game Problem

The epidemic and supply chain models above define a one-shot game between different
governments. Each country 4 acts selfishly and selects a fraction f; that indexes its demand,
knowing that all other countries, in particular the index country, behave optimally. The cost
function for each individual country consists of two major components: social costs of the
disease, and vaccination program costs. As a result the cost function for each country ¢ can

be written as follows:

GF() = E[bo To(af()) + Vo Otf()Ngd]

GF; = E[b; Ti(afi,afo) +vi afiNid] ;V1<i<M

In this formulation, functions T;(-) denote the total number of infected people in each
population, i.e., T;(-) = p;N; where p; is obtained from 4.13.
Such an (M + 1)—player game has a Nash Equilibrium Nash (1951) which is the solution

of the following system of equations:
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4 I}I()lé% {E [b() T()(Cllfo) + v OéfoN(]d] }
min {E [b] Tl(afl, afo) + U O{leld] }

f120] fo

min {E [bM TM(an, Cléfo) + Up anNMd] }

\ fm>0]fo J

Our first task is in this section is to characterize the set of equilibria for this game. In

order to proceed with the analysis of this section we need another assumption.

Assumption 9 The expected health benefits of vaccination, exceeds the vaccination program

costs for each country, i.e.
bi'(/)—’Uid>O; VZ:O,l,,M

This is not a very limiting assumption based on the data in the epidemiology literature
(CDC, 2005; Weycker et al., 2005; Chick et al., 2007).
Even though functions T;(-) are not well-behaved, it turns out that the first order opti-

mality conditions can characterize the equilibrium points of this game.

Lemma 6 Given Assumption 9, the unique Nash Equilibrium (f&, .-+, f$) of the game

resulting between countries is the solution of the following system of equations:

boE I:é%;TO(afo)

f§:| + ’UoE[Oé]Nod =0

(4.16)
bE [%Ti(afu OlfoG)

] +v;E[a]N;d =0 ;(V1<i< M)

fG

Proof: We prove the result for government 0. The claim for other countries can be fol-
lowed similarly. The derivative of the objective function for country 0 is boE [%To(a fo)] -+

voE[a]Nod. We will first show that the left side derivative is negative. For this purpose we
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replace the derivative from (4.14)

boE [ To(afo) ] + voE[o| Nod

6f ] + 'U()E[O[]Nod = boNoE[afzpo(afo)

—(1 = —Riipo
= NoE Ol(—bo'(ﬂ 1 (1 X)e — +’l)0d)]

1 — Ry(1 — x)e~Ruo

< NoE :OA( - bo’l,[) + ’Uod)]

<0.

The equality in the second line is just based on replacing the derivative of attach rate function
from (4.14). The inequality in the third line is true since R; > 1. Finally the last inequality
is based on Assumption 9. Hence while in the concave region, the sign of the derivative of
GFy would be still negative. So the optimal vaccination fraction should lie in the convex
region. The argument then follows since optimal f, lies in the convex region. [
Surprisingly, it turns out that there is a direct relationship between the Nash Equilibrium
of the resulting game between countries which is obtained based on economic parameters
in the model (e.g., vaccination costs and benefit), and the critical vaccination level which
is obtained based on purely epidemic parameters (e.g., characteristics of strains, vaccine
strength, etc.). The following lemma shows that under Assumption 9, governments always

order quantities such that the disease is contained.

Lemma 7 Let (f$,fC, -+, f$) be the solution of the game between countries. Moreover,

let (fo, fi,-+ -, fir) be the critical vaccination levels. Then

fE>f foralli=0,1,--- M

Proof:To prove the statement in this lemma we show that under Assumption 9, for any
vaccination level f; < f/, the terms on the left hand side of (4.16) are negative, implying
that the solution of the equilibrium state has to be at least the critical vaccination level.

For this purpose we fix ¢ and replace the left hand side of (4.16) for this country with the
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derivative from (4.14),

bE[afz

Wofi, a fOG)] + vE[e]Nid = b;N;E [aif@-(a fi, o f(?)] + v;E[a] N;d

— AL [ S 1 — (1 — x)e Fupi
= N,E a( blwl — Ru(1 — x)(1 — o f;)eRupi + Uid>:|

< N;E -Cl’( - b+ U,d)]

<0

The equality in the second line is just based on replacing the derivative of attach rate function
from (4.14). The inequality in the third line is based on our assumption that f; < f which is
equivalent to Ro(1 — ¢ f;) > 1, hence we get a larger term by replacing the term Ry(1 — ¢ f;)

with 1 in the denominator. Finally the last inequality is based on Assumption 9. [

4.1.4 The System Problem

The System Problem, alternatively, assesses whether all governments can reduce their overall
cost (financial and health-related costs) of the system as a whole by perfect coordination
between them. In this case the cost incurred by the system is simply the sum over all

government costs. i.e.,
M
SF=FE [bng(a fo) + voatfolNod + 3 (6Tl fi, afo) + via fiNid)]
i=1
As a result, the system optimum is the solution for the following system of equations.

Lemma 8 Given Assumption 9, the global optimum (fy, 2, -+, f;) should satisfy

boE %Tc afo) J +ZbE[ Ti(afs, afo)

} + voE[a]Nod = 0
O

(4.17)

biEL@fT(af“afO)} :|+U1E[C¥]Nid=0 foralll<i< M
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Proof: The proof is simple by just writing the KKT conditions for the System Problem

below:

M
boTo(afo) + vocfoNod + Y (6Ti(efi, afo) + viafiNid)

i=1

minSF =E

8.t fi>0;, Vi=01,---, M

The KKT conditions give rise to

M
boE [a%To(afo)] + ; bE [E%Ti(afi, afo)] + vE[a]Nod — E[a]yo = 0

bE [-{%ﬂ:(aﬁ, Olfo)ji + v;E[a]N;d — Ela]y; =0 ViI<i<M

where ~;’s are the KKT multipliers for the conditions f; > 0. Then using Assumption 9,
and similar argument to in the proof of Lemma 6, i.e., negativity of the left hand sides for

fi =0, we can prove the statement of this lemma. O

4.2 Results

In this section using the characterization of the Nash equilibrium of the game between
governments and global system optimum and their relationship with epidemic parameters,
Lemma 7, we show the suboptimality of the Game Problem. In other words, misaligned
incentives of different governments lead to the diversion of vaccine stockpiles from the regions
where they are needed the most (index countries), to countries where they are not as needed

(all other countries in our model). The following proposition formalizes this argument.

Theorem 5 Let (f§, fC, -, &) to be the solution of the Game Problem obtained in
(4.16) and let (f§, f5,---, fi;) be the solution of the System Problem obtained in (4.17).
Then

1. f$< f§
2. fE>f5, fori=1,---,M.
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Proof: We prove this theorem using Lemma 9. Since the set £ (see Lemma 9) is empty, the

statement of this theorem is clear based on the following lemma. [

Lemma 9 Let (f€, fE, -+, f$) be the solution of the Game Problem obtained in (4.16)
and (f5, f2, -+, f3;) be the solution of the System Problem obtained in (4.17). Moreover
let L. C{1,---, M} be the set of countries such that their optimal order quantity under the
Game Problem is below their critical vaccination level, i.e. f& < f! for alli € L. Likewise
letU C {1, -+, M} be the set of countries such that their optimal order quantity under the
Game Problem is greater than their critical vaccination level, i.e. f& > fi for all i € U.

Then we have:
1 fg<fp
2. fE<ff, Viecl
S fE>f5 Vieu
Proof: We show each part separately,

1. Notice that for all i = 1,--- , M we have a%)ﬂ(afi, afo) < 0 by the properties of the
attack rate functions (Proposition 9, part 2). Thus by comparing f5, f& from Lemma 6

and Lemma & we can observe that:

s

Notice that the above inequality is correct since both f5 and f§ are in the convex

iT()(Olfo)

E
dfo

E%To(afo)

} — 5> fC (4.18)
&

region of Ty(+).

2. Since i € £, we know that f& < fi. If 7 > f/, the the statement is clearly correct,
so we need to consider the case where f° < f/. Now since both order quantities are
below the critical vaccination level (hence the attack rate function in this region is

submodular based on Proposition 9, part 3) and using f§ > f§ we have,

m’i(afi,afég) < M(aflaaf(?)
Ofi Of;
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We prove the statement by contradiction. Suppose, on the contrary, that f5 < f£

then from the above equation we have

O (aufs, aff) < T (afi, af§)

of; 7 of; I (4.19)
8E(afi» af(?)
ST e (4.20)

where the second inequality is obtained based on the convexity of function T;(-) at the
region, and our assumption of f < f¢. Now notice that, according to (4.16) and
(4.17), the left term in (4.19) and the last term in (4.20) are both equal to —v,E[a|N;d

which is a contradiction hence f > fZ.

3. The proof of this part is very similar to the proof in the previous section. Recall that
i € U indicates that f¢ > fl. If f5 < f!, the statement is clear, otherwise both
ordering quantities lie in the supermodular section of the attack rate function (based

on Proposition 9). Since f§' > f&, we have

T (af;, aff) - Ti(afi, aff)
af; ofi

If, on the contrary, we have f° > fC then from this last equation we have

aTz-(afi,af(;g) 0ﬂ(afi,afoa)

af; i g of; i (4.21)
aTi(afh Offg)
> — a5 o (4.22)

The second inequality is obtained based on the convexity of function T;(-) at the region.
Now notice that, according to (4.16) and (4.17), the left term in (4.21) and the last

term in (4.22) are both equal to —v;E[a]N;d which is a contradiction hence f7 < €.
O

This result suggests that the system wants more vaccine stockpiles for the index country.
This is fairly intuitive; since when acting selfishly, the index country does not take into
account its system-wide effect on the spread of the disease which was the result of the

analysis in section 4.1.1, and therefore orders less than the socially optimum level. On the
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other hand the System Problem requires less vaccine stockpile for all other countries. The
intuition behind this result is that enough vaccine is allocated to the origin so other countries
would not need as much as their game setting level. In other words the System Problem’s
optimal solution leans toward a strategy that contains the epidemic at its source.

Now that there is such a suboptimal vaccine allocation under the Game Problem, the
next question would be how to design mechanisms that can align governments’ incentives
and push their order quantities to system optimum level. We achieve this goal by providing
financial incentives for the index country to order more vaccines. In particular, the index
country gets partly reimbursed for each dose of vaccine it administers because the other
countries share the vaccination program costs of the index country. The following cost

sharing contract achieves this goal.

Theorem 6 Suppose that for every vaccine dose that country 0 receives, each government i

(i=1,---, M) pays:
afoJ

wheren; > 0 and Y, n; = 1, then the resulting contract is coordinating. i.e.,

0

—a—f(;j-}(aff7 fO)

Yo
—1; Z mb]NJE
j=1

e [t pushes all governments to purchase what is optimum for the system
o [t is flexible. By changing n;’s, governments can allocate the system cost reduction in

any possible way between themselves.

Proof: Notice that under the contract, the new objective functions for each government

would be:

af§

i=1 i=1

GF, =E LbOTO afy) + }:n,z b N;d E [ 5 Ty(af?, fo) } afo + voor foNod}

M B ] M
=E |boTo(oufo) + Y biN;dE 5 Ti(af, fo)| | afo Y m+voafoNod
=1 fo aff | i=1
L =1
N u - -
=E |boTo(afo) + Y bN;d E | 5= T5(af}, fo) afo + voafoNod
L j=1 | 0fo afg

98



M

GF; =E |biTi(afi, afo) — mZbN dE | 55 Ti(e s}, fo) afo+viaf¢Nid}; (¥i >0)

af§

Taking the derivatives of the objective function for different countries leads to

( 0GF, 0Ty (e fo) s
= biN;d E Nyd
o7, E {bo o7 + o E (af] , fo) o + voaNo
) (4.23)
OGF; oT;(afi, afo) .
_ g |p el djo) A <i<
| o5, E {bz o7, + v;aN;d (V1<i< M)

First order optimality conditions require to find the root for each of these derivatives. We
know that by Assumption 9 the derivative of the index country is negative at f; = 0, hence
the optimum value of fy happens in the convex region and so by comparing the first line of
(4.23) to the first line of (4.17) we get that the optimum fo = f;. Comparing the second
line of (4.23) to the second line of (4.17) and using fy = f5, we get that f; = f7 for all i.
O

4.3 Budget Constraints

So far in the supply chain model, we have ignored the role of the vaccination program budget
constraints within the countries. In reality some countries might not be able to afford the
vaccine volume which is optimum for their population. To take this issue into account we
assume that each country i, sets asides a budget of B; for its vaccination program costs.

There are two ways to formalize this argument:

1. Each country ¢ is willing to pay up to the budget B; in the vaccination program costs.

2. Each country ¢, on average, is willing to pay up to the budget B; in the vaccination

program costs. i.e. v;f;N;dE[a] < B;

Since the analysis for both of these cases is similar, we focus on the first case. Notice that

for simplicity the budget constraint v; f; N;d < B; can be replaced by f; < ﬁ for each country
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i in which f; = o7 is a constant, value showing the maximum fraction of the population i

that can be vaccinated under the budget B;.

As a result the cost function for each country i with the budget constraint can be written

as follows:

country 0:  min_ E[by To(afo) + vo afoNod]
0<fo<fo

country i: min E[b,- Ti(afi,afo) + v af,-Nid] forall1<i< M
0<fi<fil fo

(4.24)

The Game Problem then is simply the solution of the above system of optimization
problems. The System Problem can also be written in the same fashion. Before doing so,

we make the following assumption in order to simplify the System Problem.

Assumption 10 There is enough budget in the system to purchase the system optimum

level vaccine needed for all of the countries. i.e., if (f§, -, fiy) is the solution of (4.17)

then,

M M
Z B; > Z vifSNid

=0 i=0
Based on this assumption the budget constraints are not binding for the System Problem and
as a result the system problem is the same as in (4.17), the case without budget constraints.

With the additional budget constraints and using Theorem 6 we have the following result:

Corollary 3 Let (f$, f€, -+, f$) be the solution of the budget constrained Game Problem
obtained in (4.24) and let (f§, £, -+, fi;) be the solution of the System Problem obtained
in (4.17). Let f; be the mazimum vaccination fraction based on the budget constraint for

country i, then
1 f§<f5
2. fE<f, Vi=1,- M; fi<fP,
3. f€>f5, Vi=1,--,M; fi> fF,

This result generalizes Theorem 5, and suggests that the central planer allocates more

vaccines, compared to the Game Problem, to the index country as well countries whose
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budget constraints do not let them to vaccinate up to the critical vaccination levels in their
populations. On the other hand, the system problem requires less vaccines for other countries
that can vaccinate more than their critical vaccination levels. The cost sharing contract
also is modified accordingly to take this budget constraint effect into account. Similar to

Theorem 6, the contract should financially help the countries for which f¥ < f€.

Theorem 7 Let B = {z | fi < ff } be the set of countries that receive less than their
system optimum level vaccines. Suppose that government i ¢ B pays nf(vi.f5 Npd — Bi)
to government k € B independent of the vaccines purchased by government k. Moreover,

suppose that for every vaccine dose purchased by the index country, each governmenti ¢ B

18 ]

where for allk € B and i ¢ B we have nf > 0, S°,nf = 1, and 3, nf(ue fENkd — By) <

pays to the index country

0
a7, e 7 afo)

M 1
0
—1; ; MijjE

B; — v;fSN;d, then the resulting contract is coordinating. i.e.,
o [t pushes all governments to purchase what is optimum for the system

o It is flexible. By changing n¥’s, governments can allocate the system cost reduction in

any possible way between themselves.

Proof: Using Assumption 10 we notice that there exist 7¥’s that satisfy the set of conditions
mentioned in the statement of this theorem. Payments nf(vgfP Nyd — By) to the budget-
constrained countries and also the choice of 7f ensure that no budget constraints would be

binding and the rest of the proof is similar to Theorem 6. [

4.4 Numerical Results

This section uses the idea behind Theorem 6, together with estimates of parameters from
the influenza literature, in order to develop a contract that can coordinate the incentives of

the purchasers in the supply chain.
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In this example, in order to simplify the analysis we look at different populations at an
aggregate level and focus only on three different regions as “countries” (i = 0,1,2). The
index country in our example is the Southeast Asia region, country 1 is the Western European
union, and country 2 is the United States. Longini et al. (2004) argue that Ry € [1.6,2.4] is a
reasonable range for basic reproduction number within the US. As a result we choose the basic
reproduction numbers to be Ry = 2.4, Ry; = 1.9, Ry = 2.1. To quantify cross-transmission
effects and obtain R;;’s when ¢ # j, we use population information for each region together
with the air travel rates across the different countries (U.S. Department of Transportation,
2006). If we assume that infected and infectious people from country i are equally likely as
susceptible people from country 4, to be in country j, then we can get an estimate on R;;
given the number of international contacts per day per person. Such an analysis gives an
estimate of R;; € [0.01,0.05] for every i # j. For the specific example in this section we use
R;; = 0.03 for all i # j.

Weycker et al. (2005) estimated 6 = 0.50 and ¢ = 0.20 for vaccine effects of susceptibility
and infection respectively. They also estimate the direct costs of each infected individual
with b = $95 on average over the different subpopulations in the US. If indirect costs of
the disease are included, this number can jump up to b = $460. In our experiments, by
takes values from this range for the US. Cost for other countries are adjusted since direct
and indirect costs will be different. Chick et al. (2007) argue that [$30, $70] is a reasonable
range for the total vaccination program costs in the US. We used d = 1 dose of vaccine, the
usual value, per adult vaccinated. We are not aware of published estimates of the variance
of vaccine production yields, although it is clear that variable vaccine yields are significant
enough to cause noticeable fluctuations in the quantity of vaccine delivered (U.S. GAO,
2001). We assumed that & = min{w, 1} where w has a uniform distribution in [0.5, 1.5]. We
assumed populations of Ny = 6 x 108, N; = 3.6 x 108, and N, = 3 x 108 individuals which
correspond to the recent projected population sizes of the Southeast Asia region, Western
Europe and the United States, respectively. We further assumed that, at time 0, the only
infected individuals are in the index country, with I;(0) = 0.01.

We implemented the cost sharing scheme in Section 4.2 for cases of T;(-) that are based

upon the above parameters. Consider the case when by = $30, b; = $120, and by = $200.
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Notice that we chose by to be significantly lower than the social costs for other countries to
illustrate the lower economic sensitivity of the index country to infection. The vaccination
program costs are also chosen to be vy = $20, v; = $40, and v, = $60 per dose of vaccines
administered. Finally we chose a zero budget for vaccination program in the index country.
In Section 4.4.2 we examine the effect of increasing index country’s budget on the system. For
countries 1 and 2, the vaccination program budget is assumed to be non-binding. Optimal
order quantities for the Game Problem are f§ = 0, f& = 0.69, and f§ = 0.78. Optimal
order quantities for the System Problem are f5 = 0.70, f = 0.66, and f; = 0.74. The order
quantity for the index country has grown significantly due to both the budget constraint and
its global effect. This change for other countries is not as significant. Under the contract, the
system-wide cost would be reduced by almost $6.47 B. Notice that not only is the contract
cost-effective, social effects of this change in the vaccination levels are also significant. After
implementing this contract, the total number of infected people globally will be reduced by
456 million individuals, i.e., about 454 million in the index country, more than 1.1 million
at country 1, and more than 884 thousand individuals at country 2.

In the next sections we perform a set of experiments to assess the validity of the two-
tier epidemic model, the value of the coordinating contract as the values of the parameters

change, and when the precise form of the epidemic model is unknown. In summary:

e Coordinating contracts are effective in deriving down system-wide costs as well as the

total number of infected individuals.

e Higher interaction rates between countries, and/or higher social costs of the disease

lead to greater cost savings throughout the global supply chain

e The benefit of a coordinating contract, relative to the game setting, tends to be more

significant when the true value of an epidemic model parameter in unknown.

4.4.1 Sensitivity Analysis for Epidemic Model

This section provides some numerical experiments to examine the validity of the proposed

two-tler epidemic model in this paper with respect to the true epidemic model for heteroge-
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Table 4.2: Comparing p;’s with p;’s
Jo | fi | fo | po | Po |GapO| p1 | p1 [Gapl| py | po | Gap2
0.4710.11 1 0.30 | 0.33 { 0.30 | 0.03 | 0.65|0.62| 0.03 |0.49|0.44| 0.05
0.0710.10 | 0.10 | 0.81 | 0.81 | 0.00 | 0.69 |0.64| 0.05 [0.74|0.70 | 0.04
0.3010.130.10 {054 | 0.53 | 0.01 |0.64|060| 0.04 |0.73]0.70| 0.03
0.3410.19]041 (049|049 0.00 |0.56|0.52| 0.04 |[0.36|0.28 | 0.08
0.15(0.10 | 0.10 | 0.72 | 0.72 | 0.00 | 0.69 | 0.65| 0.04 |0.74|0.70 | 0.04

neous populations (Longini et al., 1978). We noticed, in general, that the attack rate p; from
the approximation in (4.13) differs from the attack rate in the full model in (4.1), by about
3% on average. Table 4.2 summarizes the results for random selections of vaccination levels,
when 6 = 0.5,¢ = 0.2, Ryp = 2.4, Ry; = 1.9, Ryp = 2.1, and I(0) = 0.01. The first column
represents (random) vaccination levels in each country. The next three columns show the
attack rates in the true and two-tier epidemic models and the gap between them at the index
country, respectively. The next six columns represent the similar values for other countries.

We have tested the sensitivity of the attack rates in the proposed model with respect to
change in other parameters, such as ¢, ¢, the matrix R, and the initial infected population
at the index country, Ip(0). In all of those experiments we observe similar error margins
between the two epidemic models. As a result we can conclude that the approximation in

(4.13) is a reasonable approximation for (4.1).

4.4.2 Sensitivity Analysis for Model Parameters

Table 4.3 provides a sensitivity analysis with respect to the model’s parameters, as those
parameters are changed from their values in Section 4.4. In this example we chose b =
$(30, 120, 200), v = $(20,40,60), Ry = 2.4, Ri1 = 1.9, Ryp = 2.1, 0 = 0.8, and ¢ = 0.5.
The first column shows different values for cross-transmission rates between countries. The
following two columns show the decrease in the overall system cost and the decrease in
the overall number of infected individuals, respectively, when the contract is implemented.
Finally the last six columns show the order quantities under the Game and System Problems.
Notice that as the interaction rate between countries increases, the benefit of the contract

becomes more visible.
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Table 4.3: Sensitivity analysis for contract outcomes.

Ry [ o e | Sl Dicmmels [T e g | i [ 8 | 5
0.05 $7.07B 460 M 0 {0.7010.79]0.71 | 0.66 | 0.74
0.04 $6.78 B 458 M 0 {0.70|0.78 | 0.71 | 0.66 | 0.74
0.03 $6.47B 456 M 0 1069|078 0.70 | 0.66 | 0.74
0.02 $6.12B 455 M 0 10.68]0.76 | 0.70 | 0.66 | 0.74
0.01 $572B 453 M 0 |0.67|0.75]0.70 | 0.66 | 0.74
Table 4.4: Sensitivity analysis for budget constraints.

o ot D | Sl e T [ g5 35| ¢ | &

0 $6.47B 456 M 0 |[069]0.78|0.7|0.65]|0.74
0.1 $5.63B 397 M 0.1 1 0.68|0.76 | 0.7]0.65 | 0.74
0.2 $4.74 B 334 M 0.2 | 068|076 |0.7|0.65]0.74
0.3 $380B 270 M 0.3 {0.67|0.75|0.7|0.65]0.74
0.4 $2.79B 202 M 0.4 10.670.75| 0.7 0.65 | 0.74
0.5 $1.70B 130 M 0.5 [ 0.65|0.75|0.7|0.65|0.74
0.6 $057B 58 M 0.6 | 0.65]0.74 | 0.7 | 0.65 | 0.74
0.7 $6.31 M 5M 0.69 | 0.65 | 0.74 | 0.7 | 0.65 | 0.74
0.8 $6.31 M 5M 0.69 | 0.65 [ 0.74 1 0.7 | 0.65 | 0.74

Table 4.4 summarizes the results for sensitivity analysis on the budget constraint value for
the index country. By increasing its budget for vaccination, f,, the contract effects become
less significant. As f goes above 0.69, the budget constraint becomes non-binding. Notice
that even though the cost savings from the contract are not very attractive when budget

constraint is relaxed, the social effects of the contract (i.e., total infected population) are

still fairly significant.

4.4.3 Sensitivity Analysis for Model Uncertainty

We performed a set of numerical experiments in order to test the sensitivity of the coordi-
nating contract to the changes in the attack rate function that are due to uncertainty about
epidemic parameters, or to uncertainty about the functional form of the attack rate. They
assess potential penalties for incorrectly estimating epidemic parameters.

In summary, the benefit of a coordinating contract, relative to uncoordinated selfish
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activity, tends to be far more significant than the potential penalty of some level of error in
estimating T;(-), when some of the epidemic model parameters are unknown. The contract
is also more efficient in deriving down the total number of infected population when the
epidemic model parameters are unknown.

The experimental settings are:

e Base model: All the governments have incorrect information about an epidemic model

parameter. They also choose not to proceed with the proposed contract.

o Model #1: All the governments have incorrect information about an epidemic model

parameter. However, they choose accept the proposed contract (with incorrect infor-

mation).

e Model #2: All the governments have the correct information about all epidemic model

parameters, but they choose not to proceed with the proposed contract and act selfishly.

As a result the benefit of implementing the contract, with incorrect information, would
be benefit of model #1 compared to the base model. Similarly the benefit of having the
perfect forecast would be obtained by comparing model #2 and the base model.

In order to provide results that are comparable with Section 4.4, we chose Ry =
24, Ry = 1.9, Ry = 2.1, b = $(30, 120, 200), v = $(20,40,60), d = 1,N = 3 x 108(2, 1.2, 1),
and o = min{w, 1} where w ~ Uniform[0.5, 1.5], unless otherwise specified. In each ex-
periment we assume one of the parameters 6, ¢, or [y(0) is estimated incorrectly. Notice
that for each parameter we consider the following three possibilities: governments’ belief
over-estimates the true value, under-estimates the true value or the true value is a random
variable which is estimated by its mean. In the first six experiments true values of the epi-
demic model parameters are as follows: 6 = 0.5,¢ = 0.2, and I4(0) = 0.01. For the last
two experiments, we assumed these parameters are random variable with the following dis-
tributions: the seventh row example is the case with true 6 ~ Uniform[0.4,0.6], the eighth
row is the case where true ¢ ~ Uniform[0.15,0.25], and finally the last row is when true
I(0) ~ Uniform[0.005, 0.015].

Table 4.5 indicates that decisions may differ from their optimal values, if the epidemic
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Table 4.5: Contract effects when parameter estimates are incorrect

believed believed believed base | base | base | model|model| model | model | model [ model| contract benefit contract benefit
(incorrect) | (incorrect) | (incorrect) | model | model | model | #1 #1 #1 #2 #2 #2 versus forecast versus forecast
[ 3 I (0) W& | 8 s | #§ | 58 | 5§ | £§ | € | £§ |benefit (cost-wise) | benefit (attack rate)
0.4 0.2 0.01 0 0.67 0.77 0.69 0.64 0.73 0 0.69 0.78 $6.44 B 448 M
0.6 0.2 0.01 0 0.70 0.79 0.72 0.66 0.76 0 0.69 0.78 $645 B 463 M
0.5 0.15 0.01 0 0.67 | 0.76 0.69 0.65 0.73 0 0.69 0.78 $6.45 B 448 M
0.5 0.3 0.01 0 0.72 0.81 0.74 0.68 0.78 0 0.69 0.78 $6.37B 473 M
0.5 0.5 0.005 0 0.77 | 0.87 0.80 0.74 0.84 0 0.69 0.78 $564B 500 M
0.5 0.5 0.015 0 0.80 0.90 0.83 0.74 0.84 0 0.69 0.78 $5.50 B 504 M
0.5 0.20 0.01 0 0.69 0.78 0.70 0.66 0.75 0 0.69 0.77 $ 647 B 456 M
0.5 0.20 0.01 0 0.69 0.78 0.70 0.66 0.75 0 0.69 0.78 $647 B 456 M
0.5 0.20 0.01 0 0.69 0.78 0.70 0.66 0.74 0 0.69 0.78 $ 646 B 456 M

model is incorrectly specified, and by how much. The first three columns show the poten-
tially incorrect estimates of the epidemic model parameters by the governments. Next three
columns represent order quantities under the base model. Similarly the next six columns
are orders under the model #1 and model #2. The one to the last column represent the
cost benefit generated by the contract minus cost benefit generated by the true forecast,
hence the positive quantity shows strength of the proposed contract and a negative quantity
represents that forecast is more effective. Finally the last column show a similar quantity
for the decrease in attack rates.

One key observation from these experiments is that the economic benefit that is associated
with the coordinating contract by far exceeds the penalty that is associated with a somewhat
incorrect estimate of the epidemic model. Similar behavior is noticeable for the final attack
rate reductions: the benefit from using such a contract, even if parameter estimates are

somewhat imperfect, outperforms the corresponding benefit of having a perfect forecast.
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Chapter 5

Summary, Discussion, and Model

Limitations

5.1 Discussion and Model Limitations

This thesis derived the equilibrium state of an interaction between different players in the
influenza vaccine supply chain. In Chapter 2 and Chapter 3 we considered a model with
one government and one manufacturer, with the realistic feature tﬁat a manufacturer bears
the risk of uncertain production yields. The model shows that a rational manufacturer will
always underproduce influenza vaccines in that setting, relative to the levels that provide an
optimal system-wide cost-benefit tradeoff.

When the levels of exogenous introduction of influenza into a population are extremely
small, and good estimates for the infection transmission parameters are available, the piece-
wise linear approximation for T'(f) in Section 2.2 is appropriate. A relatively simple cost
sharing contract can coordinate the incentives of the actors to obtain a system optimal
solution.

When the levels of exogenous introduction of influenza into a population are not extremely
small, or when the function T'(f) is estimated by averaging over prior distributions for
unknown parameter values, the analysis of Chapter 3 is more appropriate. The simple

cost sharing contract must be modified to account for the nonlinear population-level health
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benefits that are provided by influenza vaccination programs. It is therefore not surprising
that the whole-unit discount/cost sharing contracts that can align incentives depend on the
expected number of infections averted by a given magnitude of the vaccination program
effort.

Additional insights can be found by relating this analysis to the standard Newsvendor
model. For example, the standard Newsvendor model allows for secondary markets for
products that are unsold during the initial selling season, and allows for the modeling of
goodwill effects for sales. Those features might be modeled in the current framework using
an approach like that for the pay back contract in Section 2.2.2. Further, the shapes of the
reward functions show that there is some insensitivity to manufacturer and governmental
costs, should there be some reasonable error in the number of eggs ordered, or in the shape
of T(f). For the Newsvendor, an error in specifying the demand variability can also cause
some level of errors when the cost structure causes one to order a quantity that is far from
the mean.

In Chapter 4 we changed our focus to a model with multiple countries, with the realistic
feature that important countries, from the spread of the disease point of view, do not receive
enough vaccines. The model showed that rational governments order vaccine quantities
which are suboptimal, relative to the levels that provide a system-wide optimal allocation,
unless contractual incentives are provided. When there are no budget constraints, and
good estimates for the infection transmission parameters are available, the concave-convex
approximation for 7;(-) in Section 4.1.2 is appropriate. A relatively simple cost sharing
contract can coordinate the incentives of the actors to obtain a system optimal solution
(Section 4.2). When considering the budget constraints, the analysis of Section 4.3 is more
appropriate. The simple cost sharing contract must be modified to account for countries
that can not receive enough vaccines due to budget restrictions. The contract is therefore
modified to pay fixed dollar amounts to those countries with not enough vaccine-related
budget.

There are several limitations of these models. 'Some of the limitations can be handled
with existing methods. Other limitations could lead to interesting future work, but do

not limit the value of insights above regarding contract design for governmental/industry
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collaboration for influenza outbreak preparedness.

One, an epidemic model with homogeneous and homogeneously mixing populations ig-
nores the potential to target specific critical subpopulations, such as children or the elderly.
In the short run, the contractual designs here that determine production volumes could be
accompanied in a second stage analysis with other work (e.g., Hill and Longini, 2003) that
can optimally allocate vaccines to different subpopulations. The generality of the analysis
for piecewise linear (Chapter 2), convex (Chapter 3), or concave-convex T'(-) (Chapter 4)
allows some flexibility in adapting the incentive alignment results above to more complex
epidemic models that prioritize certain subgroups.

Two, the coupling of drift variants and residual immunity from previous vaccination or
past infection can complicate the multi-year dynamics of influenza vaccination (Plotkin et al.,
2002; Smith et al., 2004; Duschoff et al., 2004). In a given year, information about previous
strains can in principle be used to update prior information about the parameters of the next
outbreak. The current formulation does not examine any multiyear benefits from vaccination
that may accrue from projecting vaccine strains for multiple years. This thesis presents a
positive first step for approaching the first-order effects of the current year’s outbreak.

Four, the model assumes that health consequences can be quantified by direct and indirect
monetary costs, but a multi-attribute approach might be desired to more fully examine issues
like the number of deaths or hospitalizations. These features can be modeled indirectly with
our proposed model by assessing the number infected and applying the relevant morbidity
and mortality rates.

Five, the analysis assumes that the government is risk neutral, but a government may
wish to specify a higher level of vaccines in order to prepare for a worst case scenario. This
issue is addressed, to some extend, by Lemma 7, in that it is shown that in the case of
multiple countries, each government would vaccinated at least the critical vaccination level
if there are no budget constraints. A more direct way to account for this issue would be
to perform the optimization with the added constraint that the governments announced
fraction to vaccinate exceed a threshold. Another would be to inflate the value b, which
models the cost per infection, to reflect a penalty for having too many infections.

Six, the model assumes that the government can precisely specify the number of indi-
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viduals to vaccinate. This is a potential drawback of the other epidemic models mentioned
in this thesis, too. The inclusion of an individual’s choice to become vaccinated would also
require additional complexity (e.g., Bauch and Earn 2004 consider epidemic outcomes with
individual vaccination choice, but not manufacturer and government decisions).

Seven, the analysis assumes that all parameters are known to all parties. The epidemic
model parameters, yield distributions and even social costs of the disease are not likely to
be public information. Nevertheless the equilibrium might still be modeled as an outcome of
interactions between rational actors of the model. Section 4.4.3 shows even with an incorrect

estimate of the model parameters, effects of implementing the contract is far more significant.
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Appendix A

Epidemic Model

At a high level, the epidemic model drives the analysis for supply chain behavior through the
function T'(f), which models the expected number of infected individuals in the population,
as a function of the fraction of the population that is vaccinated. The details of the underlying

epidemic model are decoupled from the analysis.

This section recalls one specific epidemic model in detail, the closed-population SIR
model, and an analysis of that model which is not an advance to the literature per se, but
that fixes ideas for the paper. It also provides some structural results for the SIR model
with an initial vaccination (a nonzero R(0)) that are not readily accessible in standard texts.

That model gives rise to the formula for the attack rate p in (2.3).

A standard formulation for the SIR epidemic model in a closed population of N individ-

uals is:
ﬁ = —M\BSI/N (A1)
dt
% = +MN3SI/N—-1/§ (A.2)
dR
i +1/4, (A.3)

where A > 0 is the number of contacts per unit time, 8 € [0, 1] is the probability of infection
per contact, § > 0 is the duration of infection, and I/N is the probability that a contact

is infectious. Timely vaccination followed by the onset of (instantaneous) infections from
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exogenous sources results in initial conditions R(0) = Nfvy, S(0) = N(1 — f¢)(1 — x),
1(0) = N(1 - f)x.

If S(0),1(0), R(0) are given initial conditions, then Murray (1993) defines an outbreak
by dI(0)/dt > 0, which happens if and only if A36S5(0)/N > 1 (in the notation here).
Once the derivative is negative, it stays negative. Murray (1993) calls A36S(0)/N the basic
reproductive number. With the stated initial conditions, an outbreak occurs if and only if

36— L

1=

In the main paper, an outbreak refers to the transmission of influenza during a single season,
following its introduction at time ¢ = 0, whether dI(0)/dt > 0 or not. This allows for
a seasonal influenza outbreak to be stunted by a successful vaccination program. A large

outbreak refers to an outbreak with dI(0)/dt > 0.

What we have defined as the basic reproduction number, Ry = A@B6, corresponds to
the common epidemiological interpretation of Ry as the expected number of individuals
that are infected by a single infectious individual in an otherwise susceptible population
(Anderson and May, 1991). This definition of Ry is also consistent with the definition of
Murray (1993) in the limit as S(0)/N — 1 (a single infected in a large population).

Our definition of the critical vaccination fraction,

Rop ’
corresponds to setting f to the left hand side of (A.4), and letting x — 0. Operationally, this
f° corresponds to the (limiting) fraction of the population that must be vaccinated in order

to halt an outbreak for any nonzero level for the fraction of individuals that are infected

from exogenous sources.

We now analyze that formulation from two perspectives. Diekmann and Heesterbeek
(2000) suggest every individual experiences the same state-dependent hazard of infection.
Therefore every susceptible that is not infected from exogenous sources has the same proba-

bility of getting infected, g. The attack rate p can therefore be expressed as p = S(0)q+I(0).
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Note that every individual imposes a hazard of infection A3/N on all susceptible individuals
for an average duration of §. By integrating the hazard function through time, the total
force of infection that is faced by an individual that is initially susceptible is therefore

AB

— -0 pN = Rop.

N p op
Therefore, the probability that a susceptible at time 0 continues to be uninfected at the end
of the epidemic is exp(—Ryp), which equals 1 — ¢ by definition, and which in turn equals
1 —(p—1(0))/S(0). Therefore p = S(0)(1 — exp(—Rop)) + 1(0), justifying (2.3) from the
main body:.

An alternative derivation of (2.3) follows. From (A.1) and (A.3),

s ApsL S R

Eﬁ_'fm'““wﬁ’—ﬁﬁ
=9 = ﬂmw(@R@)a(—&R) (A.5)
N PN PmN '

The constant S(0) exp(2R(0)) comes from solving for initial conditions. Using (A.3), the
conservation of the total population size (N = S + I + R is constant, from adding equations
(A.1) through (A.3)), and (A.5), we get an equation for dR/dt that only involves R and

constants:

dR

t

(N-R-2S8)

=

SHl = O]~

(N = R~ S(0) exp(~ 32 (R~ R(0))) (A6)

At the end of the epidemic, the number that are ultimately infected is R(co) and the deriva-
tive in (A.6) converges to 0. Set (A.6) to 0 and multiply by & to get:

R(o0) =N — 5(0) exp(~ 22 (R(oc) - R(0))). (A7)
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Rescaling to N = 1, to obtain fractions of the population, the above formula is:
R(oo0) =1 — 5(0) exp(—Ro(R(c0) — R(0))). (A.8)

We now subtract out the fraction of those that were vaccinated, R(0) =1 — S(0) — (0), to
obtain the attack rate p = R(oo) — R(0), the fraction infected during the outbreak.

p =R(c0) — R(0) = 5(0) + 1(0) — 5(0) exp(—Rop) (A.9)

That justifies (2.3) from the main paper.
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Appendix B

Justification Why Linear and Convex

T(f) are of Interest

Figures 2-1 and B-1 show the shape of T'(f) with respect to different values of the initial
fraction of susceptibles that become infected due to exogenous exposure, X, and the expected
number of secondary transmissions caused by one infected in an otherwise susceptible pop-
ulation, Ry. The four graphs correspond to Ry = 1.67,2.0,2.5, 3.0, which are the range for
R, for the different flu pandemics (Gani et al., 2005). In each graph, T'(f) is drawn for
x = 0,0.005,0.01,0.05,0.1. The graphs look like a piecewise linear function as y moves to-
wards smaller values (lowest curve). If x is sufficiently large, then T'(f) looks strictly convex.
The function T'(f) may also appear convex when averaging over unknown parameter values.
Finally, the contract in Section 3.3 may still coordinate incentives if T'(f) is convex for all

sufficiently large f, even if it is concave for small f. This section formalizes those statements.

Piecewise linear. If the initial fraction of the population that is infected is due to a very
small exogenous exposure (small x, so I(0) is close to 0), then we can replace I(0)/S(0) by

zero in (2.3) and conclude:

p

B = SO =1-vf (B-1)

Note that the function 1—-%%; looks like a linear function if Ry is not very large, which is
_e_

the case for influenza. So the relationship between f and p is almost linear.
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By replacin 2 with its Tavlor series expansion around zero we have
—
1—e—L0P

[1 — (]. + Ropo)e“ROPO

p . Do .
=~ 1 1
im [ ] + lim (1= o Fowy

1-— e—ROP po—0 "] — e—ROPO po—0

(p—0).

In order to find the limits we use the Taylor approximation 1 — Ryp for e~for around zero.

Substitute this approximation into the Taylor series expansion above to obtain

1 —(1+ Ropo)(1 — Ropo)
(1“1—R0p0)20 0 ](p—O)

P Po .
1—eBop  po—0 [1 -1- Ropo] T

_RO p.

Hence by plugging this last equation instead of I—ﬁ_”% into (B.1) we have the following

linear relationship between attack rate and vaccination fraction:

1
=(1——=—)—
p=( Ro) vf
Note that the above line has a zero intercept at f = %’O%;, which is exactly the critical
vaccination fraction in the case of homogeneous population (Hill and Longini, 2003). So

clearly p remains zero for the case where f is greater than the critical vaccination fraction

as the attack rate is a nonnegative parameter, and 7'(f) is approximated by

N(1=1/Ro) = Nyf, 0<f<f°
r - |- YR
0, ffsr<l

While this equation has an epidemiologically attractive interpretation, it estimates the actual
T'(0) poorly due to the Taylor series approximations. However, the f- and p-axis intercepts
of the roughly linear plot when 7(0) =~ 0 can be more accurately modeled by replacing
N(1 —1/Ry) with M = Npy, where py solves (B.1) when f = 0; and by replacing the usual
individual-level vaccine effect parameter, ¢, with a parameter v that represents the number
of infections averted in the population by one additional vaccination. (The parameters ¥

and v are not necessarily the same, due to nonlinear infection dynamics.)
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Figure B-1: The fraction of the population infected during the outbreak (or attack rate, p)
as a function of the fraction vaccinated (f), for different values of the fraction of susceptibles
that are initially infected () and the basic reproduction number (Ry).

Hence we define the adjusted piecewise linear approximation for total number infected
to be

T(f) = Npo—Nvf, 0L f<f°

0, <L,
where v = poi% is chosen such that T'(f) hits the f axis at the critical vaccination fraction.
Figure 2-1 and Figure B-1 show the linear approximation versus the actual values of x. We
have tested this approximation on a variety of parameters which are reasonable for the case
of influenza. The cost gaps for the government and system between the actual T'(f) and the
piecewise linear approximation for the game and the system problems is almost zero and
the gap between the optimal decision variables is typically less than 2 ~ 3% for the system
and a bit higher for the game problem. Table 3.2 illustrates these outcomes together with

additional sensitivity results.

Convex case. We now derive some of the properties of T(f) = Np to argue that it is

convex when x, and therefore I(0) = (1 — v f)x, is sufficiently large. Recall (2.3) and that
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S(0) = (L — ¢ f)(1—x) to obtain

p=(1-vf)— (1 —pf)(1-x)eFor (B.2)

Our goal is to show that p is a convex function of f. Notice that in (B.2) p is an implicit
function of f and to find its second derivative we will use the following fact from from calculus

that if y = f(z) then

Pty _ 1 Ffl)
ay2 - (M)?’ o2
oz

By rearranging terms in (B.2), we can solve for f in terms of p:

1
= ¥ [1 1- (1 —-px)e*Rmo]'

Hence by taking the derivative:

flp) =

_11- (L+ Rop)(1 - e Fior,
Pt (1= (1 - x)eFRor)2

First of all we show that f'(p) < 0. It is enough to show that the numerator in f'(p) is
positive. But we know that:

1— (1+ Rop)(1 — x)e~FoP >1 — (1 + Ryp)e~flor

>0

The last inequality is based on the fact that the function (1 + z)e® obtains its maximum at
zero in the interval [0,1]. Hence by basic calculus since %}f; is negative so is g%. So far we
have shown that p is a decreasing function of f, when x > 0.

The second piece of the puzzle is to find the relationship for f”(p) or the sign of it. By
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taking the second derivative of f we have:

1 [ Ro(1 = x)eBoP [Rop — 2 + (Rop +2)(1 — x)e~Fo7]
v [1 —(1- X)e-Rop]3

fll(p) —

Note that if the second derivative of f(p) were nonnegative, then by the nonpositivity of
f'(p) and using the above lemma, we would have 327’2’ > 0, which is the desired result in this
part.

We will show that f”(p) is not always positive, but that f”(p) > 0 for values of x far
enough from zero and small enough values of p. To show this, we note that the denominator

is positive, and we evaluate the sign of the f”(p)’s numerator. Since Ry(1— X)e‘ROP is always

positive, we find the sign of (Rop — 2) + (Rep +2)(1 — X)e_ROP.

Note that if Rop > 2, then f(p) would be concave (since the numerator would be positive),
and by the lemma, 7'(f) would be concave, independent of the value of x. The numerator
may also be positive if p is big enough (so that f is small enough). On the other hand,
many estimates of Ry for influenza are less than 2, and for those estimates that are larger
than 2, Rop < 2 for even small to moderate values of f. We observe two things, numerically.
(i) If Ry < 2 and x big enough, then the attack rate is convex for all f. (ii) Otherwise the
attack rate is convex for big enough values of f (which lead to small enough p). The reason
is that for sufficiently small p, terms in the numerator that contain p become negligible, so
the numerator is negative, making f convex. The related statement for the attack rate is

that for big enough values of f (small enough p), the attack rate is a convex function of f.

The numerical tests in Section 3.3 and Sections 3.3.1 and 3.3.2 show empirically that our
proposed contract can still coordinate even when the attack rate is not completely convex.
Specifically, the contract is still coordinating in these examples when the function T'(f) is
first a concave but after some point convex function of f, it is optimal to vaccinate at least
one person (b7"(0) + p,Nd < 0), and the system optimal f is in the region where T'(f) is
convex.In fact, the examples in Section 3.3 of the main paper and the sensitivity analysis in
Sections 3.3.1 and 3.3.2 below are based on this property, since T'(f) is not precisely convex

for those sets of values of the parameters.
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Uncertain outbreak parameters. Throughout the main paper, it is assumed that ex-
act values of the reproduction number (Ry), the vaccine efficiency (¢) and the fraction of
susceptible individuals that are initially infected (x) are known. This might not be the
case for a real influenza season. Although in general Ry,v, x are random variables, our
analysis only depends on these parameters through the function 7'(f). In this section we
show that the shape of function T'(f) can still be convex, even with uncertainty about the

values of epidemic parameters. In order to incorporate this randomness, the definition of

0.8

Figure B-2: Graph of T(f) by averaging over random Ry, v, X.

T(f) should be the expected number of infected population, where expectation is taken
over the uncertain Rg,1),x. This way the definition of f requires that the marginal (ex-
pected) benefit balance with the (expected) marginal cost. For this purpose we take a
mixture of Tryy(f) (the number infected, given the specified Ry, %, x), in order to obtain
T(f) = ErywxTrowx(f)]- So it is not surprising that if each individual Tg, y(f) is convex
then T'(f) is convex as well, since integration preserves convexity. To illustrate this, Fig-
ure B-2 shows the graph T(f) when Ry ~ uniform[1.5,2], ¢ ~ beta(a = 15,8 = 5) (i.e.
i = 0.75, 0® = 0.0945), and x ~ beta(a = 0.96,3 = 47.04) (ie. p = 0.02, o2 = 0.022).
For this purpose we sampled 99 observation of each random variable, corresponding to CDF

values at 0.005,0.015,0.025, - - - ,0.995 then by taking the inverse integral obtained the cor-
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responding values, and numerically averaged to find the resulting 7'( f).
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