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Background and Motivation

Professor Anna Nagurney Supply Chain Resilience



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
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For the Love of Operations Research (OR) and
Networks

From my first course at Brown University on the subject to
my first projects in industry - working on naval submarines in
Newport, Rhode Island, I was drawn to the power of
networks, especially when combined with computing.
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Off to Grad School for a PhD

While working in high tech defense consulting I realized that I did

not like having a boss. I commuted, ran marathons, and worked

full time while taking courses for my Master’s at Brown.
Dr. Stella Dafermos was the only female professor at the time in either
Engineering or Applied Mathematics at Brown University. I became her
first PhD student.

Stella was only the second female in the US to have received a
PhD in OR and that was at Johns Hopkins University.
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On the Shoulders of Giants - My Academic Genealogy -
Maxwell, Newton, and Galileo
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Our Approach to Supply Chains
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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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Some of the Supply Chain Network Topologies

Applications to pharmaceutical supply chains, blood and medical
nuclear ones, and, of course, food.
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Research on Quality is Related to That on Perishability

A US Government investigation report suggested that Emergent

Biosolutions destroyed almost 400 million doses of COVID-19

vaccine due to failure to meet or maintain quality standards. It

also worked to conceal quality issues from the FDA.
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In the book, we present supply chain network models and tools to
investigate, amongst other topics, information asymmetry, impacts
of outsourcing on quality, minimum quality standards, applications
to industries such as pharma, freight services and quality, and the
identification of which suppliers matter the most to both
individual firms’ supply chains and to that of the supply
chain network economy.
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The COVID-19 Pandemic and Other Crises and Disasters

The COVID-19 pandemic dramatically and vividly
demonstrated the importance of supply chains and their
resilience as shortages from PPEs to paper and lumber
products, cleaning supplies, high tech products, and various
foods were experienced.

Major challenges and opportunities for research continue due
to climate change, different kinds of threats, wars, violence
and increasing strife and unrest.

The tools of Operations Research are very powerful and
timely to assist in the necessary math modeling, analyses,
efficient algorithms, and prescriptive analytics, coupled with
policy evaluation.
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Food Supply Chains and Disruptions
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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 suffered major
disruptions. Various disruptions continue because of climate
change, Russia’s war on Ukraine, and other disasters.
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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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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.

k k k
k k k k k k

k · · · k · · · k

1 2
Farmers’ Markets

· · · M

· · ·

Storage

Transportation

Transportation

�
�

�
�
�

�
��

A
A
AAU

A
AAU

aaaaaaaaaa
aaaaaa

�
�

�
�

�
�

�
�

�
�+

�
�
���

�
���

Q
Q
Q

Q
QQs

Q
Q

QQs

A
A
AAU

A
AAU

�
�

�
�

��+

�
�

��+

!!!!!!!!!!!!!!!!!

k k k
? ? ?

Farmsk1 ki kI
Harvesting

Processing/Packaging

? ? ?

· · · · · ·

· · · · · ·

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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Integrated Supply Chain Network Model

D. Besik, A. Nagurney, and P. Dutta, “An Integrated Multitiered

Supply Chain Network Model of Competing Agricultural Firms and

Processing Firms: The Case of Fresh Produce and Quality,”

European Journal of Operational Research 307(1) (2023), pp 364-381.
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Food Supply Chain Disruptions Due to COVID-19
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It’s All About People

A major research theme of ours in the COVID-19 pandemic (which

continues) was the inclusion of labor in supply chains, using

optimization and game theory.
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Perishable Food Supply Chain Network Model with Labor

“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
Nature Switzerland AG, 2021, pp 173-193.
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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

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

• There are bounds on labor availability on each link as well
as a productivity factor relating product flow to labor.

• 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

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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Game Theory Supply Chain Network Modeling with Labor

In “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.

Professor Anna Nagurney Supply Chain Resilience



Game Theory Supply Chain Network Model with Labor
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with Labor
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Numerical Experiments

Our numerical examples are based on disruptions in migrant
labor in the blueberry supply chain in the Northeast of the
US in the summer of 2020.

• Disruptions in labor on a supply chain network link;
• Addition of a competitor;
• Modifications in demand price functions;
• Sensitivity analysis in terms of labor availability.

The full input and out data are available in our paper in the
European Journal of Operational Research.

Farmers should do everything possible to secure the health of
the workers at his production/harvesting facilities, so that
the blueberries can be harvested in a timely manner and so
that profits do not suffer. Keeping workers healthy, through
appropriate measures, impacts the bottom line!
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Resilience of Supply Chains to Labor Disruptions

•Question 1: What is the impact on efficiency and on resilience of
allowing workers to perform different tasks in a supply chain network,
with the constraint represented by a single bound on labor, as opposed to
bounds on labor on each supply chain link?
• Question 2: Does resilience with respect to labor availability yield
similar results to resilience with respect to labor productivity?

• Question 3: What can be the effect of a modification in the supply

chain network topology, for example, as in the case of the introduction of

electronic commerce, on network efficiency and resilience?
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New Book
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International Agricultural Trade and Disasters
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International Trade

International trade provides us with commodities throughout
the year and has benefits for producers and consumers alike.
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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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International Agricultural Trade

International agricultural trade provides us with essential
agri-food commodities throughout the year, ensuring our
food security and simultaneously benefiting the farmers.
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Disasters and Food Security

Climate change and COVID-19 impacted the
affordability and accessibility of agri-food products
around the globe.

With the added disruptions of Russia’s full-scale invasion
of Ukraine, around 47 million people are estimated to
have been added to the more than 276 million who were
already facing food insecurity.
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The War on Ukraine

The full-scale invasion of Ukraine by Russia on February 24,
2022 has resulted in immense losses of lives and an increase
in human suffering. It has severely impacted the economy of
Ukraine with repercussions globally.
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The Impacts on Ukraine’s Agricultural Sector

Between 20 to 30% of the arable land in Ukraine is
estimated to remain idle due to mining and other
damages because of the full-scale invasion, resulting in
around a 40% decrease in the production of grains in
Ukraine.
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The Impacts on Ukraine’s Agricultural Sector

The blockade of the Ukrainian Black Sea ports, which
used to handle around 90% of the grain exports from
Ukraine, caused a global shortage of grains.

The war has cost Ukraine around 15% of its grain
storage capacity.
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The Black Sea Grain Initiative

The Black Sea Grain Initiative, facilitated by Turkey and
the United Nations, allowed for the limited passage of
grain shipments from selected Ukrainian ports on the
Black Sea from August 1, 2022.

As of July 17, 2023, Russia suspended the initiative,
imposing a severe food security risk worldwide.
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New Edited Volume, In Press

In the edited volume is the paper, “Quantification of International

Trade Network Performance Under Disruptions to Supply,

Transportation, and Demand Capacity, and Exchange Rates in

Disasters,” by A. Nagurney, D. Hassani, O. Nivievskyi, and P.

Martyshev.
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The Multicommodity International Trade Model
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The Multicommodity International Trade Model
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Parameters
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Variables
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Functions
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Equilibrium Conditions

Definition 1: The Multicommodity International Trade Network
Equilibrium Conditions Under Capacity Disruptions in Disasters

A shipment and Lagrange pattern (Qξl∗, λsξl∗, λQξl∗, λdξl∗) ∈ Kξl , where

Kξl ≡ {(Qξl , λsξl , λQξl , λdξl )|(Qξl , λsξl , λQξl , λdξl ) ∈ RKmnP+Km+KmnP+Kn
+ }

is a multicommodity international trade network equilibrium under
disaster scenario ξl ; l = 1, . . . , ω, if the following conditions hold: for all
commodities k; k = 1, . . . ,K; for all supply and demand market pairs:
(i , j); i = 1, . . . ,m; j = 1, . . . , n, and for all routes r ; r = 1, . . . ,P:

(π̃k
i (Q

ξl∗)+ckijr (Q
ξl∗))eξlij +λskξl∗

i +λQkξl∗
ijr +λdkξl∗

j

{
= ρ̃kj (Q

ξl∗), if Qkξl∗
ijr > 0,

≥ ρ̃kj (Q
ξl∗), if Qkξl∗

ijr = 0;

(1)
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Equilibrium Conditions

For all commodities k; k = 1, . . . ,K, and for all supply markets i ;
i = 1, . . . ,m:

us
kξl

i

{
=

∑n
j=1

∑P
r=1 Q

kξl∗
ijr , if λskξl∗

i > 0,

≥
∑n

j=1

∑P
r=1 Q

kξl∗
ijr , if λskξl∗

i = 0;
(2)

for all commodities k; k = 1, . . . ,K, and for all supply and demand
markets (i , j); i = 1, . . . ,m; j = 1, . . . , n, and for all routes r ;
r = 1, . . . ,P:

uQ
kξl

ijr

{
= Qkξl∗

ijr , if λQkξl∗
ijr > 0,

≥ Qkξl∗
ijr , if λQkξl∗

ijr = 0;
(3)

and for all commodities k; k = 1, . . . ,K, and for all demand markets j ;
j = 1, . . . , n, and for all routes r ; r = 1, . . . ,P:

ud
kξl

j

{
=

∑m
i=1

∑P
r=1 Q

kξl∗
ijr , if λdkξl∗

j > 0,

≥
∑m

i=1

∑P
r=1 Q

kξl∗
ijr , if λdkξl∗

j = 0.
(4)
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Variational Inequality Formulation

Theorem 1

A multicommodity shipment and Lagrange multiplier pattern
(Qξl∗, λsξl∗, λQξl∗, λdξl∗) ∈ Kξl is a multicommodity international trade
network equilibrium under capacity disruptions in disasters, according to
Definition 1, if and only if it satisfies the variational inequality:

K∑
k=1

m∑
i=1

n∑
j=1

P∑
r=1

[
(π̃k

i (Q
ξl∗) + ckijr (Q

ξl∗))e
ξl
ij + λ

skξl∗
i + λ

Qkξl∗
ijr + λ

dkξl∗
j − ρ̃kj (Q

ξl∗)

]

×(Q
kξl
ijr − Q

kξl∗
ijr )

+
K∑

k=1

m∑
i=1

[
u
skξl
i −

n∑
j=1

P∑
r=1

Q
kξl∗
ijr

]
× (λ

skξl
i − λ

skξl∗
i )

+
K∑

k=1

m∑
i=1

n∑
j=1

P∑
r=1

[
u
Qkξl
ijr − Q

kξl∗
ijr

]
× (λ

Qkξl
ijr − λ

Qkξl∗
ijr )

+
K∑

k=1

n∑
j=1

[
u
dkξl
j −

m∑
i=1

P∑
r=1

Q
kξl∗
ijr

]
×(λ

dkξl
j −λ

dkξl∗
j ) ≥ 0, ∀(Qξl , λsξl , λQξl , λdξl ) ∈ Kξl .

(5)
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International Trade
Network Performance Indicator
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Assessing Performance of International Trade Networks

Definition 2: International Trade Network Performance Indicator Under
Capacity and Exchange Rate Disruption ξl

For an international trade network G = [N, L], where N is the set of
nodes and L is the set of links, as depicted in Figure 1, and, given the
underlying multicommodity supply price, unit transportation cost, and
demand price functions, and exchange rates and capacities associated
with disaster scenario ξl , we define the performance Eξl as follows:

Eξl (G , π̃, c , ρ̃, uξl , eξl ) =
1

Kn

K∑
k=1

n∑
j=1

dkξl∗
j

ρ̂kj (Q
ξl∗)

, (6)

where the demands and the incurred demand market prices are obtained

through the solution of variational inequality (5) for the problem.
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Unified International Trade Network
Performance Measure
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Assessing Performance of International Trade Networks

Definition 3: Unified International Trade Network Performance Measure

The performance indicator E for an international trade network under
disruption set Ξ and with associated probabilities pξ1 , pξ2 , . . . , pξω ,
respectively, is defined as:

E =
ω∑
l=1

Eξlpξl . (7)

We let E0 be the performance of the international trade network under
its original (not disrupted) upper bounds/capacities and original
exchange rates, such that:

E0(G , π̃, c , ρ̃, u0, e0) =
1

Kn

K∑
k=1

n∑
j=1

dk∗
j

ρ̂kj (Q
∗)
, (8)

where u0 denotes the vector of original capacities not under disruptions

and e0 denotes the vector of exchange rates, also, not under disruptions.

We refer to the expressions in (7) and (8) as “efficiency” measures.
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Robustness Measurement
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Assessing Performance of International Trade Networks

Definition 4: Robustness of an International Trade Network Under
Disruptions

The robustness, R, of an international trade network under capacity and
exchange rate disruptions is calculated as:

R = E0 − E . (9)

According to the above definition, an international trade network is more

robust if, under disruptions, its performance lies close to its performance

in the absence of disruptions; that is, the closer the value of R is to 0.00,

the more robust to disruptions the international trade network is.
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Importance Indicator of an
International Trade Network Component
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Assessing Performance of International Trade Networks

Definition 5: Importance Indicator of an International Trade Network
Component

The importance indicator of an international trade network component g
where g can correspond to a supply market, a demand market, or a
transportation route, or a combination thereof is defined as:

I (g) ≡ E(G , π̃, c , ρ̃, u0, e0)− E(G − g , π̃, c , ρ̃, u0, e0)

E(G , π̃, c , ρ̃, u0, e0)
, (10)

where G − g denotes the graph with the component g no longer
functioning.

Note that the international trade network component importance

indicator (10) quantifies the relative efficiency/performance drop of the

trade network when the component is no longer available.
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Some of the Insights Gained

In various studies, focusing on international trade of wheat
and corn, and with countries such as Ukraine, and MENA
countries of Egypt and Lebanon, we have demonstrated:

• The impacts of the Black Sea disruptions on food insecurity in
terms of prices and quantity of trade flows of wheat and corn;

• The importance of efficient, effective transportation routes that
include maritime transport on the Black Sea;

• How subsidies can assist farmers in wartime;

• The effects of arable land reduction on crop planting
decision-making;

• The importance of various transportation links (and their
ranking), among other findings.
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Some of the Insights Gained

Plus, our recent research has also investigated quantitatively
the impacts of the drought in the Panama Canal on the
banana trade to the US and Europe from South America,
with the inclusion of quality deterioration due to time delays.
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Making a Positive Impact
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Writing OpEds
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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 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.

On September 21, 2021, my article,

“Global Shortage of Shipping Containers Highlights Their
Importance in Getting Goods to Amazon Warehouses, Store
Shelves and Your Door in Time for Christmas,” appeared in
The Conversation. It has had over 330,000 reads.
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Writings After the Full-Scale Invasion

Professor Anna Nagurney Supply Chain Resilience



Some of My Media Interviews in the Pandemic
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Some of the Media Interviews on the War on Ukraine
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Impacting Policy

On April 22, 2020, a letter from California Attorney General
Xavier Becerra to 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 March 2020 article 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

Xavier Becerra, then CA Attorney General, is now Secretary
of Health and Human Services in the United States!
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Thank You Very Much!

More information on our work can be found on the
Supernetwork Center site:
https://supernet.isenberg.umass.edu/
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