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Motivation and Some Background
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I Work on the Modeling of Network Systems
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Much of My Recent Research Has Been on Supply Chains
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Some of My Books

Professor Anna Nagurney Novel Supply Chain Network Models



A Multidisciplinary Approach

In our research on perishable and time-sensitive product supply
chains, we utilize results from physics, chemistry, biology, and
medicine in order to capture the perishability of various products
over time from healthcare products such as blood, medical
nucleotides, and pharmaceuticals to food.
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My Recent Interview in The New York Times

Quotes from my interview with Kim Severson, a Pulitzer Prize
winning journalist, appeared in The New York Times on September
9, 2020.
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Quality and Food Supply Chain Networks
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Food Supply Chains

Food is essential to our health and well-being. During the
Covid-19 pandemic, declared on March 11, 2020 by the World
Health Organization, the associated supply chains have suffered
major disruptions.
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Fresh Produce Food Supply Chains

Our fresh produce supply chain network oligopoly model:

1 captures the deterioration of fresh food along the entire
supply chain from a network perspective;

2 handles the time decay through the introduction of arc
multipliers;

3 formulates oligopolistic competition with product
differentiation;

4 includes the disposal of the spoiled food products, along with
the associated costs;

5 allows for the assessment of alternative technologies involved
in each supply chain activity.

M. Yu and A. Nagurney, “Competitive Food Supply Chain

Networks with Application to Fresh Produce,” European Journal of

Operational Research 224(2) (2013), pp 273-282.
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Fresh Produce Food Supply Chains
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The Fresh Produce Supply Chain Network Topology
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Quality and Food Supply Chain Networks

Food supply chains, as noted in Yu and Nagurney (2013), are
distinct from other product supply chains.

Fresh produce is exposed to continuous and significant change in
the quality of food products throughout the entire supply chain
from the points of production/harvesting to points of
demand/consumption.

The quality of food products is decreasing with time, even with
the use of advanced facilities and under the best processing,
handling, storage, and shipment conditions

.
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Quality and Food Supply Chain Networks

It has been discovered that the quality of fresh produce can be
determined scientifically using chemical formulae, which include
both time and temperature.

The initial quality is also very important and food producers, such
as farmers, have significant control over this important strategic
variable at their production/harvesting sites.

There are great opportunities for enhanced decision-making in this
realm that can be supported by appropriate models and
methodological tools.
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Preliminaries on Quality

Fresh foods deteriorate since they are biological products, and,
therefore, lose quality over time. The rate of quality deterioration can
be represented as a function of the microenvironment, the gas
composition, the relative humidity, and the temperature.

Labuza (1984) demonstrated that the quality of a food attribute, q, over
time t, which can correspond, depending on the fruit or vegetable, to the
color change, the moisture content, the amount of nutrition such
as vitamin C, or the softening of the texture, can be formulated via
the differential equation:

∂q

∂t
= −kqn = −Ae(−E/RT )qn,

where k is the reaction rate and is defined by the Arrhenius formula,
Ae(−E/RT ), A is a pre-exponential constant, T is the temperature, E is
the activation energy, and R is the universal gas constant.
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Preliminaries on Quality

If the reaction order n is zero, that is, ∂q
∂t = −k, and the initial

quality is denoted by q0, we can quantify the remaining quality
qt at time t according to:

qt = q0 − kt.

Examples of fresh produce that follow a reaction order of zero
include watermelons and spinach.

If the reaction order is 1, known as a first order reaction, the
quality decay function is then given by the expression:

qt = q0e
−kt .

Popular fruits that follow first order kinetics include peaches, and
strawberries, as well as vegetables such as: peas, beans, carrots,
avocados, and tomatoes.
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Farmers’ Markets and Fresh Produce Supply Chains

The I farms compete noncooperatively in an oligopolistic manner.

Products are differentiated based on quality at the farmers’ markets.
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D. Besik and A. Nagurney, “Quality in Competitive Fresh Produce Supply
Chains with Application to Farmers’ Markets,” Socio-Economic Planning
Sciences 60 (2017), pp 62-76.
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A. Nagurney, D. Besik, and M. Yu, “Dynamics of Quality as
a Strategic Variable in Complex Food Supply Chain Network
Competition: The Case of Fresh Produce,” Chaos 28, 043124
(2018); doi: 10.1063/1.5023683.

• We construct a competitive supply chain network model for fresh
produce under oligopolistic competition among the food firms, who are
profit-maximizers.

• The firms have, as their strategic variables, not only the product
flows on the pathways of their supply chain networks from the
production/harvesting locations to the ultimate points of demand, but
also the initial quality of the produce that they grow at their production
locations.

• Consumers at the retail outlets, differentiate the fresh produce from
the distinct firms and reflect their preferences through the prices that
they are willing to pay which depend on quantities of the produce as well
as the average quality of the produce associated with the firm and
retail outlet pair(s).

• Quality of the produce reaching a destination node depends on its

initial quality and on the path that it took with each particular path

consisting of specific links, with particular characteristics of physical

features of time, temperature, etc..
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Relationship of the Food Models to Other
Models, Including Pharmaceutical and Blood
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Relationship of the Food Models to Others in the
Literature - Pharmaceutical Supply Chains

The supply chain generalized network oligopoly model has
the following novel features:

1 it handles the perishability of the pharmaceutical product
through the introduction of arc multipliers;

2 it allows each firm to minimize the discarding cost of waste /
perished medicine;

3 it captures product differentiation under oligopolistic
competition through the branding of drugs, which can also
include generics as distinct brands.

A.H. Masoumi, M. Yu, and A. Nagurney, “A Supply Chain

Generalized Network Oligopoly Model for Pharmaceuticals Under

Brand Differentiation and Perishability,” Transportation Research E

48 (2012), pp 762-780.
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Figure: The Pharmaceutical Supply Chain Network Topology
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Relationship of the Food Models to Others in the
Literature - Fashion

If quality is not a strategic variable and the product is not
perishable, then the model is related to the sustainable fashion
supply chain network model of Nagurney and Yu in the
International Journal of Production Economics 135 (2012), pp
532-540. In that model, the other criterion, in addition to the
profit maximization one, is emission minimization.
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Relationship of the Food Models to Others in the
Literature - Blood

A. Nagurney, A.H. Masoumi, and M. Yu, “Supply Chain
Network Operations Management of a Blood Banking
System with Cost and Risk Minimization,” Computational
Management Science 9(2) (2012), pp 205-231.
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Relationship of the Food Models to Others in the Literature - Bloodd ARC Regional Division1
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Methodology - The VI Problem
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Methodology - The Variational Inequality Problem

We utilize the theory of variational inequalities for the formulation,
analysis, and solution of both centralized and decentralized supply
chain network problems.

Definition: The Variational Inequality Problem

The finite-dimensional variational inequality problem, VI(F ,K), is
to determine a vector X ∗ ∈ K, such that:

〈F (X ∗),X − X ∗〉 ≥ 0, ∀X ∈ K,

where F is a given continuous function from K to RN , K is a given
closed convex set, and 〈·, ·〉 denotes the inner product in RN .
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Methodology - The Variational Inequality Problem

The vector X consists of the decision variables – typically, the
flows (products, prices, etc.).

K is the feasible set representing how the decision variables
are constrained – for example, the flows may have to be
nonnegative; budget constraints may have to be satisfied; similarly,
quality and/or time constraints may have to be satisfied.

The function F that enters the variational inequality represents
functions that capture the behavior in the form of the
functions such as costs, profits, risk, etc.
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The variational inequality problem contains, as special cases,
such mathematical programming problems as:

• systems of equations,

• optimization problems,

• complementarity problems,

• game theory problems, operating under Nash equilibrium,

• and is related to the fixed point problem.

Hence, it is a natural methodology for a spectrum of supply
chain network problems from centralized to decentralized
ones.
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Geometric Interpretation of VI(F ,K) and a Projected
Dynamical System (Dupuis and Nagurney, Nagurney and
Zhang)

In particular, F (X ∗) is “orthogonal” to the feasible set K at the
point X ∗.
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Associated with a VI is a Projected Dynamical System, which

provides the natural underlying dynamics.
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To model the dynamic behavior of complex networks, including
supply chains, we utilize projected dynamical systems (PDSs)
advanced by Dupuis and Nagurney (1993) in Annals of Operations
Research and by Nagurney and Zhang (1996) in our book
Projected Dynamical Systems and Variational Inequalities with
Applications.

Such nonclassical dynamical systems are now being used in:

evolutionary games (Sandholm (2005, 2011)),

ecological predator-prey networks (Nagurney and Nagurney
(2011a, b)),

even neuroscience (Girard et al. (2008),

dynamic spectrum model for cognitive radio networks
(Setoodeh, Haykin, and Moghadam (2012)),

Future Internet Architectures (Saberi, Nagurney, Wolf (2014);
see also Nagurney et al. (2015), Marentes et al. (2016)).
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Trade Instruments and Impacts
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Supply Chains Are Essential to Global Trade

Global supply chain networks have made possible the wide
distribution of goods, from agricultural products to textiles
and apparel as well as aluminum and steel.

Nations engage in trade to increase their productivity levels,
employment rates, and general economic welfare.

The increased level of world trade has also garnered the
attention of government policy makers.

Governments may attempt to protect their domestic firms
from the possible effects of the highly competitive global
arena.
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World’s Biggest Importers
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Global Trade Policies

Examples of policy instruments that have been applied by
governments to modify trade patterns included: tariffs, quotas,
and a combination thereof - tariff rate quotas.
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Tariffs Are Regularly in the News!

The imposition of tariffs by certain countries is leading to
retaliation by other countries with ramifications across multiple
supply chains, and a trade war.

The New York Times, May 13, 2019
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Trade Instruments in the Covid-19 Pandemic

• When the Covid-19 pandemic hit one country after another, some
countries, which were among the few exporters of PPEs, faced a very
high demand within their own national boundaries and, therefore,
prioritized meeting their needs first. Hence, they banned the export of
medical products.

• According to Global Trade Alert, as of 25 April 2020, 122 new export
bans in more than 75 countries including the US, China, and the
EU were issued on medical supplies such as antibiotics, face
masks, and ventilators. Belarus imposed restrictions on exports of
food products such as onions and garlic due to the pandemic crisis.

• There is also a large number of countries that reduced the tariffs

on essential goods to accelerate the import of such products.

China decreased import tariffs on several types of products such as

medical supplies, raw materials, agricultural products, and meat. The US

is temporarily excluding certain products from the additional duty of 25%

on a list of 19 products from China and is putting restrictions on exports

of 5 types of PPEs.

Professor Anna Nagurney Novel Supply Chain Network Models



Trade Instruments in the Covid-19 Pandemic
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Trade Instruments in the Covid-19 Pandemic
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Global Trade Policies

Our research community needs to construct computable
operational mathematical models that enable the assessment of
the impacts of trade policy instruments such as tariff rate quotas
on consumer prices, trade flows, as well as on the profits of
producers/firms.

However, this is very challenging research!
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The part of this presentation is based on the paper:

A. Nagurney, D. Besik, and L.S. Nagurney, “Global Supply
Chain Networks and Tariff Rate Quotas: Equilibrium Analysis
with Application to Agricultural Products, Journal of Global
Optimization 75 (2019), pp 439-460.
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Motivation

A tariff rate quota (TRQ) is a two-tiered tariff, in which a lower
in-quota tariff is applied to imports until a quota is attained and
then a higher over-quota tariff is applied to all subsequent imports.

The Uruguay Round in 1996 induced the creation of more than
1,300 new TRQs.

The world’s four most important food crops: rice, wheat,
corn, and bananas have all been subject to tariff rate quotas.
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Literature Review - Perfect Competition

Tariff rate quotas (TRQs) have been deemed challenging to
formulate; models have focused almost exclusively on spatial
price equilibrium.

Spatial price equilibrium models are perfectly competitive
models with numerous producers (Samuelson (1964),
Takayama and Judge (1964, 1971)).

For more recent applications of spatial price equilibrium
models, utilizing variational inequality theory, see Nagurney
(1999, 2006), Daniele (2004), Li, Nagurney, and Yu (2018)).

For the inclusion of tariff rate quotas into spatial price
equilibrium models using variational inequality theory, see the
EJOR paper by Nagurney, Besik, and Dong (2019).
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Literature Review - Perfect Competition

A. Nagurney, D. Besik, and J. Dong, “Tariffs and Quotas in
World Trade: A Unified Variational Inequality Framework,”
European Journal of Operational Research 275(1) (2019), pp
347-360.
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Literature Review - Imperfect Competition

In many industrial sectors, the more appropriate framework is
that of imperfect competition, as in the case of oligopolistic
competition.

Shono (2001) relaxed the assumption of perfect competition,
and incorporated TRQs, under oligopolistic competition and
that the computable framework consisted of linear functions.

Maeda, Suzuki, and Kaiser (2001, 2005) considered
oligopolistic competition and TRQs but assumed that there is
a single producer in each country.
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Our Model

Specifically, we:

Introduce the global supply chain network model consisting
of firms that seek to maximize their profits by determining
how much of the product to manufacture/produce at the
production sites, which can be located in multiple countries;

Incorporate tariff rate quotas into the supply chain network
equilibrium model, and

Provide a case study on the agricultural product of
avocados, a very popular fruit in the United States, with
growing consumer demand even in China.
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The Global Supply Chain Network Model with TRQs
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Notation Related to Tariff Rate Quotas

The groups Gg ; g = 1, . . . , nG , consist of the middle tier
nodes {h} corresponding to the production sites in the
countries from which imports are to be restricted under the
tariff quota regime and the demand markets {l} in the
country that is imposing the tariff rate quota.

Associated with each group Gg is an under-quota tariff τu
Gg

.

Associated with each group Gg is an over-quota tariff τo
Gg

,
where τu

Gg
< τo

Gg
.
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The Global Supply Chain Network Model with TRQs

The Variables

Qihl : denotes the volume of the product manufactured/produced by firm
i at production site h ∈ Ji and then shipped to demand market l for
consumption.

Qi : is the vector of nonnegative product flows, where
Qi={Qihl ; h ∈ Ji , l ∈ K}.

Q is then the vector of all the Qi s.

λGg : denotes the quota rent equivalent for Gg .
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The Global Supply Chain Network Model with TRQs

The Production Cost Functions

Each firm i ; i = 1, . . . , I , is faced with a production cost function fih
associated with manufacturing the product at h:

fih = fih(Q), ∀h ∈ Ji . (1)

The Transportation Cost Functions

Each firm i ; i = 1, . . . , I , encumbers a transportation cost cihl associated
with transporting the product from production site node h to demand
market node l :

cihl = cihl(Q), ∀h ∈ Ji ,∀l ∈ K. (2)

The Conservation of Flow Equations

Demand at each demand node l ; ∀l ∈ K, denoted by dl , satisfies:

I∑
i=1

∑
h∈Ji

Qihl = dl . (3)
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The Global Supply Chain Network Model with TRQs

The Demand Price Functions

The consumers, located at the demand markets, reflect their
willingness to pay for the product through the demand price
functions ρl , ∀l ∈ K, with these functions being expressed as:

ρl = ρl(d), (4a)

where d is the vector of all the demands.

In view of (3), we can redefine the demand price functions (4a) as
follows:

ρ̂l = ρ̂l(Q) ≡ ρl(d), ∀l ∈ K. (4b)
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The Global Supply Chain Network Model with TRQs

The Utility Function for a Firm Under a TRQ

For a firm i affected by a TRQ, we define the utility function UG
i as

UG
i ≡

∑
h∈Ji

∑
l∈K

ρ̂l(Q)Qihl −
∑
h∈Ji

fih(Q)−
∑
h∈Ji

∑
l∈K

cihl(Q)

−
∑

Gg∈I i

(τu
Gg

+ λ∗Gg
)

∑
(h,l)∈Gg

Qihl (5a)

where λ∗Gg
is the equilibrium economic rent equivalent for group

Gg , assuming values as in Definition 1 below. We group the λ∗Gg
s

into the vector λ∗.
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The Global Supply Chain Network Model with TRQs

The Utility Function for a Firm Not Under A TRQ

For any other firm i , we define its utility function Ui , as

Ui ≡
∑
h∈Ji

∑
l∈K

ρ̂l(Q)Qihl −
∑
h∈Ji

fih(Q)−
∑
h∈Ji

∑
l∈K

cihl(Q). (5b)

We then define Ûi ≡ UG
i for all firms i with plants associated with

groups and Ûi ≡ Ui for all firms without plants in countries subject
to tariff rate quotas.

Also, we define the feasible sets: Ki ≡ {Qi |Qi ∈ R
PJ

j=1 Kni
j

+ }, ∀i .

We assume that the utility functions are concave and continuously
differentiable.
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The Global Supply Chain Network Model with TRQs

Definition 1: Global Supply Chain Network Equilibrium Under
TRQs

A product flow pattern Q∗ and quota rent equivalent λ∗ is a global
supply chain network equilibrium under tariff rate quotas if, for
each firm i; i = 1, . . . , I , the following conditions hold:

Ûi (Q
∗
i ,Q∗

−i , λ
∗) ≥ Ûi (Qi ,Q

∗
−i , λ

∗), ∀Qi ∈ Ki , (6)

where Q∗
−i ≡ (Q∗

1 , . . . ,Q∗
i−1,Q

∗
i+1, . . . ,Q

∗
I ), and for all groups Gg :

λ∗Gg


= τo

Gg
− τu

Gg
, if

∑I
i=1

∑
(h,l)∈Gg

Q∗
ihl > Q̄Gg ,

≤ τo
Gg
− τu

Gg
, if

∑I
i=1

∑
(h,l)∈Gg

Q∗
ihl = Q̄Gg ,

= 0, if
∑I

i=1

∑
(h,l)∈Gg

Q∗
ihl < Q̄Gg .

(7)
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Variational Inequality Formulation

Theorem 1: Variational Inequality Formulation of the Global
Supply Chain Network Equilibrium Under TRQs

Under the assumption that the utility functions are concave and
continuously differentiable, the product flow and quota rent
equivalent pattern (Q∗, λ∗) ∈ H is a global supply chain network
equilibrium under tariff rate quotas according to Definition 1 if and
only if it satisfies the variational inequality (VI):

−
I∑

i=1

∑
h∈Ji

∑
l∈K

∂Ûi (Q
∗, λ∗)

∂Qihl
× (Qihl − Q∗

ihl)

+
∑
g

Q̄Gg −
I∑

i=1

∑
(h,l)∈Gg

Q∗
ihl

×[
λGg − λ∗Gg

]
≥ 0, ∀(Q, λ) ∈ H,

(8)
where H ≡ {(Q, λ)|Q ∈ K̄ , λ ∈ RnG

+ |0 ≤ λGg ≤ τo
Gg
− τu

Gg
,∀g}.
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Variational Inequality Formulation

Corollary 1: Variational Inequality Formulation for the Global
Supply Chain Network Without TRQs

In the absence of tariff rate quotas, the equilibrium of the resulting
global supply chain network model collapses to the solution of the
VI: determine Q∗ ∈ K̄ , satisfying:

−
I∑

i=1

∑
h∈Ji

∑
l∈K

∂Ui (Q
∗)

∂Qihl
× (Qihl − Q∗

ihl) ≥ 0, ∀Q ∈ K̄ , (9)

where K̄ ≡
∏I

i=1 Ki .
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Variants of the Model

Unit Tariffs

The framework can be adapted to handle the simpler trade policy
of unit tariffs with an appended term: −

∑
h∈Ji

∑
l∈K τhlQihl ,

where τhl denotes the unit tariff assessed on a product flow from h
to l , with τhl = 0, if h, l corresponds to a production site and
demand market pair in countries not under a tariff.
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Variants of the Model

Strict Quotas

If there is a strict quota regime, for those firms i that are affected, the
utility function UG

i in (5a) is modified to UQ
i as:

UQ
i =

∑
h∈Ji

∑
l∈K

ρ̂l(Q)Qihl −
∑
h∈Ji

fih(Q)−
∑
h∈Ji

∑
l∈K

cihl(Q)

−
∑

Gg∈I i

λ∗Gg

∑
(h,l)∈Gg

Qihl , (10)

where the groups Gg , ∀g , now correspond to those node pairs under
strict quotas. The Nash Equilibrium conditions (6) are still relevant but
the system (7) is replaced with the system below: for all groups Gg :

Q̄Gg −
I∑

i=1

∑
(h,l)∈Gg

Q∗
ihl

{
= 0, if λ∗Gg

> 0,

≥ 0, if λGg = 0.
(11)
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A Case Study on Avocados

• The volume of avocado imports into the United States has surpassed
even the volume by weight of bananas imported into the US.

• US domestic avocado consumption has risen to approximately 6.5
pounds per person annually, as compared to only 1.4 in 1990.

• The US is among the world’s top ten avocado producers, producing
between 160,000 and 270,000 tons of avocados a year.

• In terms of other major demand markets, Mexico was the largest
supplier of avocados to China until 2017.
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A Case Study on Avocados

The United States’ imposition of a variety of tariffs, in turn,
resulted in retaliatory tariffs by multiple countries, notably, by
Mexico and China and on agricultural products produced in the US.

Figure: Front page of The New York Times, June 2, 2019
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A Case Study on Avocados
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Findings

To-date, there has been limited modeling work of imperfectly
competitive firms in supply chain networks, in the presence of
trade policies such as TRQs, which have been challenging to
model.

The theory of variational inequalities is very useful for the
formulation, analysis, and solution of oligopolistic supply chain
network equilibrium problems under TRQs.

The numerical examples that comprise the case study quantify
impacts of tariff rate quotas on consumer prices, on product
flows, as well as on the firms’ profits.

The results demonstrate that TRQs can be effective in
reducing product flows from countries on which they are
imposed but at the expense of the consumers in terms
of prices.
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Supply Chain Network Models with Quality Under Strict
Quotas or Tariffs

Now we turn to research on the incorporation of quality as a
strategic variable and the exploration of the relationship
between strict quotas and tariffs.

Specifically, we are interested in the impact of tariffs or strict
quotas on consumer welfare.

A. Nagurney, D. Besik, and D. Li, “Strict Quotas or Tariffs?
Implications for Product Quality and Consumer Welfare in
Differentiated Product Supply Chains,” Transportation
Research E 29 (2019), pp 136-161.
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The Differentiated Product Supply Chain Network
Equilibrium Models with Quality
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Equivalence Between the Model with a Strict Quota and
the Model with a Tariff

We have established theoretically (and also illustrate
numerically in our paper) that if the strict quota is tight and
the tariff for the same group is set to the associated
Lagrange multiplier then the equilibrium product flows and
quality levels of both the strict quota and the tariff models
coincide.

The provides government decision makers and policy makers the
the flexibility of imposing either trade policy instrument, under
certain conditions.

Of course, under a tariff regime the government gets added
income.
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Managerial Insights

From the consumer’s perspective, the results consistently
and unanimously show that consumer welfare declines
for consumers in the country imposing a strict quota or
tariff on an imported product. Hence, a government may
wish to loosen a quota (equivalently, reduce a tariff) so as not
to adversely affect its own consumers.

Producing firms, as also critical stakeholders in competitive
supply chain networks, should expand their demand
markets within their own countries. This allows for a basic,
but, effective, redesign of the supply chain network under a
tariff or quota and results in higher profits for the firms.
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Managerial Insights

Also, firms should expand the number of production
sites to countries not under a tariff or quota to maintain
or improve upon their profits if some of their production
sites are in countries subject to such trade policy
instruments.

Governments have the flexibility of imposing either a tariff or
a quota to obtain equivalent trade flows and product quality
levels. The imposition of a tariff may be more
advisable/favored by a government, since it requires less
“policing” and also yields financial rewards.
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Our Research on Quality
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In the book, we present supply chain network models and tools to
investigate information asymmetry, impacts of outsourcing on
quality, minimum quality standards, applications to industries such
as pharma and high tech, freight services and quality.
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Incorporation of Labor into Supply Chain
Networks
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It’s All About People

Professor Anna Nagurney Novel Supply Chain Network Models



Food Supply Chain Disruptions Due to Covid-19

The Covid-19 pandemic has impacted food supply chains in a
dramatic and sustained manner.

1 As of January 26, 2021, at least 239 meatpacking
workers had died and 45,000 had contracted the
coronavirus since the start of the pandemic.

2 Shortages of many types of meats, even organic chicken,
were experienced this past spring, with price increases. It
was projected that meat supplies in grocery stores could
shrink as much as 35%, prices could rise 20% with even
greater impact later this year.

3 Fresh produce (oranges, potatoes, strawberries, etc.) on
some farms, has had to be discarded because of lack of
timely processing capabilities at plants. There were shortages
in the past summer of workers for blueberry picking.
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Food Supply Chain Disruptions Due to Covid-19

1 Many farm animals have had to be culled because of the
shutdown of several big meat processing plants. Enhanced
cleaning, redesign, and emphasis on social distancing is
slowing down the processing, causing additional delays. It is
estimated that up to 300,000 market hogs were
euthanized as of mid July.

2 Labor needed to pick ripened produce is less available
due to migrant labor restrictions, illnesses, etc.

3 With the closures of schools, restaurants, businesses, etc.,
outlets for perishable food have been changed dramatically.
Distribution channels are in need of being reenvisioned
and redesigned.
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Food Insecurity

According to The New York Times magazine, Sept. 6, 2020:

A shadow of hunger looms over the United States. In the pandemic

economy, nearly one in eight households doesn’t have enough to eat. The

lockdown, with its epic lines at food banks, has revealed what was hidden

in plain sight: that the struggle to make food last long enough, and to

get food that’s healthful - what experts call ‘food insecurity’ - is a

persistent one for millions of Americans.
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Food Supply Chain Disruptions Due to Covid-19
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Perishable Food Supply Chain Network Model with Labor

New paper, “Perishable Food Supply Chain Networks with
Labor in the Covid-19 Pandemic,” A. Nagurney, in: Dynamics
of Disasters - Impact, Risk, Resilience, and Solutions, I.S.
Kotsireas, A. Nagurney, P.M. Pardalos, and A. Tsokas,
Editors, Springer International Publishing Switzerland, 2021,
pp 173-193.
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Perishable Food Supply Chain Network Model with Labor

• With lack of availability of labor being one of the drivers of
supply chain disruptions, the model that considers labor in all the
supply chain network economic activities of production,
transportation, processing, storage, and distribution.

• Impacts of the reduction of labor (capacities) on supply chain
network links can then be quantitatively evaluated on the
perishable product flows, the prices that the consumers pay, and
profits of the firm.

• The framework enables a variety of sensitivity analysis exercises.
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Perishable Food Supply Chain Network Model with Labor
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Figure: The Perishable Food Supply Chain Network Topology
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Perishable Food Supply Chain Network Model with Labor

Our findings include:

1 The lack of labor on a single link, even a freight one,
may significantly negatively impact a food firm.

2 Preserving productivity in all utilized supply chain
network economic activities is critical since the impact of a
drastic reduction can severely reduce profits.

3 Adding more direct sales, whether at farmers’ markets or
nearby farm stands, may help a food firm in a pandemic.

4 Also, if a firm enhances its marketing so as to have
consumers be willing to pay a higher price for its fresh
produce, major profit increases can occur.
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Shortages of Medical Supplies, Including PPEs

• In early March, it was reported that by the Department of Health
and Human Services that the national stockpile had about 12
million N95 respirators and 30 million surgical masks - 1% of
the estimated 3.5 billion masks the nation would need in a
severe pandemic. Another 5 million N95 masks in the
stockpile were expired.

• Prior to the coronavirus outbreak, China made half the
world’s face masks. When the outbreak took off there, China
started to use its supply and hoard what remained. This problem
has only spread since, as more countries hoarded medical supplies,
with some even banning most PPE exports. So as demand
increased due to Covid-19 there was less supply to go around.

• “We are out of everything, wrote a staffer at a large
hospital in Tennessee in mid April. “Providers using one
mask for 3+ weeks. Many COVID patients. Zero gowns.”
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Where Are the PPEs?
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Recurring Shortages of PPEs

Dr. Susan R. Bailey, President of the American Medical
Association, wrote on August 26, 2020:

• “It is hard to believe that our nation finds itself dealing
with the same shortfalls in PPE witnessed during the first
few weeks that SARS-CoV-2 began its unrelenting spread ...”

• “But that same situation exists today, and in many ways
things have only gotten worse.”

• “The lack of a coordinated national strategy to acquire and
distribute PPE has certainly played a role forcing state
governments to compete with each other – and with the
federal government as well as foreign nations – to secure
masks, gowns, gloves and other gear.”
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Supply Chain Model with Different Labor Constraints

The modeling framework considers first elastic demands for a
product and then fixed demands, coupled with distinct types of
labor capacities in order to capture the availability of this valuable
resource in a pandemic, as well as possible flexibility.

The supply chain network framework includes electronic
commerce and is relevant to many different supply chain
applications including protective personal and medical
equipment.

A. Nagurney, “Optimization of Supply Chain Networks with
Inclusion of Labor: Applications to Covid-19 Pandemic
Disruptions,” International Journal of Production Economics
235, 2021, 108080.
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Supply Chain Model with Different Labor Constraints
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Supply Chain Model with Different Labor Constraints

The model considers three sets of labor constraints, of
increasing flexibility of movement.

1 In the first set, each supply chain link has an upper bound of
available labor. Labor is is not free to move to other production
sites, nor to other distribution centers, or assist in freight service
provision.

2 In the second set, labor is free to move across a supply chain
set of network economic activities (such as production, or
transportation, or storage, and, finally, distribution). There is a
capacity of labor associated with each such “tier” of supply chain
links. Those who have skills in production, or in distribution, etc.,
may be reallocated. This has been happening in freight service
provision, for example, during the Covid-19 pandemic.

3 In the third set, labor is free to move across all the supply
chain network economic activities, and there is a single
capacity. McKinsey & Company noted this is a means towards
resilience and returning the supply chain to effectiveness while
reenvisioning and reforming.
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Supply Chain Model with Different Labor Constraints

Our findings include:

1 Having appropriate healthcare pandemic mitigation
processes and procedures in place is essential to
continuing operations. With even one of the two
manufacturing plants closed, the can prices rise at the
demand markets.

2 Reduction in labor availability can result in a significant
increase in product prices at the consumer level.

3 Even in the case of reduced labor availability, electronic
commerce can result in increased profits.

4 Having the flexibility of labor being able to be
reallocated across supply chain network activities can
enable enhanced profits.
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Game Theory Supply Chain Network Model with Labor

The Covid-10 pandemic has dramatically illustrated the
importance of including labor (and associated possible
disruptions) into the analysis of supply chain networks.

In addition, the pandemic has, in such essential sectors as
food and healthcare, demonstrated the competition for labor
resources!

In the paper, “Supply Chain Game Theory Network Modeling
Under Labor Constraints: Applications to the Covid-19
Pandemic,” A. Nagurney, European Journal of Operational
Research 293(3) (2021), pp 880-891, a game theory model for
supply chains with labor was constructed, under three different sets
of constraints, building on our previous work.
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Game Theory Supply Chain Network Model with Labor

In the paper, we present a series of numerical examples

documenting the potential impacts of labor disruptions under

different scenarios.
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Game Theory Supply Chain Network Model with Labor
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Game Theory Supply Chain Network Model with Labor

The model considers three sets of labor constraints, of
increasing flexibility of movement.

1 In the first set, each supply chain link has an upper bound of
available labor. Labor is is not free to move to other production
sites, nor to other distribution centers, or assist in freight service
provision.

2 In the second set, labor is free to move across a supply chain
set of network economic activities (such as production, or
transportation, or storage, and, finally, distribution). There is a
capacity of labor associated with each such “tier” of supply chain
links. Those who have skills in production, or in distribution, etc.,
may be reallocated. This has been happening in freight service
provision, for example, during the Covid-19 pandemic.

3 In the third set, labor is free to move across all the supply
chain network economic activities, and there is a single
capacity. McKinsey & Company noted this is a means towards
resilience and returning the supply chain to effectiveness while
reenvisioning and reforming.
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Game Theory Supply Chain Network Model with Labor

In the paper, we present a series of numerical examples
documenting the potential impacts of labor disruptions under
different scenarios.

We include results for disruptions at manufacturing plants, storage
facilities; the impacts of the addition of a competitor, changes in
demand price functions, as well as decreases in available labor
throughout the supply chain network economy.

The research adds to modeling methodology as well as
applications since two of the scenarios are Generalized Nash
Equilibrium problems.
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Some Additional Research

The fierce competition for PPEs and other medical supplies
also inspired the following work:

“Competition for Medical Supplies Under Stochastic
Demand in the Covid-19 Pandemic: A Generalized Nash
Equilibrium Framework,” A. Nagurney, M. Salarpour, J.
Dong, and P. Dutta, in: Nonlinear Analysis and Global
Optimization, T.M. Rassias, and P.M. Pardalos, Editors,
(2021), Springer Nature Switzerland AG, pp 331-356.

In this paper, we modeled the competition for medical
supplies in the Covid-19 pandemic under stochastic demand
and a fixed amount of supplies at different points.
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Some Additional Research

A. Nagurney, M. Salarpour, J. Dong, and L.S. Nagurney, “A
Stochastic Disaster Relief Game Theory Network Model”, SN
Operations Research Forum 1(10) (2020), pp 1-33.
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Some Additional Research

M. Salarpour and A. Nagurney, 2021. A Multicountry,
Multicommodity Stochastic Game Theory Network Model of
Competition for Medical Supplies Inspired by the Covid-19
Pandemic, in press in the International Journal of Production
Economics.
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Impacting Policy Through Analytics

Professor Anna Nagurney Novel Supply Chain Network Models



Writing OpEds Prior to the Pandemic
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Coverage by the Media
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Writing OpEds in the Pandemic

On March 11, 2020 the WHO declared the pandemic. On March 12 my

article on blood supply chains in The Conversation appeared and, on

March 24 my article in INFORMS Analytics Coronavirus Chronicles.
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Writing OpEds in the Pandemic

On August 4, 2020, I published an article in The Conversation,

“The Raging Competition for Medical Supplies is not a
Game, but Game Theory Can Help.”

On September 18, 2020, I published another article in The
Conversation,

“Keeping Coronavirus Vaccines at Subzero Temperatures
During Distribution Will Be Hard, but Likely Key to Ending
Pandemic.”
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Writing OpEds in the Pandemic

On January 8, 2021, my article,

“Vaccine Delays Reveal Unexpected Weak Link in Supply
Chains: A Shortage of Workers,” appeared in The Conversation.

On April 5, 2021, I published the article,

“Today’s Global Economy Runs on Standardized Containers,
as the Ever Given Fiasco Illustrates,” also in The Conversation.
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Coverage by the Media During the Pandemic
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Impacting Policy Through Analytics

On April 22, 2020, a letter from California Attorney General Xavier
Becerra to the Admiral Brett Giroir, the Assistant Secretary of the
US Department of Health & Human Services, and signed by US
Attorney Generals of 21 other states, requested updates, because
of the pandemic blood shortages, to blood donation policies that
discriminate.

My article on blood supply chains in The Conversation, which
was reprinted in LiveScience, was the first reference and was
cited on the first page.
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Impacting Policy Through Analytics
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Impacting Policy Through Analytics

Xavier Becerra, President Biden’s choice as his Secretary of
the Department of Health and Human Services, was recently
confirmed!
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Thank You Very Much!

For more information, see: http://supernet.isenberg.umass.edu
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